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Foreword 


OLUME 69 of the Transactions of The American Society of Mechanical 

/ Engineers contains the individual papers published during 1947 under 
the sponsorship of the Society’s professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division, issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1947 
Society Records and Index. The technical papers and reports that make up 
this volume represent the Society’s annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presented at meetings of the Society and its professional divisions 
and sections and were published in monthly issues, eight being distributed 
as the Transactions of The American Society of Mechanical Engineers and 
four as the Journal of Applied Mechanics. Indexes to other A.S.M.E. papers 
and publications will be found on page RI-65 at the end of this volume. 

In view of the fact that the material of which this volume is composed was 
originally issued periodically as the Transactions, Journal of Applied Mechanics, 
and Society Records, tl.ree sets of page numbers will be found. Numbers 
without letter symbols are those of the eight issues of Transactions, those with 
letter symbol A preceding the number refer to the pages of the Journal of 
Applied Mechanics, which follow, and those with letter symbol RI to the 
Society Records and Index section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year 
for the convenience of libraries and of engineers who wish all of the papers in 
permanent form. Copies of the bound Transactions will be found in deposi- 
tories located in selected engineering, university, and public libraries through- 
out the world. A complete list of these depositories will be found on pages 
RI-61 to RI-64 of the Society Records and Index. Copies of the Trans- 
actions have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1947, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the 
year, including lists of committees. The Index provides a means of locating 
special A.S.M.E. publications and articles in Mechanical Engineering, as well as 
in the Transactions. 
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Symposium on Development of 
Emergency Power Plants for Tanks 


Foreword 


A job to do and no time in which to do it!) This was the 
problem that faced General Motors, Chrysler, and Ford 
back in 1941 when they were requested to furnish suitable 
power plants for land tanks that would utilize existing 
manufacturing facilities for immediate production. 

Prior to 1941 the War Department had been working on 
a program of tank development supported by very limited 
and insufficient funds. It had developed a light tank pow- 
ered with the Continental W-670 engine and a medium 
tank using the Curtiss-Wright R-975. Both power plants 
were aircraft engines, but were the only ones then available 
having sufficient power and of proper dimensions. 

Both funds and time were lacking for a project to develop 
new tank-power-plant designs properly. The increas- 
ing weight of tanks to meet greater demands in the field, 
and the heavier guns and armor, coupled with the pressing 
need for aircraft engines to be used in planes, created a 
vital need for new power plants. 

Each of the four companies involved, General Motors 
Diesel, Cadillac, Ford, and Chrysler, approached the prob- 
lem in a different manner, determined to overcome the ob- 
stacles as they came up and resigned to the fact that they 


were really going to learn about tanks “the hard way.”’ 

It should be emphasized here that the power plants de- 
veloped were, of necessity, purely emergency designs and 
did not represent what the engineers would call “‘consid- 
ered judgment.’’ Had time not been a limitation they 
would have been designed otherwise. However, in spite of 
the fact that these engines were of an emergency character, 
the tanks powered with them showed up well in compari- 
son with those of the enemy, and played an important 
part in many of the major battles of the war. It can be 
fairly stated that the resourcefulness of American engi- 
neers and production talent came as a great surprise and 
a severe blow to the enemy. 

It may be of interest to know that during the entire war 
program a total of 88,410 light, medium, and heavy tanks 
were built, and approximately 48,500 of those were powered 
by the so-called emergency power plants. 

At all times there was the fullest co-operation between 
the companies involved, working on the ordnance industry 
team. The guidance furnished by the trained and talented 
corps of Ordnance Engineers in a great measure accounted 
for the complete success of this program. 


Chrvsler Multibank Power Plant 
for Medium Tanks 


By H. T. WOOLSON,! DETROIT, MICH. 


management from high authority in Washington which was 

in essence, ‘What can you do to give us medium tank engines 
inahurry?” Engineering consideration was immediately given to 
the problem. The first thought was naturally in the direction 
of a new suitable design. The time factor, however, eliminated 
such a project. A possible solution suggested was to use in mul- 
tiple, an automobile or truck engine which had had a background 
of years of successful operation and which could be made with 
the company’s existing tools. 


fy July, 1941, an emergency message came to the Chrysler 


Truck ENGINES SELECTED 


Design work for such engines in multiple was started. The 
basic unit size selected was a six-cylinder having 37/js in. bore X 
4'/, in. stroke, 250.6 cu in. displacement. The first thought was 
to use four of these engines, secured to a common crankcase and 


1 Executive Engineer, Chrysler Motor Corporation. 

Contributed by the Detroit Section under the sponsorship of the 
Oil and Gas Power Division and presented at the Semi-Annual 
Meeting, Detroit, Mich., June 17-20, 1946, of THe AMERICAN Soci- 
ETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


spaced 90 deg apart, with a drive gear secured to the forward end 
of each crankshaft. The engine cylinder blocks were to be 


Fic. 1 STanparRD CHRYSLER TRUCK ENGINE 
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bolted to a common crankcase and so located as to permit each 
crankshaft gear to mesh with a common bull gear. Fig. 1 is a 
section of the standard truck engine used. 

This multibank engine design was presented to the Ordnance 
Department which was interested, but considered the torque and 
horsepower of four engines to be insufficient. It was then pro- 
posed to use five engines. This plan was adopted and designs and 
experimental power plants were authorized. 

The engine design is shown diagrammatically in Fig. 2. Each 
bank, with oil pan removed, is dowelled and bolted to a central 


Fic. 2 Diagram SHowrnG MULTIBANK TANK ENGINE, CYLINDER 
ARRANGEMENT 


Fia.4 Drive 
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crankcase. The top bank is vertical, the other four radiating from 
the center with the lower two banks at an angle of 7!/. deg 
from horizontal, to take care of proper oil and water circulation. 
The five gears driven from the forward ends of the crankshafts 
are shown meshing with the central bull gear. Figs. 3 and 4 show 
the crankcase design with oil sumps for each individual bank 
draining into a common sump at the bottom where the dual sump 
and pressure oil pumps operate. It is obvious that the machining 
of this type crankcase requires extreme accuracy. The crank- 
shaft gear centers must be held both radially and chordally within 
extremely close limits to assure proper meshing of gears. 

In addition to the design of the engine itself, detailed considera- 


CRANKCASE OF MULTIBANK TANK ENGINE 


tion had to be given to asuitable 
general arrangement of the unit 
in the tank. 


ADAPTING THE ENGINE TO THE 
TANK HULL 


A desirable aim was to be able 
to replace the Curtiss-Wright 
R-975 engine, then used in me- 
dium tanks, with the least possi- 
ble change. The major modi- 
fication was due to the longer 
power plant, which necessitated 
the lengthening of the hull and 
track llin. The exposed clutch 
and clutch-release mechanism 
were retained even to the design 
and length of the propeller shaft, 
Fig. 5. The fan design adopted, 
Fig. 6, was similar to that used 
on the R-975 except that the di- 
ameter was increased from 34 to 
391/,.in. in order to meet the 
more difficult cooling conditions 
requiring a greater volume of air. 
The location of cooling-air intake 

was leftunchanged on the engine- 
room deck, just aft of the turret. 
Air entered through the tear- 
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Fic. 6 Raptator, Fan, CLurcu 


drop-shaped grille bars to a space between the engine-room 
bulkhead and the fan shroud. The shrouding served to distrib- 
ute air over the entire area of the 4-in-thick radiator core. The 
positively driven fan used was found to be satisfactory and 
trouble-free. 

Arranged as described, the radiator was located vertically be- 
tween the fan and the engine. It was of normal construction, 
fin-and-tube type with top and bottom tank, and in size to fill the 
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Mepium-TANK SEcTIONAL ELEVATION SHOWING MULTIBANK TANK ENGINE 


FIG. 7 


Fic. 7 Raptmator 

complete section of the engine compartment. Felt seals between 
the radiator top, bottom, and sides, and the tank hull prevented 
air recirculation, Fig. 7. 

This radiator location and arrangement were somewhat unusual 
but incorporated a number of favorable features considered im- 
portant in connection with a liquid-cooled power-plant installa- 
tion for a tank, especially on one requiring extensive water piping. 
The radiator was mounted on the engine support arms by means 
of brackets on its side frames, Fig. 8. This resulted in a unit 
power plant which could be completely assembled and operated 
on a test dolly. This permitted the checking of cooling, electrical 
systems, carburetion, and any other necessary adjustments before 
dropping the complete unit into a hull. Three rubberized motor 
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Fic.8 Sipe View MvuttTispank TANK ENGINE 


mounts, two forward, one on each side of the radiator, and one at 
the rear center, supported the unit. It is obvious that with such 
an arrangement there was practically no relative vibration be- 
tween engine and radiator to loosen water joints. The common 
mounting of engine and radiator facilitated ready removal of a 
power plant from a tank hull in minimum time. The complete 
removal coufd be accomplished by three men in less than 1 hour. 

This arrangement also provided for clutch accessibility on a dis- 
mounted power plant so that it could be readily inspected, 
cleaned, repaired, or replaced, Fig. 6. 

The radiator was designed so as to make the frontal area of the 
core maximum. The power plant was required to operate at an 
ambient air temperature of 125 F under all conditions. To meet 
this specification a pressure valve was used in the top tank, set 
at 8 psi, which corresponds to a boiling temperature for water of 
235 F at sea level. Total water capacity was 32 gal, 9 of which 
were in the top tank. This was found to be desirable as the loss 
of 6 or 7 gal did not affect the cooling. 

A radiator is quite a vulnerable unit on any fighting vehicle but 
in the arrangement adopted it was located behind thick armor 
and thus obviously well protected from damage from the rear. 

A battery ignition system was retained using 24 v. This sys- 
tem was best suited for the other electrical appliances on the tank. 
Distributors were driven from the rear end of the camshafts by 
pairs of spur gears. Such a location permitted the distributors to 
extend horizontally to the rear and make them readily accessible 
through the rear doors in the hull. 

It should be noted that each individual engine remained a self- 
contained unit, permitting separate testing in production. 

The desire to adapt an automobile engine with minimum change 
led to the retention on the original design, of separate belt-driven 
water pumps and a standard cylinder head and water-outlet pip- 
ing system, Fig. 9. However, an attempt to vent steam pockets 
which occurred with this arrangement of cylinders lying at an 
angle was unsuccessful. 


DEPARTURES From AUTOMOBILE-ENGINE DESIGN 


Accordingly, it was at this point that the first departure from 
the automobile engine became necessary. New and thicker cylin- 
der heads were designed with water channels along either side, 
running lengthwise outside of the stud bosses and placing the 
water outlet at the opposite or front end of the head. This 
change eliminated all steam pockets, regardless of angle of block. 
It also eliminated a bad steam pocket on an uphill pull, Fig. 10; 
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Fic. 9 Rear View or OrtGInaAL DesiGN MULTIBANK TANK 
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A B 
Fig. 10 Heaps 
(A) represents the standard head and (B) the redesigned head. 


In view of the service to which a tank engine is subjected, prob- 
ably the most severe under which any internal-combustion engine 
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Fic. 12 Power Torque CuRVES 


is required to operate, the compression ratio was cut from 6.8 to 
1 as used on passenger cars, to 6.2 to 1. For the same reason the 
engine revolutions, controlled by velocity governors on each of 
five carburetors, were held at 2900 rpm. Power and torque being 
ample, it was considered that endurance was of prime importance. 
Fig. 11 shows the velocity governor as it was progressively im- 
proved with respect to spring attachment to avoid breakage 
The steel band was short-lived, the woven wire cable had about 
a 1500-mile life; the chain had 4 times the life of the cable. Fig. 
12 shows relative power and torque curves comparing the R-975 
with the Chrysler multibank engine, with the latter using both a 
passenger-car cylinder head and the head used on the tank engine. 


Vetociry GOVERNOR 


Fig. 13° Gear TRAIN FOR MULTIBANK TANK ENGINE 
High torque at low revolutions is important in tank operation to 
give maximum drawbar pull. 

One of the important problems of the multibank engine was the 
(lesign and construction of the gearbox at the forward end of 
the engine. It was necessary to transmit torque from individual 
crankshafts to a single drive shaft. In order to proceed quickly, 
the original design was accomplished with spur gears attached 
rigidly to the crankshafts. This combination operated success- 
fully for 4000 miles on the No. 1 test tank. However, since it was 
quite noisy and subject to other production shortcomings, it 
was later superseded by an improved design. 


CONSTRUCTION OF GEARBOX 


Production required that the gearbox, Fig. 13, as an individual 
unit, be built and tested at one plant and be delivered to an engine 
plant for finalassembly. As a result of several studies a successful 
design was developed in which the five gears were mounted on 
pins secured in a gear case, each gear running on a roller bearing. 
Following the spur-gear design, a wide-faced herringbone gear 
was developed. The bull gear, to which the master clutch was 
attached, was secured to a shaft mounted on ball bearings in the 
case, Fig. 14. To both the gear and the crankshaft flanges were 
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Fie. 14 Secrion or GEARBOX 


attached narrow-faced gears with external spur teeth. A sleeve 
or cuff internal gear engaged both of these, acting as a coupling. 
The gear centers in the case were located with extreme ac- 
curacy. The crankshaft-center locations on the crankcase were 
controlled by the cylinder-block dowels. With this arrangement 
it was found possible to maintain a commercial degree of accuracy. 
The coupling just referred to had sufficient universal action to 
take care of any slight misalignment. 


CoMBINATIONS 


In an engine having thirty cylinders operating through a gear 
train and five crankshafts, many timing combinations are pos- 
sible. Naturally, the first thought was to keep the interval be- 
tween cylinder firings equally spaced. On the first experimental 
engine therefore all No. 1 cylinders were fired 72 deg apart. 
This worked well, as a power pulse occurred every 24 deg. Several 
other timing variations received consideration, such as firing the 
No. 1 cylinders 24 deg apart and firing all No. 1 cylinders at the 
same time. The last scheme was objectionable from an engine- 
starting standpoint, as five cylinders came up on compression at 
the same time, causing the starting torque to be excessive. It was 
also objectionable from a gear-endurance standpoint. 

The firing order finally adopted was to use a 72-deg inferval 
between the banks. This interval was alternated between the 
No. 1 and the No. 6 cylinders of the various banks. An arrange- 
ment of the firing order is shown in Fig. 15. From this diagram 
it can be noted that the over-all firing was in the order of 1-5-3-6- 
2-4, with a bank being skipped as each cylinder was fired in turn. 
Based upon torsion checks, engine noise, and mathematical analy- 
sis, this arrangement proved to be the best. 


Some ENCOUNTERED 


No sooner had production commenced on April 7, 1942, than 
an unlooked-for difficulty occurred; one which was not discovered 
during the initial tests conducted the previous winter. When 
running fast on the curved, banked, tank-arsenal test track, it was 
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Fic. 15 Firtnc MULTIBANK TANK ENGINE 


found that with water slightly low in the radiator top tank, cen- 
trifugal force uncovered radiator tubes on the inner side due to the 
water piling up on the outer side. This caused water pumps on 
the inner side to pump air, thus losing their prime. This was not 
restored when the tank leveled out on the straightaway and re- 
sulted in overheating. After the consumption of a lot of midnight 
oil, a correction for this trouble was found. Fittings of '/,-in. 
size were tapped into each pump suction and the five suctions 
were interconnected by means of a tube. The effect of this 
change was that the two or three pumps on the outer or high side 
continually restored suction or primed the pumps on the inner or 
low side. All earlier engines were removed from tanks and sent 
back to the engine plant for this modification, Fig. 9. 

When the tanks were operated in the warm western desert an- 
other unlooked-for difficulty was disclosed, one which did not 
occur during winter testing. Due to the absence of the conven- 
tional belt-driven fans, the belt load was confined to the water 
pump only. Since this was the lesser load of the two, noaliffi- 
culty was expected therefrom However, excessive engine-room 
temperature amounting to 100 to 140 deg F above ambient, de- 
pending upon speed and load, presented heat problems which had 
not been anticipated. At such temperatures the conventional 
\-type fabric-rubber belts failed aftershort mileage, especially the 
one on No. 2 engine which drove both pump and generator, Fig. 9. 
A quick solution was discovered in the wire-cored synthetic belt 
recently developed, which had approximately 5 times the life 
of the conventional type. The improved belt afforded temporary 
relief and was quickly serviced on all engines. 

The final conclusion arrived at was that.the extreme heat in 
the engine compartment of a tank precluded the successful use of 
any type rubber belt on this power plant. 

Finally, to get rid of all belts on the engine a major change was 
designed and rapidly put into production. The accessory shaft, 
driven from the bull gear, extended to the rear end of the engine 
where it operated the gasoline pump, Fig. 9. The problem was to 
find another place for the gas pump and in its place drive a large 
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Fie. 16 Water Pump 


Fig. 17 Location 


water pump with five outlets. This pump, Fig. 16, was carefully 
worked out in the laboratory for balanced deliveries, leading to 
the same openings on cylinder blocks from which the original 
pumps were removed. 

The rear end of an engine, operating in a tank, was explored to 
find the lowest and coolest place to locate the gas pump; fortu- 
nately, it happened that this spot coincided with an ideal location 
for a drive which also provided the shortest possible suction pipe, 
Fig. 17. 

It was then necessary to design another drive for the generator. 
Taking it away from its hot, dirty location on the engine was a 
blessing. The new drive, from a double pulley on the rear 
propeller-shaft coupling flange in the crew compartment, Fig. 18, 
proved to be excellent. Theoretically, the inertia effect of the 
armature would have a detrimental effect on shifting but practi- 
cally it was not noticeable. The new location was developed into 
a standard type of generator drive for all medium tanks. 

The foregoing changes in water-pump and generator drives 
entered production after the first 1000 tanks of this model. 


Fig. 18 GENERATOR DRIVE 


PREVENTING WATER AND O1L LEAKS 


It early became apparent that prevention of all water and oil 
leaks was absolutely essential. The large number of joints and 
connections necessary on such a design presented a major prob- 
lem. When antifreeze liquids were used the difficulty was in- 
creased. Cylinder-head gaskets as well as all others were im- 
proved. A change from cylinder-head cap screws to studs gave 
some relief. Various cap screws were increased in size from 5/;. 
to 3/s in. 

To insure oil-tightness valve cover plates, which customarily 
on passenger-car power plants are crowned stampings held on by 
two studs, were changed to cast covers secured to the block by 10 
cap screws. Inspection was most severe but secured results. 
Thus a tight power plant was accomplished co-operatively as a 
result of engineering improvements and production watchfulness. 

The chief difficulty, due to leakage of water and oil, aside from 
their loss, was that they became deposited on the radiator sur- 
faces, seriously reducing the cooling capacity. Fig. 6 shows a 
pan at the bottom of the fan which served to prevent oil from 
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being picked up from the floor of the tank and deposited on cool- 
ing fins. The upper portion of the fan shroud, Fig. 6, is removable 
for the purpose of cleaning the radiator core. 

In connection with cap screws and nuts, it was found necessary 
to provide locking means by wire or the use of ‘‘pal-nuts.’’ This 
had to be done even on cylinder-head nuts, a practice which is 
not necessary on passenger cars or trucks, indicating the severity 
of vibration encountered in tank work. 


Atr-CLEANING AN IMPORTANT ITEM 


The power plant design seemed to lend itself to a very favorable 
location for the air cleaners. Air-cleaning is especially important 
in connection with tanks, traveling as they do under extremely 
dusty conditions. It was therefore decided to place two large 
oil-bath cleaners, one in each of the rear corners of the fighting 
compartment with large pipes passing through the bulkhead to 
the rear, connecting with the intake manifold by means of flexible 
corrugated-rubber couplings. The fighting compartment is the 
cleanest place in a tank, a place where these cleaners could be 
conveniently and frequently serviced. In addition, by locating 
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Fic. 19 Vispration DAMPERS 


them in plain view there was little excuse for their being neglected. 
The location was also advantageous due to the fact that the clean- 
ers could not easily be punctured, which, in a dusty territory, 
would soon result in a ruined engine. 

Removal of the five water pumps with their belts made-pos- 
sible another advantage. It left room to double the size of the 
vibration dampers on the rear end of the crankshafts, Fig. 19. 
This proved to be an excellent move, ironing out torsional-vibra- 
tion periods resulting from operating the individual engines with- 
out flywheels. 


OIL AND GASOLINE FILTERS 


The first mechanically operated oil filter, located in the engine 
sump, was unsuccessful. Later a manually operated oil filter was 
located in the fighting compartment where it was convenient to 
turn the cleaning handle daily. This filter received the oil from 
the scavenger pump on its way through the cooler to the supply 
tank. 
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Fig. 20 Tit Strap 


A most important factor was filtering of the gasoline which, 
after leaving the supply tanks, passed through a large edge-type 
filter, thence to the pump suction. Each carburetor was also 
supplied with an edge-type filter, so with double filtration little 
difficulty was experienced due to dirt accumulation in carburetors. 


VIBRATION PROBLEMS 


As a result of tank operation in the desert maneuvers it was 
found that under the intense vibration encountered there were 
too frequent radiator failures. To study and develop a correc- 
tive, a test was set upin the mechanical laboratory, mounting the 
radiator on production brackets which, in turn, were attached to 
the gear-case cover. A variable-speed motor operated an out-of- 
balance weight, located in place of the clutch. An out-of-balance 
of 92 in-oz was first experimented with and this was found to be 
too violent and was reduced to 42 in-ozs. Both of these repre- 
sented greatly accelerated tests, and it was possible to break 
standard radiators in a few hours. It was found that breakage 
was due to vibration crosswise of the tank and while there was 
some lengthwise vibration, this was not destructive. 

The vibration usually caused the boxes around the drive shaft 
and starting motor to open up at the seams, Fig. 20. Continuous 
testing was carried on for over 3 weeks, using up thirty-two radia- 
tors and as a result, a simple strap across the back of the core was 
soldered to the boxes and bolted at the ends to the cast radiator 
frame. This strap made possible a run without breakage for over 
15 hr at the most violent vibration period amounting to 1700 to 
1800 cycles per min, which proved to be sufficient to take care of 
any field condition. 


Tests CONDUCTED IN CALIFORNIA 


Desert testing carried on at Desert Center, Calif., showed up 
many defects on all tanks. In those days the fighting was on the 
deserts of North Africa and consideration had to be especially 
pointed toward adequate cooling to meet dust conditions and 
overcome vapor lock. As the battles moved northward into 
Europe, the corrections for Africa served well to make tanks still 
more reliable under less strenuous European conditions. 

Early tests on the desert showed a very serious weakness in 
the clutch. This, as shown, is located in the inlet-air stream and 
consequently subjected to a continual bombardment of dust. 
The effect was quickly to jam the mechanism and make it in- 
operative. There were two courses to pursue; either to seal all 
the mechanisms in an attempt to keep the dust out or thoroughly 
perforate and chamfer, leaving no possible place for the lodgment 
of dust where it could do harm. The latter method proved to 
be the better, Fig. 21. 

The clutch-release mechanism was also short-lived, resulting in 
a change from a fork type having individual ball bearings to a 
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Fig. 21 VENTILATED CLUTCH 


A B 


Fic. 22 MECHANISM 


large sealed and lubricated concentric ball bearing, Fig. 22 (A and 
B). The latter became standard on all medium tanks using this 
type of clutch. A service campaign was organized to make the 
change to the concentric type wherever possible. 


ACCESSIBILITY OF PARTS FOR READY SERVICING 


As production progressed and more field experience was ac- 
quired, it became evident that every possible consideration had 
to be given to accessibility of parts and ease of servicing. 

Carburetors on the two lower engine banks were difficult to 
reach. To service the gasoline filters on them it was necessary 
to remove the plates on the engine-compartment floor and to 
work on the filters from beneath the tank. The design was 
therefore changed, locating the five carburetors in line on top of 
the engine as shown in Fig. 23. This arrangement served to 
make all five carburetors alike and perfectly accessible. There 
was considerable question in connection with the long intake 
pipes on three of the carburetors in respect to distribution under 
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various conditions of operation. However,exhaustive tests proved 
this to be a satisfactory arrangement. In fact, there was a slight 
increase in torque due, no doubt, to the ramming effect of the 
long pipes. 

As originally designed, thermostats were located in each of the 
cylinder heads. These were of the choke type and quite inacces- 
sible. The choke type was used initially because it eliminated 
considerable water piping as compared to the by-pass type. 
However, it was later determined that the importance of uni- 
formity in cylinder-head temperature made the use of the by-pass 
type a necessity. Thermostats were therefore moved from the 
cylinder heads and placed in fittings on the top tank of the radia- 
tor, and the recirculating pipes were carried back into the pump 
suction, Fig. 7. 

These changes, as described, provided a degree of accessibility 
to important units which was considered quite satisfactory. 

It might be remarked that in every case changes and improve- 
ments produced were designed in such a way that they could be 
applied to existing units already in operation. In other words, 
any multibank power plant in the field could be brought up-to- 
date relatively easily. 

The initial development on waterproofing the ignition was car- 
ried out on an experimental multibank tank engine, Figs. 24 and 
25. While not released, it furnished the background for future 
use on other ordnance vehicles. 


TANK SERVICE SEVERE 


The following data may serve to demonstrate the severity of 
service to which a tank power plant is subjected: 

During a 4021-mile proving-ground test, an engine turned 
52,198,000 revolutions or 12,956 revolutions per mile. Engine 
revolutions per mile 5th (overdrive) 7400, 4th (direct) 11,174, 
and 3rd 18,023; the average operation therefore being below di- 
rect drive. 

For comparison a typical passenger car with 3.54 axle ratio 
turns 2600 revolutions per mile. The ratio, as compared with the 
multibank, is approximately 5 to 1. 

The average horsepower developed, compared with a passenger 
car, is also approximately 3 to 1, Fig. 26. 

A test of ten M4A4 tanks with multibank engines was con- 
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ducted over the course at Fort Knox between March 25 and 
April 29, 1942. The operation was consistent for over 2000 miles. 
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All failures were due to exhaust valves burning. This is further 
indication of the severity of service as compared with trucks. 

To correct valve trouble, sodium-cooled stellite-faced exhaust 
valves commonly used in aircraft engines, were experimented 
with. Test engines, so equipped, and operating under tank con- 
ditions in the laboratory, were run over 1000 hr without failures. 

Another aircraft improvement was also experimented with, 
namely, the use of chrome-plated top piston rings to minimize 
cylinder-bore and ring wear. These also, proved very effective. 

These improvements were introduced toward the end of produc- 
tion which totaled approximately 12,000 power plants, including 
spares, 

A second test was run at Aberdeen between October 11, 1943, 
and February 10, 1944, using four tanks having all the improve- 
ments described. The results, which are on record in the Ord- 
nance Department, showed very satisfactory performance and 
endurance with minimum servicing. Three Chrysler-powered 
M4A4 tanks completed the 4000-mile test successfully. 

The elapsed time between the conception of the original design 
and production left an insufficient period for experimental and 
development work and accounts for the numerous corrections 
which had to be introduced while production was in progress. 

The weight of the multibank power plant complete is 5376 lb. 
Due to the regulations in regard to critical materials, no alumi- 
num was allowed except for pistons. 

The unusual appearance of the multibank engine elicited a 
number of pet names such as “Egg Beater,’ ‘Dionne Quintup- 
lets,” and others which cannot be quoted! The British Army 
used tanks equipped with these engines in Italy, France, Ger- 
many, Burma, and India, and from reports received, held them in 
great respect. 

As stated earlier, all tank power plants produced by the various 
companies were of the emergency type, so it was quite natural for 
engineering departments to see what could be accomplished wit! 
new designs. For our part, we designed a special 12-cylinde! 
V-engine which was built and installed in a tank, experimentally, 
and performed successfully, but could not be tooled up and pro- 
duced in time to become effective in the war. 
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General Motors Two-Cycle Diesel Engines 
for Ordnance Vehicles 


By F. G. SHOEMAKER,' DETROIT, MICH. 


During the war General Motors supplied a large num- 
ber of Diesel engines of its prewar automotive type for use 
in tanks, tractors, and other ordnance vehicles for both 
the United States and the British Armed Forces. At the 
same time a number of experimental engines and instal- 
lations were made as a part of the forward-looking pro- 
gram of the Ordnance Department. These various en- 
gines are described briefly and a number of the engineer- 
ing problems are discussed in some detail as an indica- 
tion of the nature and magnitude of such industry-ord- 
nance co-operative programs. 


INTRODUCTION 


URING the period of the war the Detroit Diesel Engine 
D Division of General Motors Corporation devoted its en- 
tire facilities to the development and manufacture of 
Diesel engines, power plants, and allied equipment for the Armed 
Forces. In the beginning this consisted largely of engines for 
tanks and tractors. But as the war progressed, the requirements 
of the Navy and Engineers Corps became more and more urgent 
and production was increased to meet the demands for engines 
for landing craft, auxiliary generator sets, and portable power 
units, in addition to those required for tanks. 

A considerable amount of engineering work was done in con- 
nection with the application of the Series 71 engines to tanks and 
other ordnance vehicles for both the United States and the Allied 
Armed Forces. At the same time, a number of experimental 
engines of other sizes and arrangements were designed, built, and 
tested as a part of the forward-looking program of the Ordnance 
Department. Although these experimental engines and vehicles 
were not put into production, they represent a very large amount 
of engineering effort by both the military and the industrial tech- 
nical staffs. Since this work has not heretofore been made pub- 
lic, it is believed that a review of this complete engineering pro- 
gram will be of interest and will help to reveal the magnitude of 
these combined military-industrial engineering programs. 


First U. 8S. TANK INSTALLATIONS 


The first production Series 71 engine came off the line in March, 
1938. By the end of the year the U. S. Ordnance Department 
became interested and a project was undertaken in February, 
1939, to install a 6-71 Diesel engine and hydramatic transmission 
in an M2A3E3 light tank. This transmission had been designed 
for tests in a coach. With an Allis-Chalmers tractor oil pan and 
a Greyhound coach fan, the power plant was ready for test in 
June, 1939. Both the vehicle performance and the power-plant 
durability were unusually satisfactory, and no doubt stimulated 
the interest of the Ordnance Department in both automatic 
transmissions and Diesel engines. 


1 Consulting Engineer, Detroit Diesel Engine Division, General 
Motors Corporation. 

Contributed by the Detroit Section under the sponsorship of the 
Oil and Gas Power Division and presented at the Semi-Annual Meet- 
ing, Detroit, Mich., June 17-20, 1946, of THe American Society 
OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


The need for heavier tanks called for larger engines. A Model 
223 Diesel engine with a 6*/,;X 7 in., 223-cu-in. cylinder was in 
production at the Cleveland Diesel Engine Division, but the in- 
line design was unsuited for a tank power plant. A lightweight 
welded steel ‘Vee’ type engine was designed around this cylinder 
with over-all dimensions within the limits of the light tank hull. 
Two experimental engines in a four-cylinder Vee arrangement, 
known as the 4V-223 Model, were built and tested, Fig. 8. 
This is a complete power plant with self-contained oil sump, 
radiators, gear-driven fans, air cleaners, etc. The engine was 
rated at 250 bhp at 1400 rpm, and had a specific weight of 7 Ib 
per bhp. The engine was installed in a light tank and tested 
by the Ordnance Department at both Rock Island and Aberdeen. 

This project demonstrated the soundness of the welded-steel 
engine construction and the desirability of the wait-power-plant 
arrangement for purposes of easy replacement and repair. As a 
result of the favorable test performance, it was proposed to place 
a pilot order for at least 100 engines for more extensive field tests. 

However, in the meantime, another two-cycle Diesel cylinder 
of improved performance had been under development at the 
General Motors Research Division. As a result of the interest 
of the Navy in a powerful lightweight Diesel engine for patro} 
boats, this cylinder development had been incorporated in a 
sixteen-cylinder, lightweight, welded-steel, four-bank, vertical- 
crankshaft engine with self-contained reverse and reduction gear.? 
The complete power plant had a rated output of 1200 bhp at 
1800 rpm and a specific weight of 4 lb per bhp. It was therefore 
decided to make the tank engine of the same cylinder design as 
the Navy engine and take advantage of the improved performance 
and make use of the same production facilities. 

This cylinder was of four-valve welded-steel construction, 6 in. 
X 6'/2 in., 184 cu in. displacement with a rated output of 75 bhp 
per cylinder at 1800 rpm. This compared to 66 hp at 1400 rpm 
for the 6/, in. X 7-in., 223-cu-in. cylinder. 

A six-cylinder Vee Model 6V-184 engine, Fig. 9, was designed 
along the same general lines as the 4V-223, but with a rated 
output of 450 bhp at 1800 rpm, as compared to 250 bhp at 1400 
rpm for the 4V-223. The design was started in April, 1941, and 
the first engine was on test in January, 1942. The engine per- 
formed fry well, with a rated output of 450 bhp at 1800 rpm 
and a specific weight of 6.7 lb per bhp. 

At this point the military situation demanded an immediate 
expansion of the tank-production program, and it was decided to 
make use of existing production engines and production facilities, 
both gasoline and Diesel, of the motorcar manufacturers, rather 
than risk any delay in completing the development of new engines 
and setting up new production facilities. The 6V-184 engine was 
therefore set aside and all engineering and production capacity 
devoted to the application of the Series 71, two-cycle Diesel 
engine in single and twin units to tanks and other ordnance ve- 
hicles. Since the components of the Series 71 Diesel engines 


were similar to conventional motorcar engines in both materials 
and design, it was possible to make use of the facilities of many 


2 ‘Development of a Light Weight Diesel Engine for the Navy,” 
presented by F. C. Fetters, Electro-Motive Division, General Motors 
Corporation, at the S.A.E. Diesel Engine and Fuels and Lubricants 
Meeting, Cleveland, Ohio, June 3, 1943; excerpts published in S.A.E. 
Journal, July, 1943, pp. 63-64. 
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of the automobile plants and thereby expand the production pro- 
gram in a very short time. 

Before going into the engineering details of the twin 6-71 Diesel- 
engine installation, it may be of interest to go back to the early 
war period and take up a parallel program carried on in co-opera- 
tion with the British. 


British TANK INSTALLATIONS 


When the bombing of England placed their factories in danger, 
the British decided to establish alternate sources for Valentine 
Mark III tank engines. With little ado they procured a GM 
Series 6-71 marine engine from a British Gray Marine dealer, 
made the necessary modification parts, installed it in a tank in 
place of the six-cylinder British AEC Diesel engine and made the 
desired durability tests before approaching the U. S. engine manu- 
facturer. An order for complete engines and transmissions was 
placed in the U.S. and at the same time arrangements were made 
to build the tanks in the Canadian Pacific Railroad shops at 
Montreal, Canada. Fortunately, the GM Model 6-71 engine 
fitted into the space in the tank hull with practically no modifica- 
tions to either the engine or the hull. This engine with a Spicer 


truck transmission turned on its side completed the power plant, 
The two cooling fans were attached to pads 


as shown in Fig. 1. 
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These tanks were in service in Africa, Europe, and other British 
combat areas with a large number supplied to Russia, as well. 
Both the British and the Russians showed a strong preference for 
Diesel power plants. 


SurTaBiuity oF Serres 71 GM Dreset ENGINES FOR 
Use 


As pointed out in the introduction to this symposium, the 
Ordnance Department was limited during the prewar period to 
the use of gasoline aircraft engines for tanks, as they were the only 
commercially available engines having sufficient power within 
the space and weight limitations of the vehicle. The military 
advantages of Diesel engines were generally recognized, both 
here? and abroad. 

Unfortunately, sufficient, funds were not available in this coun- 
try to sponsor the necessary military Diesel-engine development 
program until after the war was well under way, and these proj- 
ects did not reach the production stage before the end of the war. 
When it was decided to use available production engines for the 
expanded tank program, the GM two-cycle Diesel was selected 
as one of the engines having suitable performance characteristics 
and adequate manufacturing facilities. 

Since the GM Series 71 two-cycle Diesel engines were designed 


Fie. 1 G-M Mopet 6-71 Diese, ENGINE AND TRANSMISSION FOR BriTIsH ‘‘VALENTINE” MarK III Tank 1941 


on the flywheel housing and driven from the convenient gam and 
balancer shafts, thus duplicating the AEC fan location in the 
vehicle. The engine lubricating system was converted to a dry 
sump to conform to the AEC oil-tank arrangement. The first 
installation was on test at C.P.R. in Montreal in a British tonk 
hull in 4 months after the project was authorized. 

The power train of the tank had been designed for a maximum 
power of 130 hp at 1900 rpm and it was requested that the output 
of the GM Series 6-71 engine be reduced from 163 hp at 1900 rpm to 
130 hp. This was done by reducing the injector output to 50 mm 
per stroke. The power train was later improved and the engine 
rating increased to 163 hp by the use of 60-mm injectors. A 
total of 6601 units were supplied. 

A later model, called the “Vanguard,” used the same power 
plant with the rating again increased to 205 hp at 2100 rpm by 
the use of 80-mm injectors. A total of 1308 units were delivered 
at this rating. 

The first production engines were delivered early in 1941 and 
a steady schedule was maintained up until April, 1945. 


specifically for heavy-duty tractor, truck, and marine service and 
had been in production and commercial use since 1938, they were 
obviously suited to many of the requirements of tank service. 

The problems of applying them to military vehicles were pri- 
marily those of getting the engines into the space available and 
working out the details of the mountings, controls, accessories, 
and plumbing. Most of the vehicles were already in existence, 
so there was little or no opportunity to adapt the vehicle design 
to the engine. 

The Series 71 engine, fortunately, had been designed to meet 
just such unknown installation requirements, since the very na- 
ture of the peacetime Diesel-engine business presupposed a great 
variety of installations, operating conditions, and accessory ar- 
rangements. This adaptability is shown by an examination of 
the basic design of the engine. 

Fig. 2 shows the symmetrical design of the cylinder block, 
cylinder head, blower, gear train, crankshaft, etc. In general, 


3 “Engines for Tanks,” by Lieut. Col. R. J. Icks, S.A.£. Journal, 
vol. 51, July, 1943, pp. 39-41 and 56-57. 
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Fic. 2 Serres 71 Parts; SymMMETRY OF DesiIGN For REVERSIBILITY OF ENGINE ASSEMBLY 
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every part can be assembled right or left, front or rear, clockwise 
or counterclockwise, so that a great variety of engine arrange- 
ments can be made from the same basic parts. 

Fig. 3 shows diagrammatically how the three, four, and six- 
cylinder engines can be built up to provide “port” and ‘‘star- 
board” engines with either right- or left-hand rotation. By 
gearing two or four engines together, a “twin” or a “quad” engine 
is available giving a range of power plants having three to twenty- 
four cylinders and yet using the same basic parts. 

Many of these combinations had been used commercially or 
tested experimentally before the war. The three, four, and six- 
cylinder models had been used in trucks, tractors, coaches, and 
industrial power units since early in 1938. In 1940 a twin 6-71 
unit was built and tested in a tractor. 

This twin unit consisted of two separate engines with two 
clutches geared together through a transfer case which served to 
join the two engines into a single rigid power plant, yet at the 
same time, permitting operation on either engine alone by locking 
out one clutch. Each engine has its own lubricating system and 
cooling system. This test proved the feasibility of using two 
clutches operated together and confirmed the absence of any tor- 
sional effects when two six-cylinder two-cycle Diesel engines are 
tied together through gears. It was the background of this ex- 
perience that suggested the adoption of twin 6-71 engines for the 
medium-tank program. However, two questions still remained, 
i.e., would the twin 6-71 engine give enough power and could it 
be squeezed into the existing tanks? 

Power Output. For peacetime use the 6-71 engine was con- 
servatively rated at 165 bhp at 2000 rpm. For some time before 
the war many of these engines had been run on dynamometer dura- 
bility at 225 hp with water temperatures up to 225 F. It was 
therefore decided to increase the rating of the 6-71 engine to 205 
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hp at 2100 rpm for use in tanks, as shown in Fig. 4. Thus ina 
twin installation a gross output of 410 hp was obtained, which 
compared very favorably with the output of the air-cooled air- 
craft engines for which the tanks had been designed. The only 
remaining problem was to work out the installation of a twin 
water-cooled power plant in a vehicle already designed for a radial 
air-cooled engine. 


THE Twin 6-71 6046 Unit 
The twin unit, called the Model 6046, as shown in Fig. 5, is 
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made up of two separate 6-71 engines placed as close together as 
the flywheel housings permit and held together by the transfer 
case at one end and a plate and the engine mount at the other. 
Where space permits, either engine can be removed without dis- 
turbing the other. The transfer case is designed to take various 
gear ratios to suit any particular installation. Each engine is a 
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complete self-contained unit with separate lubricating system, 
cooling system, fuel system, governor, fan, air cleaners, starter, 
electrical system, controls, etc. On account of the symmetrical 


design details previously mentioned, the individual parts of both 
engines are practically all identical, such as cylinder blocks, cyl- 
inder heads, pistons, bearings, valves, injection systems. The 
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advantage of such interchangeability of parts is obvious, particu- 
larly in military service. The engines can be overhauled and 
most of the serviceable parts replaced without dismantling the 
twin unit. Fig. 6 shows the medium M4A2 tank with a twin 
6-71 Model 6046 water-cooled Diesel engine. 


INSTALLATION OF TWIN 6-71 DresEL ENGINE 
In Mepium TANK 


A preliminary study of the engine compartment showed that 
the twin 6-71 engine could be made sufficiently narrow to squeeze 
between the sides of the hull with about !/2 in. to spare on each 
side. But the transfer case extended into the fighting compart- 
ment and interfered with the turret basket. The clutch appeared 
to be the only unit that might be shortened. Fortunately, a very 
compact clutch had been developed by the GMC Truck & Coach 
Division using a Belleville-type flat spring instead of coil springs, 
thus saving about 2 in. in the space required for the clutch and 
throw-out mechanism. This shorter clutch allowed the transfer 
case to clear the turret basket and avoided any changes in the 
height or length of the hull or the position of the track and sus- 
pension members. 

The engine was placed as low as possible in the hull, limited 
only by the flywheel housings. The complete unit was supported 
on three rubber mounting pads, one at each side of the transfer 
case and one at the center between the two engines at the rear of 
the engine compartment. The inherent smoothness of the twin 
six-cylinder two-cycle engines resulted in a complete absence of 
transmitted engine vibration. 

Cooling System. The cooling system for the twin water-cooled 
engines presented the problem of finding a place for the radiators 
and fans and handling an increased volume of cooling air at 
greater than normal air velocities. In order to make the engine 
accessible from the top side, it was decided to put the radiators 
in the rear wall of the engine compartment, taking the air in 
through grilled openings in the access doors above the engine and 
discharging it through a shrouded opening across the top of the 
hull at the rear, as shown in Fig. 6. The size of opening for 
the radiators in the hull was determined by the width between the 
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side plates, the minimum fording depth at the rear and rearward 
slope of the top of the hull required to clear the sweep of the gun 
barrel. The resultant radiator frontal area was far less than that 
commonly specified for commercial engines; consequently, it was 
necessary to use a 7-in-deep radiator core. This deep core to- 
gether with the necessity for shielding the air inlet and the radia- 
tors against machine-gun fire required a relatively high-pressure 
cooling fan. The radiators were equipped with carefully designed 
Venturi-shaped fan shrouds. The fans were driven by gears 
direct from each engine at 2'/, times engine speed. This fan speed 
of 4000 to 5000 rpm was considered too high for a satisfactory 
belt drive. The radiators were of the crossflow type with the 
expansion tanks remotely located along each side of the engine 
compartment under the sloping deck of the hull. Pressure caps 
set at 12 psi permitted operation at 225 F water out without loss 
of water after a sudden stop from full load. The tank could be 
operated continuously at full throttle with an atmospheric tem- 
perature of 120 F and even higher temperatures under normal 
driving conditions: The cooling was equally good on either en- 
gine alone. 

Armored Venturi Air-[ntake Louvers. One of the most interest- 
ing developments in connection with the cooling system was the 
armored Venturi louvers for the cooling-air inlet in the doors 
above the engine. A direct hit from a 30-caliber machine-gun 
bullet will penetrate practically any of the engine structure. The 
splatter from the first ricochet will penetrate over '/s-in. mild 
steel. The problem was to get the air in and still stop the bullets 
and splatter. Fig. 10 shows a number of different types of 
armored openings that were tested for air flow. The compara- 
tive results are shown in Fig. 11. The space between the bars 
was reduced to less than the diameter of the bullet and a hinged 
horizontal hardened-steel plate over the top of the engine stopped 
the splatter. The bars were of streamlined form which resulted 
in a Venturi-shaped passage for the air that permitted air open- 
ings as narrow as */,. in. and a reduction in total opening area 
of 73 per cent with a loss in air-flow capacity of only 2 per 
cent. As a result of this development, this type of louvered 
air inlet was adopted for many other ordnance vehicles. 
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Clutch Controls. Each engine was equipped with a separate 
clutch interposed between the engine and the transfer gears. A 
single propeller shaft transmitted the power to the combined 
transmission and final drive unit. The two clutch control rods 
were brought forward along the floor of the tank to a pair of se- 
lector levers which in turn were connected through a yoke to a 
single clutch pedal. The two selector levers were arranged 
with manually operated lockouts which enabled the driver to 
lock either clutch in disengaged position and operate the tank on 
either engine alone. This feature is reported to have kept many 
tanks in combat that otherwise would have been lost. 

As originally made, the two clutch linkages were adjusted to 
pick up the load of the two engines simultaneously as indicated 
by the engine tachometers, when the clutches were partially en- 
gaged. It was found that the unequal wear of the clutches ne- 
cessitated frequent adjustment, otherwise the lagging clutch 
would wear rapidly and sometimes burn out completely due to 
engaging after the engine had reached full speed. The design of 
the yoke operating the two levers was changed to provide a 
limited equalizer action that automatically synchronized the 
action of the clutches at each engagement and avoided the ne- 
cessity for frequent clutch adjustment. 

Due to the frequent gear shifting required in a heavy-track- 
type military vehicle and the impossibility of preventing un- 
skilled drivers from slipping the clutch in lieu of changing gears, 
it was found that the clutch operating temperatures exceeded the 
range ordinarily encountered in commercial service. The woven 
friction materials would lose their friction and the ordi- 
nary clutch spring steel would gradually lose tension, resulting in 
clutch slipping and early failure. Attempts were made to cool 
the clutch by ventilation of the clutch housing, but this method 
was abandoned because of the difficulty in avoiding even greater 
troubles from dirt and water. This problem was solved by using 
semimetallic clutch facings and an alloy-steel clutch spring 
which would operate without loss of tension at 500 F. 

Throttle Controls. As originally designed, the dual throttle 
controls were brought up to the driver’s position through a series 
of rods and levers to two hand throttles. The two engine throt- 
tles were also joined through spring links to a common foot pedal 
at a convenient point on the floor of the tank near the pedal. 
This connection was quite remote from the engine governors 
making it necessary to have the geometry of the two sets of links 
and levers exactly alike in order to insure that the speed and load 
of the twin engines would be alike throughout the speed range. 
Furthermore, this required that the governor settings and the 
engine throttle controls be synchronized after the engine was in- 
stalled in the tank. An improved design permitted the use of 
simple direct linkage that could be adjusted and tested before the 
engine was installed in the tank. 

Air Cleaners. The problem of supplying clean air to the engine 
in a track-laying vehicle is very difficult since the vehicle itself is 
the world’s best dust maker. A very thorough study was made 
of the possible locations for the air cleaners, including the front 
of the hull, outside of the rear of the hull, in the turret, in the 
fighting compartment, under the sponsons, and in the engine com- 
partment. With the twin-engine unit, the most natural place 
seemed to be alongside each engine next to the side of the hull 
and accessible for cleaning through the louvered access doors 
above the engine. This made it necessary to use three cleaners 
on each engine and to remove the entire cleaner for servicing, 
thus breaking a joint in the air passage on the clean-air side. 

The first engines were equipped with the largest commercially 
available cleaners of the downflow type. It was found, however, 
that under desert conditions, it was necessary to service the 
cleaners as often asevery 4hr. When this interfered with combat 
operation it was not done and the engines suffered accordingly. 


Much larger cleaners, increased the dirt capacity from 10 lb to 
35 lb and extended the safe period of operation under the worst 
conditions to over 8 hr. 

Cooling-System Improvements. As noted previously, the cool- 
ing system consisted of special deep-core crossflow radiators 
mounted in the rear wall of the hull with the expansion tank under 
the top deck above each engine, Fig. 6. With this arrangement, 
the air vent from the radiator to the expansion tank consisted of 
a tube connected to the high point in the engine water out pipe. 
It was found that this provided insufficient venting to permit 
rapid filling of the cooling system and, in addition enough air and 
gas remained entrapped in the circulating water to affect adversely 
the engine cooling. This trouble was completely eliminated by 
attaching a large vent connection from the outlet side of the radi- 
ator to the expansion tank and by adding a smaller by-pass tube 
from the expansion tank to the engine water inlet. 


TANK INSTALLATION 


As experience was gained in combat operations, it was decided 
that wherever possible the complete power plant should be re- 
moved from the tank and replaced with a new or reconditioned 
unit whenever any important repairs were required. This em- 
phasized the need for a simplified installation requiring the mini- 
mum amount of time and skilled personnel to change the power 
plant. It was also decided that accessories requiring replacement 
or periodic servicing should be eliminated, particularly if replace- 
ment parts were not likely to be available in the combat area, or 
if the difficulties of field operation make it reasonably sure that 
the accessory would not be serviced. 

In the original installation, the main oil supply was carried in a 
separate oil tank alongside each engine with large flexible oil lines 
leading to and from the pressure and scavenging pumps in a two- 
sump oil pan. This duplicated the arrangement used with the 
radial engine. Considerable trouble was encountered with dirt 
and welding splatter from these steel tanks getting into the engine; 
consequently, it was necessary to use a full-flow edge-type strainer 
on the oil inlet. These required periodic inspection and cleaning 
from underneath the tank hull. To simplify this arrangement, 
the oil pan was enlarged to hold the required oil supply in a cen- 
tral compartment in the pan, and the two ends were scavenged 
into the middle to permit operation at steep angles in all direc- 
tions. This wet-sump lubricating system eliminated the flexible 
oil lines and the need for the edge-type oil-inlet strainer. The 
electric oil-level gage was replaced by a dipstick which gave a 
positive oil-level reading. 

Two by-pass type oil filters for each engine were originally 
mounted on a panel on the bulkhead above the engines in the 
engine compartment. This panel also carried the primary fuel 
strainers and the coils for the air heaters. 

In order to remove the engine, it was necessary to disconnect 
all these lines and wires and remove the panel assembly. With 
the use of heavy-duty compounded lubricating oils and reasona- 
ble oil-change periods, it was found that the filters could be elimi- 
nated. The primary fuel strainers were installed in the fuel 
tanks and each engine operated from its own fuel tank instead of 
the complicated system of transfer valves originally used to pro- 
vide for all possible combinations of emergencies. The improve- 
ment in the engine compartment is clearly shown in Fig 12; 
view A is the original arrangement and B the simplified installa- 
tion. 

Each engine was originally equipped with an electrically oper- 
ated emergency shutdown valve in the blower air inlet, arranged 
to be operated by the driver in case the throttle linkage became 
damaged or the fuel-oil tanks were penetrated, allowing fuel to be 
drawn into the engine by the blower. It was found that these 


precautions were superfluous as the engine could be stalled in 
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case of such a rare emergency. These emergency controls were 
therefore removed. 

Many other minor modifications were made in the engine and 
hull to eliminate pipes, wires, valves, and controls requiring ad- 
justment at assembly. The net result was a complete power- 
plant unit that could be replaced in a short time without specially 
trained personnel, special equipment, or a carefully chosen loca- 
tion. At the same time, the power plant was sufficiently acces- 
sible so that all the major engine components, such as clutches, 
blowers, cylinder heads, pistons, liners, and bearings, could be re- 
placed without removing the engine, turret, or turret basket. 
As these various improvements were worked out, they were 
thoroughly tested under field service conditions by the Ordnance 
Department at Fort Knox, the Desert Training Center, G-M 
proving grounds, Aberdeen proving grounds, or the various camps 
where armored divisions were undergoing training. If approved, 
they were released to the field in service kits which included all 
the parts and the detailed instructions explaining why and how 
the modifications were to be made. 

During the course of the war, a total of over 22,000 twin 6-71 
power plants and spares were supplied for use in tanks. 


EXPERIMENTAL INSTALLATIONS IN OTHER MILITARY VEHICLES 


The foregoing covers some of the most important engineering 
problems connected with the application of the twin 6-71 engine 
to the medium M3 and M4 tanks and the M10 tank destroyers. 
The report would not be complete, however, without mentioning 
some of the other installations in which Series 71 Diesel engines 
were experimentally tested. 

Hydramatic Transmission. An M3 medium tank was equipped 
with a twin 6-71 engine with two hydramatic transmissions in- 
stead of the friction clutches, transfer gears, and five-speed trans- 
mission. The principal engineering problem was the installation 
of additional oil coolers on the engine for cooling the transmission 
oil. 

Torque-Converter Transmission. The GMC Truck & Coach 
Division built and tested a model T-2 gun tractor with a single 
6-71 engine rated at 225hp at 2100 rpm, connected to a hydramatic 
transmission. A similar vehicle known as the model T-9 gun 
tractor was built by the Allis-Chalmers Manufacturing Company 
and nine units were supplied to the Ordnance Department for 
test at different places. This power plant consisted of a 6-71 
engine rated at 225 hp at 2100 rpm connected through a torque 
converter to a two-speed forward and reverse gearbox. Both 
of these power plants had very desirable performance character- 
istics for a track-type vehicle since the drive gear ratio could be 
changed as required without shutting off the power and thus 
running the risk of stopping the vehicle. 

Gasoline-Diesel Engine. In considering the use of both gaso- 
line‘and Diesel engines in the same combat area, the problem of 
fuel supply became important. Since gasoline engines obviously 
cannot run on Diesel fuel, the question arose as to the possibility 
_ of using gasoline, lubricating oil, or mixtures of either, with Diesel 
fuel as an emergency fuel for Diesel engines. 

The fuel systems of a twin 6-71 Diesel engine in a U. 8. M4 tank 
and a single 6-71 in a British “‘Valentine’”’ tank were modified to 
handle gasoline by enlarging the pump and increasing the fuel 
pressure, thus preventing vapor lock. The capacity of the in- 
jectors was increased to compensate for the lower heating value 
of gasoline. In spite of the low ignition quality of the 80-octane 
gasoline, the engine operated satisfactorily and produced full 
rated power. The inherent difficulty of cold starting was over- 
come by’the air heater which literally builds a fire in the air box 
while the engine is being cranked. 

As an indication of the performance of the Diesel engine com- 
pared to the gasoline engine, it was found that on a given amount 
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of fuel the gasoline engine would do 100 miles, the Diesel engine 
with 80-octane gasoline 127 miles and the Diesel engine with Diesel 
fuel 185 miles. From this it might be concluded that the 
Diesel engine is a better gasoline engine than the gasoline engine. 

A considerable amount of proving-ground testing was done, but 
no tanks were used in combat. 

Amphibious Cargo Carrier. As the Pacific campaign progressed 
it was found that the amphibious type of vehicle was increasingly 
valuable and Diesel engines were preferred by many of the combat 
units. One of these amphibious vehicles known as the LVT3 
cargo carrier was often carried aboard ship and dropped over- 
board at the time of landing. The capacity of the hoisting gear 
aboard ship made it necessary to reduce the weight of the cargo 
carriers to a point where aluminum was considered for many of 
the components. A project was therefore initiated to install 
two aluminum four-cylinder Series 71 engines in a redesigned 
LVT3. This project was terminated by V-J Day before the 
engines were completed, but it serves as an interesting example 
of the way military necessity shapes the course of engineering 
projects. 


600-He Dieset TANK ENGINE 


As a sort of grand finale to the Diesel-engine program of Gen- 
eral Motors for the Ordnance Department, a 600-hp engine was 
delivered late in in 1943. 

The Vee type engine had demonstrated the over-all suita- 
bility of this engine arrangement to the space available for the 
engine in an armored track-laying vehicle which limits accessi- 
bility to the top and bottom sides. The experimental GM 
6V-184 welded-steel Diesel engine had shown very favorable per- 
formance and the 16-184 Navy engine had demonstrated the 
serviceability of this welded-steel type of design. The power re- 
quirements had increased continually during the course of the 
war, so the Ordnance Department requested that the Series 184 


Fic. 7 8V-184 Two-Cycie Diese, TANK ENGINE 


type of engine be incorporated in a V-8 tank engine with a rating 
of 600 bhp at 1800 rpm. The general arrangement of this engine 
is shown in Fig. 7. This engine is equipped with a gear-driven 
centrifugal blower and an oil cooler in the oil sump. The de- 
tails of the design and many of the working parts are the same as 
the 16-184 Navy propulsion engine. 

As a part of the Series 184 engine study, an eight-cylinder 
Vee design had already been completed early in 1943. The 
adaptation of this design to the M4 medium tank was started in 
July, 1943, and an M4 medium tank with this engine was delivered 
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Fic. 8 GM Mope. 4V-223 DieseLt-ENGINE PoweR PLANT FOR 
U. S. Licgut Tank 1940 


(Weight 7.0 lb per bhp.) 


Fic. 9 GM 6V-184 Tank Diese, Enaine: 450 Bure at 
1800 Rem 


(Weight 6.7 lb per bhp.) 


to the Aberdeen proving ground in April, 1944, for performance 
and durability testing. The advantages of the lightweight and 
additional power were fully demonstrated by the 4000-mile dura- 
bility run. Further work on this program was suspended by the 
Successful termination of the war. The ordnance-industry 
Diesel-engine program had nevertheless reached a point where a 
satisfactory 600-hp military Diesel engine was in hand and ready 
for application to any new ordnance vehicle requiring a light- 
weight, high-power heavy-duty Diesel engine. 
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SUMMARY 

The application of the Series 
71 heavy-duty Diesel engines to 
tanks began early in 1939 for 
the United States, and in 1940 
for the British. The record of 
evolution of the program follows: 


1 Three special Vee type 
welded-steel two-cycle Diesel 
engines designed especially for 
ordnance vehicles were developed 
and tested in the war period. Pro- 
duction was not authorized be- 
cause of lack of time and facilities. 
2 Experimental engine in- 
stallations were made in two 
types of gun tractors, one tank- 
recovery unit and one M3 tank 
with twin hydramatic drive. 

3 The 6-71 engine fuel sys- 
tem was modified to burn either 
Diesel fuel, 80-octane gasoline, 
or mixtures of the two. 

4 Over 8000 Series 6-71 
power plants and spares were 
supplied to the British for “Val- 
entine”’ and “Vanguard” tanks. 
5 Over 11,000 three, four, 
and six-cylinder Series 71 en- 
gines were supplied for use in 
tractors used in war work. 

6 Over 22,000 Series 71 twin 
six-cylinder power plants and 
spares were supplied to the 
United States for the medium 
M3 and M4 tanks and the M10 
tank destroyers. 

7 All these Series 71 engines 
were produced in the same plant 
with the same facilities and at 
the same time as the similar 
Series 71 engines were supplied 
to the Navy. Due to conven- 
tional design of parts, the facili- 
ties of automobile-engine plants 


ing Diesel-engine parts. 


INDUSTRY-ORDNANCE TEAMWORK 


This report would not be com- 
plete without emphasizing the 
importance of the fine teamwork 
between the Ordnance Depart- 
ment and industry as a whole, 
and between the members of 
the industrialteam. During the 
course of the work, the engine 
manufacturers were given com- 
plete freedom by the Ordnance 


were readily converted to mak-, 


Department in working out their particular problems. In many 
cases, designers from the tank manufacturers and the engine 
manufacturers spent several weeks in each others’ drafting rooms 
working out installation details. Ford engines were tested by 
General Motors; GM engines were tested by Chrysler; GM 
engines were considered for manufacture by Ford. 
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Fie. 12) Mepium M4 Tank WitH Twin 6-71 Move. 6046 DieseL-ENGINE CoMPARTMENT WITH ma 


AND WITHOUT FILTER PANEL 


Engineers for engine and tank manufacturers followed their 1 
equipment to every combat area in the world and were afforded ect 
unusual freedom and assistance by the Ordnance Department in Oil 
setting up training programs, studying field troubles and making Me 
campaign changes when required. Itisthis teamwork and exchange Soc 
of experience that insures our future industry—ordnance program. N 
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Designing and Developing Ford Engines 
for Medium and Heavy Tanks 


By PETER H. PONTA,' DEARBORN, MICH. 


As the Ford Motor Company’s contribution to the 
present symposium on development of power plants for 
tanks, the author outlines the design and construction 
details of the 60-deg V-type eight-cylinder four-cycle 
gasoline tank engine of which 25,000 units were built for 
the Ordnance Department during the war. Solution of 
problems which developed during the early days of this 
engine are discussed. Finally, as track-laying combat 
machines such as gun carriers, became heavier, the 
demand for units of greater power brought about the de- 
sign of the 60-deg twelve-cylinder engine, which the 


author mentions briefly. 

B required to supply in great numbers larger and more 
efficient engines for powering larger and faster aircraft 

along with tanks, trucks, jeeps, guns, and ammunition. 

The management of the author’s company felt that there 
existed a definite need for an aircraft engine which conceded no 
advantage to increased displacement as a means for obtaining 
greater horsepower as at the time proposed by many engineers 
in this country and abroad. The company’s design and develop- 
ment program was initiated for the main purpose of increasing 
specific output with a nominal-displacement engine size. 

An upright 60-deg V-12 liquid-cooled engine with a displace- 
ment of 1650 cu in. was selected because of past experience with 
the Liberty and the Rolls Royce engines. All available fuel, 
metallurgical, and tool resources were considered. It was para- 
mount that the end be achieved from a high-output viewpoint, 
both in horsepower and quantity of production. 

Design studies began July, 1940, from which it was decided to 
produce a model composed of only two of the twelve cylinders, 
for the sole purpose of conducting the preliminary engine testing. 
The rear two cylinders were used, thus approaching the twelve- 
cylinder operation with identical camshaft and accessory drives, 
bearings, rods, pistons, piston rings, and oiling system, all of 
which could be readily tested and checked with this arrangement. 


Y 1939 it had become apparent that this country would be 


ENGINE DEVELOPMENT PROGRAM 


Three months after the beginning of necessary design and 
drafting layout, the first engine was built and assembled, ready 
for testing on November 15, 1940. The first tests, as is usual, 
served to iron out design wrinkles such as bearing materials, oiling 
of cams and cam followers, and scuffing of pistons and piston 
rings. Considerable work was done to establish combustion- 
chamber design and engine timing, in an over-all effort to obtain 
peak performance. 

Within 3 months the output was raised from 115 bhp to approxi- 
mately 150 bhp at 3600 rpm as a sea-level engine without super- 
charging. This gave a 0.545-bhp per cu in. displacement, which 
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was a fine starting point for supercharging. These developments 
and improvements were solved much more easily and quickly 
than if we had used a multicylinder engine. 

The building of the multicylinder engine, referred to as the ‘‘A”’ 
design, followed immediately with a finished engine, mounted on a 
test stand and ready for testing in the early part of August, or 9 
months later. 

The Ordnance Department, having heard of the gratifying re- 
sults obtained on the two-cylinder model, became interested in 
view of the urgent requirement for a high-output engine to propel 
the 25 to 30-ton medium tank. 

The company was approached with a proposal to develop a 
power plant that could be installed and harnessed in the current- 
production medium tank, at that time powered by the R975 
radial air-cooled Continental Aircraft engine. 

Hurriedly surveying the existing medium-tank engine com- 
partment, Ford engineers suggested that by cutting the length, 
that is, using 8 of the 12 cylinders of the already designed and 
partially developed aircraft engine, it would be possible to pro- 
duce within a reasonably short length of time, an engine 
that would meet the necessary power-plant requirement, and that 
would fit the existing hull with only a few slight alterations. 

Medium and heavy tanks, we have learned through 4 years of 
experience, are required to perform with a great degree of maneu- 
verability across country, pulling from 2 per cent to 80 per cent of 
the weight of the vehicle, thus making it essential that the engine 
be flexible and quick in response to the driver’s foot acceleration. 
Its power output must easily be controllable and it should have 
good pulling power at low revolutions; in other words, a “‘buffalo- 
type” engine. 

The characteristics of the engine should be such that frequent 
gear changes can be dispensed with as far as possible. It should 
have a wide speed range. The cooling system must function 
satisfactorily under extreme climatic conditions, independently of 
the speed of the vehicle. The rate of cooling should be easily ad- 
justable to suit variations in atmospheric temperatures. The en- 
gine should be extremely economical in order to give the tank the 
maximum possible radius of action. Maximum reliability, mini- 
mum need for care and maintenance, and easy accessibility to 
parts which have to be serviced or changed are essential. All in- 
accessible parts should have a life of at least 600 hr (a tank 
averages approximately 10 mph.). Finally, the most important 
requirement is that the space occupied by the complete power 
unit, including cooling system, fuel tank, air cleaners, etc., should 
be kept down to an absolute minimum. 

In the absence of this valuable knowledge, which we ultimately 
acquired the hard way, we proceeded on September 15, 1941, with 
the design, layouts, and details of a proposed engine that was 
manufactured, assembled, and placed on the test stand by Janu- 
ary 14, 1942, within a period of 5 months. 

The engine, Fig. 1, a 60-deg V-type eight-cylinder four-cycle 
with valve in head, was liquid-cooled using an 80-octane gasoline 
as fuel. It was designed in five individual major assemblies, as 
follows: The cylinder block and crankshaft, Fig. 2, with pistons 


‘and connecting rods; the cylinder heads, Fig. 3, accessory 
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drives, end cover, and oil-pan assemblies, Fig. 4. The five as- 
semblies were treated as units and so arranged that they could 
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. 
Fig. 2 ASSEMBLING CRANKSHAFT IN CYLINDER BLOCK 


be easily handled and were easy to replace in the theater of battle. 


Deralts oF E1GHT-CYLINDER ENGINE 


The cylinder block and crankcase, made of aluminum, were 
cast in one piece to aid in obtaining structural rigidity. This has 
been a Ford practice and experience confirms its merit. The high 
loads and internal stresses developed by the engine can be handled 
better without undue distortion, in this en bloc arrangement. The 
cylinders are surrounded by a full-length water jacket and are 
lined with an oil-hardened steel dry-type sleeve, finished and 
honed in place. The parting line of the crankcase was on the 
center line of the crankshaft supported by five main bearings. 
The five main-bearing caps were of permanent-mold aluminum 


TRANSACTIONS OF THE A.S.M.E. 


JANUARY, 1947 


dic-east, designed with a heavy beam section and supported by a 
forged-steel channel between the studs, through the cap, and 
tapped directly into the aluminum crankcase. 

The crankshaft, Fig. 5, a one-piece nitrided steel casting, with 
integral counterweighting, was a product of design and develop- 


ment to which was contributed all of the metallurgical experience. 


and engineering resources of the author’s company. 

The piston was a cast-aluminum design, the length of which is 
almost equal to the diameter, being somewhat greater than the 
length of the average aircraft piston. The increased piston sta- 
bilization, which resulted from this better length-over-diameter 
ratio, benefited the piston-ring performance and, in addition in- 
fluenced heat dissipation favorably. 

The piston was a trunk-type design of an aluminum alloy pro- 
duced by the permanent-mold process, cam ground, and with a 
solid skirt to withstand heavy gas pressures. Three compression 
rings with a chrome-plated top ring, two oil-control rings with one 
above and one below the center line of piston pin were used. The 
dome of the piston was gable-shaped with the surface sloping on 
the same angle as the valves in the cylinder head. 

The connecting rods were unusually arranged for an engine of 
this size and type, so nearly approaching an aircraft engine in 
design and performance. They were steel forgings with I-beam- 
type cross section, shot-peened after machining. The rods were 
placed side by side, two per crankpin, operating on a common 
floating connecting-rod-bearing insert, which distributed the load 
and wear over the entire crankpin bearing surface, and also tended 
to decrease the bearing rubbing velocities. This design has long 
been a practice of the author’s company in the V-8 type automo- 
tive engines. This arrangement also aided in balancing and stand- 
ardizing for interchangeability by eliminating the usual fork- 
and-blade assembly. The assembling of the rod to the piston was 
by the conventional method of a floating piston pin running in a 
bronze bushing pressed in the rod, lubricated only by splash and 
oil vapor. 

The component parts that made up the cylinder-head assem- 
blies, Fig. 6, were the aluminum cast cylinder head with pressed- 
in steel valve-seat inserts, camshafts, valve mechanism, and ex- 
haust manifold. 

The valve arrangements and mechanism were such that four 
valves were used per cylinder, two intakes and two exhausts, 
actuated by two overhead camshafts, with splined, bolted-on 
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Fia. 4 Ou-Pan O1t-INTAKE 
ARRANGEMENT 


Fic. 5 CRANKSHAFT, FLYWHEEL, CONNECTING Rop, AND PISTON 
bronze gears operated by a common steel worm gear in each bank 
head. One shaft operated the intake valves while the other the 
exhaust valves. Special nonadjustable push rods were used, 
guided in a cup with a protruded hollow stem that pressed into the 
cylinder head, which also served as a valve guide bushing. The 
tappet clearance was established during manufacture or over- 
haul, and since this clearance was established cold and was greater 
than the maximum normal expansion of the parts, it seldom re- 
quired attention. 

The intake manifolds were cast the full length and integral 


Fig. 6 ASSEMBLING THE CYLINDER-HEAD UNIT 

with the cylinder heads, open on each end, providing a flange that 
held the carburetor-adapter housing which, in turn, supported 
the two carburetors. The carburetors used, one at each end of the 
engine, were of the downdraft type with dual throats or Venturi 
with each carburetor supplying fuel to both manifolds. The 
carburetor linkage provides for delayed opening for one car- 
buretor, to insure a more even supply of fuel during slow-speed 
operation and during the period of initial acceleration. In limit- 
ing the flow to one carburetor during this period of initial accel- 
eration, sufficient velocity is assured to maintain a flow of fuel 
during the period when the manifold vacuum drops to the mini- 
mum. Each carburetor is equipped with a degasser for each 
Venturi. This is a small mechanism which is actuated by the 
manifold vacuum and provides an automatic shutoff of the fuel 
that would otherwise flow through the idle jets during the period 
of deceleration, when no fuel is wanted in the system. The de- 
gasser also reopens the idle jets when the manifold vacuum has re- 
covered and idle operation is required. By thus eliminating the 
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supply of fuel to the engine during the period of deceleration, 
“torching” or excessive burning and exploding of gas in the ex- 
haust system is averted. This is quite necessary for tank opera- 
tion to avoid detection by the enemy during night operation. The 
housings were likewise connected to the exhaust system whereby 
the fuel-air mixture was heated, in addition to the heat received 
from passing through the intake manifold, adjacent to the water 
jacket of the cylinder head. This arrangement proved its merit 
both in performance and fuel economy, especially when operating 
the engine at slower speeds in cold climates. 

The exhaust manifolds were made of a stainless-steel design, 
stamped in two halves and welded. This produced an exception- 
ally light part which normally would be of cast iron, thus saving 
quite a bit of weight. The manifolds were bolted on, one on each 
cylinder head assembly, and handled as part of that unit. 

The accessory drive was a 
unit generally considered by 
many as one of the most inter- 
esting subassemblies of the en- 
gine, Fig. 7. This unit was a 
small package consisting of an 
aluminum bracket supporting 
enough gears to provide for 
seven individual take-offs; 
namely, the hour-glass worm 
gear driving the two camshaft 
drives, one for each bank; the 
three bevel gears providing 
the two fan drives, one for 
each side of the engine; the 
magneto-drive pinion; the 
water-pump drive; and the 
oil-pump drive. 

This assembly was bolted 
to the cam-drive end of the 
crankcase driven by a quill 
shaft splined into the crank- 
shaft. This quill shaft func- 
tioned as a cushion against 
torsional vibrations of the 
crankshaft that would nor- 
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mally be transmitted to the gear unit. In addition to the 
foregoing, it also functioned as a fuse, if the loads imposed on the 
assembly exceeded the design limitations of 90 hp. 

The aluminum-casting end cover supported the two magnetos 
and the magneto-drive water-pump assembly. 

The oil pan which was also an aluminum casting was ulti- 
mately designed in two compartments carrying the oil-intake 
screens and pipes with a double pump that was driven by a quill 
from the previously mentioned accessory drive, thus enabling re- 
moval of this whole assembly without disturbing any other part of 
the engine. 

Not only was the engine designed in separate assemblies, but it 
was designed to operate on either or both banks of cylinders. 
This was made possible by supplying forthe source of ignition two 
four-cylinder magnetos, each operating one bank of cylinders. 

The high-tension wiring was carried to the camshaft covers via 
titeflex conduit. The camshaft cover, also an aluminum 
casting, was so designed that along with covering and sealing the 
camshafts, a trough between the two camshafts provided space 
for the spark-plug wiring, as well as making accessible the spark 
plugs for maintenance and replacement. This trough was ulti- 
mately covered by a thin sheet-metal plate, thus protecting the 
wiring from becoming damaged, shielding against radio inter- 
ference, and giving the engine a clean smooth appearance. 


PropuctTion PLAN ALLOWS FOR DESIGN CHANGES 


Simultaneously with the testing and development program of 
the first engine, drawings were released to the shop to proceed 
with patterns and fixtures to produce this engine in quantities. 
While it was not yet ready to be produced in great numbers, it 
had been sufficiently tested to prove the merit of basic design and 
that it obviously had many features which the Ordnance Depart- 
ment felt were attractive for tank application. 

Under the circumstances, it was of course expected fhat the 
early production engines would perhaps prove themselves ‘“‘green”’ 
and would therefore require many minor, as well as major 
changes, for we were in effect taking an engine right from the 
drafting board and placing it in production. 

An engineering and production release system was therefore 
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provided to permit the greatest flexibility in executing design 
changes. Asa result, during this early production period changes 
were accomplished rapidly and in harmony with the Army test 
program, Fig. 8, some changes being placed on production within 
a matter of hours. 

The test program was well along when there came the urgent 
demand from all battle fronts for more tanks and more engines. 
The Ordnance Department, realizing that our engine was still in 
the development stage and that progress was being made as fast as 
was humanly possible, presented the problem to the management. 

Orders were immediately issued to produce, as soon as possible, 
50 engines with all parts made in the production departments. 
This order naturally accomplished its purpose, having quite an 
effect on both production and engineering. Engineering hastened 
to incorporate the latest developments as revisions, while pro- 
duction made sure its patterns and fixtures were accordingly 
brought up to date and finished. 

As it worked out, the shop made a few attempts to change the 
design while engineering blamed the production quality for some 
of the misfits and failures of engine parts. Actually, production 
did offer some excellent suggestions, many of which were immedi- 
ately adopted. The complaints that many of the parts were diffi- 
cult to assemble and sometimes failing due to engineering faults, 
did diminish as the quality and methods of production improved. 

During the building of the first engines it was found necessary 
to maintain an extremely close co-ordination between the de- 
signing, testing, manufacturing, and assembling of the engines. 
This was done to insure no loss of time in making and enforcing 
any improvements, especially when deficiencies were discovered 
that would jeopardize the operation of the engine. 

Changes made in the engine up to this point admittedly were 
many, both in design and production. Improvements in bearings, 
connecting rods, piston materials, valves, tappets, etc., were all 
contributory to the longer life and durability of the engines which 
were so desperately needed to pass the Ordnance Department’s 
engine-acceptance test. 

TEsTs 

The acceptance test of 50 hr at full throttle and partially at 
simulated road load, was made and completed. However, the 
Ordnance Department did not stop there. It wasn’t long after- 
ward that we were asked to send a representative to both Chrysler 
and G. M. Diesel, where Ford engines were also on an en- 
durance test. Incidentally, these two companies and ourselves 
were still in competition against each other at the various proving 
grounds throughout the country. 

Comments received from these testing facilities were mainly 
that this engine, an eight-cylinder 60-deg V-type, had inherently 
a secondary out-of-balance force, and that its roughness would be 
highly undesirable. After considerable discussion within our own 
engineering department as to the comparison between a V-8 60- 
deg and a V-8 90-deg engine, it was agreed to carry out a complete 
comparative investigation. Layouts of a proposed V-8 90-deg en- 
gine were made, from which we produced a wooden mock-up for 
comparing its appearance with the V-8 60-deg engine. On com- 
pleting the investigation, conclusions were reached that nothing 
could be gained in space requirements by this new design. The 
only advantageous feature was an engine that would be in bal- 
ance, producing torsional vibrations of lower amplitude, and a 
critical speed at a higher range, neither important enough to 
substantiate the substitution of this new design, owing to the 
operating speed range of the engine, never exceeding 3000 rpm, 
while propelling the tank. For operation at higher revolutions, a 
pendulum damper was developed which was still in the experi- 
mental stage and discontinued with the end of hostilities. 


DesiGNn DIFFICULTIES CORRECTED 


About a thousand engines were produced and installed in tanks 
before a weakness in the design was discovered. This was found 
by the dynamometer endurance test, and results obtained from 
the actual installations in the field. The original method of bolt- 
ing on the main-bearing caps was more theoretically correct than 
practical. The arrangement of the studs was of a coaxial] nature, 
pet-named “‘corset lacing.” The idea was excellent for its clamp- 
ing characteristics but not adequate for preventing the fore-and- 
aft rocking of the bearing cap, believed to be caused by the de- 
flection of the crankshaft pivoting at the main bearing. 

During this same period of testing, almost simultaneously, 
came another complaint that the main-bearing webs in the crank- 
case were fracturing and pulling away from the cylinder block. 
This condition came about and was accelerated by the fact that 
we were using a block which was cast by an outside company, 
having the metallurgical characteristics and thickness of walls on 
the low side. This of course indicated that the block was not de- 
signed with enough margin of strength to accommodate the neces- 
sary variations in the quality of metal, resulting from high-quan- 
tity production. 

The crankcase was successfully improved and made rigid by in- 
creasing wall thickness and ribbing sections, and by providing 
deep-section main-bearing caps held in place by two vertical studs. 
This rigid crankcase was the beginning of a troublesome era of 
fatiguing and breaking of the crankshaft. 

It was at this point that the development program of combining 
various formulas of steelmaking and heat-treatment was carried 
out to produce a sturdier crankshaft, ultimately and sucessfully 
manufactured on a production scale. 

Aluminum engines, as is customary, do not use a gasket be- 
tween cylinder head and block. In place of a gasket, grommets 
are inserted in carefully machined counterbores to seal any high- 
pressure oil or coolant lines passing from the block to the cylinder 
The handling of these grommets in assembly requires a 
great amount of care and skill, successfully accomplished only by 
experienced mechanics. 

The fact that the engines in tanks, because of the lack of skilled 
manpower, would have to be serviced by G.I.’s who in many in- 
stances never saw the inside of an engine, necessitated a more 
simple and practical approach. Another reason for eliminating 
excess machining was that these engines were produced on ma- 
chinery and equipment that had once been discarded, and in 
many instances a half century old, used only because newer 
machinery was unobtainable at any price. Thus was intro- 
duced the usage of a one-piece asbestos-filled, metal-covered gasket, 
““grommetted” by steel rings around the cylinder bores and oil and 
water passages. This proved to be quite an improvement in over- 
coming oil and water leaks, heretofore unsuccessfully sealed with 
the rubber-grommet arrangement. 

After having successfully developed the cylinder-head gasket, 
we were still bothered with rejection of engines because of oil 
leaks. In many instances we found oil mixed in with the coolant. 
To establish this cause another period of testing was undergone, 
in the course of which infinitely small pores were discovered in the 
casting of both cylinder block and cylinder heads. To overcome 
this condition our metallurgical laboratory developed an im- 
pregnation process with a silica-gel treatment, which was used 
very successfully. 

Engines were now doing a fairly good job; however, occasion- 
ally a report would be received of an engine going out of time. 
With the increased frequency of this complaint, a thorough in- 
vestigation of the timing system was made. Puzzling as it was, 
we found the quill, pet-named “dog bone,” that served as a drive 
between the crankshaft and accessory drive, was twisting due to 
crankshaft torsional vibrations and loads applied thereto. The 
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quill was immediately increased in diameter and an operation of 
shot-peening its outer skin was added. 

The foregoing were only a few of the alterations and improve- 
ments made after the engine was in production. Many were 
minor in nature, yet important from the standpoint of ultimate 
engine performance and field maintenance. ‘ 


ENGINE RatING 


This engine produced 500 hp at 2600 rpm, with a torque of 
1050 lb-ft at 2200 rpm, Fig. 9. With a 7.5 to 1 compression ratio 
and a volumetric efficiency of 80 per cent, we were able to obtain a 
brake mean effective pressure (bmep) rating of 142 lb at 2200 rpm. 
This is considered high in comparison to truck and passenger-car 
engines, which range from 100 to 120 bmep. Because of this high 
efficiency and high bmep, we also obtained a low specific fuel re- 
quirement of 0.56 lb per bhp. All this was attributed to the ef- 
ficient filling of the cylinders made possible by the intake system 
and valve arrangements. The thermodynamic process of the en- 
gine has been investigated by means of a temperature-entropy 
diagram in conjunction with indicator diagrams taken from the 
engine, which showed a satisfactory utilization of heat in the en- 
gine cylinders. 

Much of the success of this engine can be attributed to the 
general arrangement of its installation in the tank hull, Fig. 10. 
The accessibility for its maintenance was outstanding in that the 
component items of drives, fans, radiators, expansion tanks, etc., 
were strategically located, easy to get to for servicing. 

As the war progressed, changing our position from defensive to 
offensive, new designs of tanks were evolved. Tanks with lower 
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Fic. 10 ENGINE COMPARTMENT OF THE M4A3 Tank 


silhouette, higher fire power, and greater thickness of armor were 
required at the battle front. This naturally necessitated that the 
engine be reduced in height, provisions made for various new 
power take-offs, arrangements and revisions of cylinder block to 
accommodate various types of installations such as the British 
tank “Cromwell,” the attaching of a 400-kw generator for the 
electric-drive tank, or the hydraulic torque converter ultimately 
used in the later days of tank production. It was truly a problem, 
for at one time we were providing seven different variations of this. 
engine, for various designs of experimental tanks. 

In spite of the numerous designs, an attempt was made when- 
ever possible to standardize the engine, thus enabling inter- 
changeability of parts subject to wear and burning, especially the 
power section, comprising cylinder block, cylinder heads, crank- 
shafts, pistons, rods, valve assemblies, etc. 


TWELVE-CYLINDER DESIGN 


At the beginning of the war it was an established fact that 15- 
20 hp per ton was necessary to propel a track-laying tank, 30 mph. 
As the war advanced tanks weighing 45-50 tons were developed, 
in which the power factor began to impinge on vehicle perform- 
ance. Therefore it became apparent that a larger engine was 
necessary which could be produced within a short period. The 
natural thing to do was of course to add four cylinders to the 
present eight, thus reverting back to the twelve-cylinder design. 

With a knowledge of how a “G.I.” mechanic works, handi- 
capped by the lack of proper tools and replacement parts, by the 
unavailability of instruction manuals, and in many cases the lack 
of proper instructions, we proceeded with plans for the new en- 
gine, Fig. 11. 

The design was such that as many parts as possible of the power 
section were identical to the eight-cylinder engine. In cases 
where the design of the engines indicated a new part, every effort 
was made to place it in a similar arrangement with that of the 
eight-cylinder. Therefore a mechanic already familiar with the 
engine could easily tackle and repair a twelve-cylinder engine by 
recognizing the function of the component assemblies and know- 
ing the method and procedure of tear down and reassembly. By 
the same token, the making of any necessary adjustments inelud- 
ing the timing of the magnetos could also be done. 

Provisions were incorporated in the new engine to enable 
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Fig. 11 V-12 60-DeG 1650-Cvu-IN. DispLacementT 750-Hp TANK ENGINE 


optional arrangements of engine mountings. This was done to 
accommodate a variety of engine installations, whether they 
might be tank, truck, or tractor. 

Electrical-starter problems were overcome by using two stand- 
ard eight-cylinder starter motors, mounted one on each side of 
the engine. The principal reason for this arrangement was the 
inability to procure a larger starting motor that could be adapted 
to this engine. Should it have been possible to obtain a larger 
starter, the high stress concentration resulting at the starter and 
ring gears would have been excessive for this installation. Other 
advantages were inadvertently realized; such as, utilizing an al- 
ready in-production assembly, and in an emergency having the 
use of one starter, should the other one fail. Fifteen of these en- 


gines were built with more on order to be used in future develop- 
ments of powering heavy vehicles. 


CONCLUSION 


In conclusion we realize, as well as others, that development 
and production programs, where progress was made seemingly 
through a feat of magic such as this, were common throughout the 
entire country. 

We at the Ford Motor Company attribute our successful pro- 
gram of producing 25,000 tank engines to the diligent co-opera- 
tion of departments within the Ford sphere, together with co- 
operation received from other manufacturers, all striving for a 
common goal by producing in harmony, the requirements of the 
Army Ordnance. 
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Cadillac Twin V-8 Power Plant 
for Light Tanks 


By J. F. GORDON,' DETROIT, MICH. 


The substitution of twin Cadillac engines for a single 
radial-type tank engine resulted in the new model M-5 
light tank. This adaptation was followed by a succession 
of tanks, howitzers, mobile artillery carriages, personnel 
carriers, and landing vehicles which used the same basic 
power-train idea. The co-operative engineering program 
with other contractors, test procedures necessary to vali- 
date new designs, and the value of ‘‘emergency’’ engines to 
the Service Forces have been outlined in the paper. 


N THE recent war one of the major problems to be solved 

was that of adequate supplies and materiel. The final 

victory over Germany and Japan can be attributed as much 
to the success of the production program as to the fighting ability 
of our Armed Forces, just as the early losses of the allied nations 
can be attributed to the overwhelming superiority of the axis 
nations in airplanes, tanks, and artillery. 


Heavy DeMAND For War VEHICLES 


The urgent requirement for mechanization of the Army during 
the war resulted in such a multiplicity of vehicular requirements 
for reconnaissance, combat, and transportation that the prospect 
was both complex and confusing to manufacturers. The Govern- 
ment needed tanks and airplanes, artillery and howitzers, tractors 
and landing vehicles, trucks and personnel carriers, but the de- 
velopment time was almost nil. Under such emergency condi- 
tions it was natural that most manufacturers should seek answers 
to such questions as: “What can our organization produce very 
quickly from present tools, equipment, and materials? What 
can we contribute to meet urgent war needs?” 

Since every type of vehicle needed a good power plant and it 
was felt that the existing automobile engine, equipped with 
hydramatic transmission could be adapted to such usage, the 
logical approach to the problem seemed to be along this line, 
Fig. 1. Contact with the Ordnance Department at Washington 
not only indicated interest but resulted in the quick assignment 
of an M-3 light tank to the author's factory for a conversion pro- 
gram on power-plant and related power-train units. Tractive- 
effort requirements and other data obtained by test of this tank 
at the General Motors Proving Ground demonstrated that satis- 
factory performance could be obtained by the use of twin engines 
mounted in parallel within a common engine compartment at 
the rear of the vehicle, Fig. 2. This arrangement resulted in the 
light-tank power train shown in outline. 

Power transmission from the engines to the tracks was through 
two hydramatie transmissions, two propeller shafts, a two-speed 
step-down transfer unit, a controlled differential, two final drives, 
and sprockets engaging the track blocks. The transmissions plus 
the transfer unit provided six forward speeds and one reverse 
speed, with all gear-ratio changes in the transfer unit and trans- 


! Chief Engineer, Cadillac Motor Car Division, General Motors 
Corporation. 

Contributed by the Detroit Section under the sponsorship of the 
Oil and Gas Power Division and presented at the Semi-Annual 
Meeting, Detroit, Mich., June 17-20, 1946, of THe AMERICAN 
Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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missions automatically controlled for all normal operation of the 
tank. 

A conversion as extensive as indicated could hardly be com- 
pleted without serious revisions to the design of the whole tank 
inasmuch as it required the mounting and servicing of two liquid- 
cooled automotive engines with transmissions, oil- and water- 
cooling systems, exhaust systems, propeller shafts, transfer unit, 
and controls, as replacements for a single radial-type air-cooled 
aircraft engine. This so-called “conversion” evolved into a new 
vehicle and was given the designation ‘‘M-5 Light Tank,” Fig. 3. 

The performance of the converted pilot tank was so satisfactory 
that a contract was proposed almost immediately, but the con- 
tract required the building of M-5 light tanks to the new design 
rather than fabrication of power-train components or engines 
alone. 


Fic.3  M-5 Licut Tank 
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This quick plunge into the business of making light tanks in- 
augurated a program between the various military services and 
the company which resulted in the completion of over 3,000,000 
man-hours of engineering work on various armored vehicles dur- 
ing the war. As the war progressed, the twin-engine adaptation 
was extended to other types of equipment, Fig. 4, until it was 
specified in production contracts for eleven different vehicles 
fabricated by eight different contracting agencies located in the 
United States, Canada, England, and Australia. The armored 
units themselves saw combat operation in every war zone, under 
practically every conceivable type of service. Altogether, over 
15,000 tanks, gun carriages, and landing vehicles were delivered 
for the use of the Army, Navy, and Marine Corps, or for use by 
allied governments under Lend-Lease provisions. 


Co-OrpERATION AMONG AUTOMOTIVE MANUFACTURERS 


Co-operative work was the keynote among all the manufac- 
turers in the automotive field during the war, and it was largely 
due to this assistance that a program of such scope could be com- 
pleted. Fig. 5 indicates the subcontractors of various parts of 
the M-24 light tank and is included to show appreciation for their 
very important contributions to the final product. Much of the 
engineering, design, and development applicable to these units 
originated in the organization which produced them, thus making 
available to the Ordnance Department a tremendous reservoir of 
technical ability and manufacturing experience. Table 1 lists 
major components to demonstrate the wide distribution of re- 
sponsibility among contributing manufacturers. 


CoMMERCIAL ENGINES IN ARMORED VEHICLES 


With the foregoing outline of the evolution of tank design as a 
background, the natural sequence of events leads to the specific 
engineering problems involved in the use of “emergency”’ or com- 
mercial engines in armored equipment. Although the average 
passenger-car power plant of prewar vintage could be expected to 
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Fieg.5 M-24 Light Tank SuBCONTRACTORS 


TABLE 1 MANUFACTURERS AND THEIR EQUIPMENT 


ON THE M-24 LIGHT TANK 


Standard Steel Spring Company 
Symington Gould Company 
Ternstedt Division 
(General Motors Corporation) 
Martin Parry Corporation 
American Type Founders, Inc. 
Firestone Tire & Rubber Company 
Pontiac Motor Car Division 
(General Motors Corporation) 
Pontiac Motor Car Division 
(General Motors C orpor: ation 
Albion Malleable Iron Company 
Kelsey-Hayes Wheel Company 
National Acme Company 
Detroit Transmission Division 
(General Motors Corporation 
Mechanics Division—Borg- 
yarner Corporation 
Inland Marufacturing Division 
(General Motors Corporation) 
Monroe Auto Equipment Com- 
any 
Harrison Radiator Division 
(General Motors Corporation) 
. C. Spark Plug Division 
‘(General Motors Corporation) 
Packard Electric Division 
(General Motors Corporation) 


USED 


Armor plate..... 
Armor castings........ 


Anti-airc mae gun mounts..... 
Gun mounts. 

Gun mounts..... 
Control differentials...... 


Malleable castings. . 

Suspension 

Torsion bars. . 
Transmissions............ 

Universal joints... 


Instrument panels and air cleaners.... 


Elevating mechanisms............... Wilson Foundry and Machine 

Company 

(General Motors Corporation) 
Traversing mechanism............... New Process Gear Corporation 

(General Motors Corporation) 

(General Motors Corporation) 

(General Motors Corporation) 

(General Motors Corporation) 
Walker Manufacturing Company 


give thousands of hours of trouble-free service in an automobile, 
the standard of performance in tanks was only 400 hr or 4000 
miles between scheduled overhaul periods. As a matter of 
record, many changes in design and materials were required to 
reach that standard due to the unusual severity of tank service 
Over previous automotive experience. Contributing factors to 
this severity were large over-all ratios, as required by high weight 
per unit of power; operation over “tough terrain,” resulting in 


Fic. 6 M-24 Lignut UNDERGOING Provinc-GrouNnp 


unusual vibratory and shock loading; exposure to all forms of 
corrosion and deterioration at an accelerated rate; overloading to 


the limit of the crew’s ingenuity in stowing ammunition; and 
lack of adequate maintenance under fighting conditions. Fig. 6, 


showing an M-24 light tank operating over the durability route at 
the proving grounds, is representative of some of the difficult 
factors noted. 

The mere recital of improvements or changes in design would 
add little interest to the record, but a typical case of trouble ex- 
perienced and the resultant design attitude is important; for 
example, aluminum pistons, of perfectly satisfactory design 
for passenger-car service on premium-grade gasoline, failed in tank 
engines due to detonation even though the engine compression 
ratio had been decreased slightly. Mixed fuel stocks proved to 
be the cause of the failures, but the service trouble developed a 
new conception of the design requirements for pistons in tank 
engines. 

It was deemed necessary to develop a piston which would not 
fail by detonation at maximum engine output while using a fuel 10 


octane numbers below the established standard Army grade of 


: 
Shock absorbers and seats............ 
Radiators and oil coolers............. 
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Fic. 7 At THE Lert Is SHown A Four-R1inG Pisron oF A PAssEN- 
GER-CAR ENGINE; AT THE Rigut Is THE THREE-RiING PIsTON oF 
THE TANK ENGINE 


gasoline. Fig. 7 depicts the two designs and is doubly interest- 
ing due to the fact that the three-ring piston was a better per- 
former than the four-ring piston. The full value of such a design 
was not evident until abnormal operating conditions prevailed, 
such as those times in the Italian campaign when tanks were fre- 
quently serviced at captured enemy supply dumps with a fuel 
having an octane value only slightly higher than kerosene. 
Similar reasoning, based upon service experience, led to the 
elimination of the diaphragm type of gasoline fuel feed pump 
from the engine and replacement by an electrically driven 
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centrifugal pump, Fig. 8, in the gas tank, which resulted in the en- 
tire gasoline system being under sufficient pressure so that it 
would not gaslock at ambient air temperatures of 125 F. 

It was found to be of paramount importance that all units be 
capable of meeting drastic and unusual service conditions as a 
matter of course. If an electric generator or an air cleaner 
chanced to be so positioned on the engine that a soldier could con- 
veniently step upon it while performing any maintenance opera- 
tion on the engine, the piece was designed or protected to carry 
that added load without harm; morever, it was accepted as a 
basis of design that the application of such loads should be 
anticipated and expected. To state the principles very broadly: 
Each unit was designed to meet abnormal use, to operate suc- 
cessfully under overload, to resist abusive service, and to with- 
stand excessive exposure to rain, snow, ice, heat, mud, wind, sand, 
dust, and humidity, above and beyond the primary requirements 
of armored protection and ballistic resistance. Resulting dura- 
bility and continued serviceability of American-made equipment 
substantiated the value of these basic principles of design. 


Ricip Tests Conpuctrep oN ALL EQUIPMENT 


Although the emergency conditions which prevailed during the 
war required maximum speed in adapting existing parts to ve- 
hicle needs, automotive engineering has always been so insistent 
on comprehensive testing to validate any design before it goes to 
the customer that this procedure was continued on ordnance 
equipment throughout the war. Before an improvement or a 
design change was released for production, several of the new 
parts were subjected to an accelerated test program in dynamom- 
eter room, refrigerator room, dust chamber or other 
specialized equipment as required to prove their 
stamina. 

Fig. 9 shows one example of such specialized 
equipment designed to produce in the laboratory 
fatigue failure of final drive gears by coupling to- 
gether all the power-train components of a tank, 
including a section of track. By such means it 
was possible to maintain reproducible test condi- 
tions and to instrument the equipment in the 
desired manner. Other test programs on many 
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items affecting engine characteristics resulted in numerous types of 
specialized tests, some of which follow for purposes of illustration: 


1 Engine endurance 4250 rpm to 5000 rpm. 

2 Engine durability test, as installed in vehicle. 

3 Fatigue-failure tests by torsion, bending, pressure varia- 
tion, hot and cold cycles, shock resistance, resonant vibration. 
Air flow, cooling, heating, temperature control. 
Dustproofing, waterproofing, temperature resistance. 
Subzero starting and operation. 

Lubrication and lubricant testing. 
Fuel, fuel pumps, filtration, vapor locking. 
Accessory drives and accessories. 


10 Electrical equipment, such as spark plugs, generators, 
starters. 
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Fie. 11 M-24 Light TANK ENGINE INSTALLATION 


11 Suppression, shielding, or grounding of units to improve 
radio reception. 

12 Material tests as affecting use of critical materials. 

13 Packing and coating materials to improve corrosion 
resistance. 

14 Forward, reverse, or side-slope operation in vehicle. 

15 Engine and transmission controls. 

All such tests sought improvement in performance and dura- 
bility of the power plant under such adverse conditions as im- 
posed by service use. Fig. 10 represents another piece of special 
test equipment developed in the experimental laboratory to 
check-test an engine when operated in a dust-loaded atmosphere. 


ACCESSIBILITY FOR SERVICING 


No small part of the design work was imposed by the installa- 
tion limitations encountered in the various armored vehicles. 
As is desirable in any manufacturing operation, an attempt was 
made to maintain maximum interchangeability of engine com- 
ponents but this was never done by compromising the vehicle de- 
sign or by reducing its effectiveness as a weapon. The normal 
desire of military personnel was to limit the available space for 
engines to a negligible amount, thus insuring greater space and 
load allowance for fighting gear, such as, ammunition, armor pro- 
tection, gun mounts, and turret controls. 

Even though an engine buried in a hull and protected by a 
bulletproof grille, might be entirely acceptable from a military 
standpoint, nevertheless, ij was equally important that it be 
serviced adequately and easily. Necessary service operations, 
such as oil-filling, ignition-checking, belt adjustment, and oil- 
filter-cartridge replacement required easy access without use of 
special tools, and this was generally accomplished by grouping 
the units for direct overhead access as in Fig. 10 which shows 
engines as installed in the M-24 light tank. Belts, spark plugs, 
oil-filler tubes, coil, distributor, coolant hoses, and engine con- 
trols were all within easy reach, even though the engines nestled 
into the compartment so closely that there was hardly space 
enough to slide a hand between the cylinder heads and side walls 
of the engine compartment. 

Major service on the engines required their removal from the 
tank as an assembly but this operation was simplified by con- 
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Fig. 14. LVT III Lanpinc-VenIcLE ENGINE ASSEMBLY 


sideration of the requirement as a design function. The only 
extra equipment necessary for removal was a sling and a chain 
hoist, as lifting rings were carried on the cylinder heads at all 
times, Fig. 12. After normal disconnect operations and drain- 
age, the engine-and-transmission assembly could be slipped out 
rather easily by virtue of splined connections at the fan-drive 
shaft and transmission-output shafts. Engine assemblies were 
fully interchangeable, right to left, simply by reversing the ex- 
haust connection. Each engine could be operated independently, 
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if desired, through the fitting of manually operable disconnect 
clutches at the transfer-unit input shafts, thus enabling a tank 
to keep moving even though one engine wasacasualty. Each 
engine could also be used to start the other engine by power 
transmission through the transfer unit. The greatest ad- 
vantage of the twin-engine installation was the ability to produce 
both engines and transmissions in volume quantities without 
major procurement of machine tools and equipment, inasmuch as 
facilities for production at a rate exceeding 60,000 per year were 
available at the outset of the war. 


ENGINE SPECIFICATIONS 

Typical engine specifications of the power plant, illustrated in 
Fig. 138, as used in the M-24 light tank follow: Liquid-cooled; 
3.5-in. bore, 4.5-in. stroke; 346 cu in. displacement; 7 to 1 com- 
pression ratio; L-head valve arrangement; 1045 lb weight; 
110 hp at 3400 rpm. Equipment features were hydramatic 
transmission (fluid coupling plus automatic four-speed trans- 
mission), solenoid starter, automatic choke, 24-v ignition system, 
1500-w generator, sealed distributor, sealed carburetor, electrically 
driven centrifugal fuel pump, oil-bath-type air cleaners, triple 
belt drive for water pump, generator, and fan, hydraulic-lash 
adjusters for valves, senior size oil filter, engine-oil-pressure signal 
unit, engine temperature-gage unit, tachometer drive, pressurized 
water-circulating system with thermostatic control, transmission- 
oil-pressure warning-signal switch, transmission oil cooler.  Al- 
though many of these equipment items were developed to satisfy 
specific requirements of military vehicles, the essential features 
of the original automobile engine were retained during the entire 
war-production period. 


ENGINES FOR AMPHIBIANS 

The engine assembly used in LVT III amphibians is shown in 
Fig. 14. Comparison of this unit with the M-24 tank engine 
in Fig. 13 illustrates the differences achieved in two installations 
through use of special equipment without resorting to basic 
engine changes. 

Table 2 indicates the type of changes which were incorporated 
in the original automobile engines in the adaptation to tank or 
amphibian service. 


CHANGES IN AUTOMOBILE ENGINE ADAPTING IT TO 
TANK AND AMPHIBIAN SERVICE 


TABLE 2 


Change 
Added molybdenum to cylinder iron 


Added drain slot to rear main bearing 


Replaced babbitt with Durex bear- 
ings 

Heavier flanges on metal cylinder- 
head gaskets 


Redesigned pistons 
Added chrome plate to piston rings 


Increased depth of oil sump 
Redesigned front engine cover 
Redesigned fan and drive 


Designed triple belt drive to water 
pump and generator 


Carburetor float mechanism 
Hardened intake valves 


Ferrox-treated valve guides 

Fuel pump removed from engine to 
gas tank 

Added built-in oit cooler to transmis- 
sion 

Alloy-steel screws added to flywheel 
cover 

Planet pins nitrided 

Ignition and electrical units rede- 
sign 


Reason for change 
Improved fatigue resistance of cast- 
ings 
Reduced oil-seal leakage at extreme 
engine angles 
Better fatigue endurance 


Increased resistance to detonation 
failures 

Eliminated detonation failures 

Reduced wear of rings and cylinder 
bores 

Permitted operation on 60 per cent 
slopes without pressure loss 

Generator support increased loading 
on the part 

Larger fan relocated at flywheel end 
of engine 

Increased generator load and better 
safety factor required for high- 
temperature operation 

Improved operation on 60 per cent 
grades 

Reduced wear and prevented chan- 
neling with highly leaded fuel 

Improved scuff resistance 

Elimination of vapor lock at high 
operating temperatures 

Heavy-duty use of transmission 
without air flow to cool 

Allowed higher torque and prevented 
oil leakage 

Increased hardness and durability 

Increased from 6 v to 24 v and com- 
pletely shielded to prevent radio 
interference 
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(Note cloud of smoke drifting away in right-hand view.) 


Steam-Air Jets for Abatement of 
Locomotive Smoke 


By E. D. BENTON! anv R. B. ENGDAHL? 


For almost a century experimental work has been con- 
ducted on air-injection devices designed to lessen the 
smoke nuisance inherent in locomotive operation. Not 
until 1913, however, was any particular progress made 
in the design of jets for this purpose. At that time the 
Pennsylvania Railroad developed specifications which were 
widely used for a number of years. Recently, investiga- 
tions of the steam-air jet have been conducted by Bitu- 
minous Coal Research, Inc., which have developed opti- 
mum design values for such devices. The results of the 
tests and details of application of steam-air jets are given 
in the paper. 


1 Assistant Supervisor, Battelle Memorial Institute, Columbus, 
Ohio. Formerly Fuel Engineer, Louisville & Nashville Railroad Com- 
pany, Louisville, Ky. Mem. A.S.M.E. 

2 Assistant Supervisor, Battelle Memorial Institute, Columbus, 
Ohio. Jun. A.S.M.E. 

Contributed by the Fuels Division and presented at the Fall Meet- 
ing, Cincinnati, Ohio, Oct. 2-3, 1945, of Tae AMERICAN SocIETY OF 
MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


INTRODUCTION 


r NHE surest method of abating smoke from locomotives is 
the steam-air jet, coupled with reasonable care in managing 
the fire on the part of the fireman. Neither, independent of 

each other, is able to do a satisfactory job at all times. When 

they complement each other they are an unbeatable team, even 
under adverse conditions. 

This statement is made as a result of about 3 years of research 
and practical trials of principles developed on a wide variety of 
locomotives, ranging from 6-wheel switchers to heavy Mallet, 
and 4-8-4 modern passenger engines. To date, over 25 railroads 
have equipped about 700 engines with steam-air jets, patterned 
after the design and data presented in this paper. Figs. 1 and 2 
demonstrate the effectiveness of overfire jets. 

Investigations prior to setting up the research project indi- 
cated that efforts at educating and training the fireman in proper 
firing technique were not particularly effective since smoke vio- 
lations persisted in embarrassing numbers. In defense of the 
engine crews, it must be admitted that because of high burning 
rates, unexpected and sudden fluctuations in boiler output make 
objectionable smoke difficult or impossible to control, even with 
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tests on a passenger run between Decatur and 
Danville, Ill., with the Hutchinson smoke 
consumer (1). This device, shown in Fig. 3, 
used steam from the boiler to inject air in 
both front and back of the firebox through 
air tubes rolled into the firebox sheets. The 
back set of jets had a 90-deg elbow in the air- 
tube and, as is now known, this destroyed 
the air-blowing feature of these jets. The 
size of steam jets was not far from correct, 
i.e., 7/e,in. diam, All the air tubes were too 
short and, with the jets open directly to the 
cab, they must have been unbearably noisy. 
Because of these defects, Johann’s conclu- 
sions are understandable: 


«in so far as economy in the consump- 
tion of fuel is concerned, there is no appre- 
ciable gain in the use of this device... 

“As far as the consumption of the smoke 


Fic. 3 Hutcutnson SMOKE ConsuMER; 1884 


good intentions on their part. Preliminary investigation also 
indicated that the rather crude steam-air jet, as applied to loco- 
motives, was an effective device which could be of immeasurable 
assistance to the fireman in controlling objectionable smoke, but 
it had many shortcomings, resulting in its not being used except 
occasionally when prompted by citations of smoke violations or 
infrequent pressure by supervisory personnel, 

The steam-air jet had been used for over 100 years, yet in all 
that time no one had established the engineering data or applica- 
tion principles by which it could be applied with assured results 
within reasonable limits of economy. Ina sense, this paper is a 
progress report of the results of a research project directed to- 
ward establishment of engineering data and optimum design 
standards of the steam-air jet as a tool for smoke abatement. 

The principal reasons for the failure of overfire steam-air jets 
to gain general acceptance in the past are as follows: 

1 The noise level was excessive, resulting in serious objection 
to their use. 

2 Theimportance of proper location, size of air tube, and spac- 
ing of induction tubes had not been generally appreciated or in- 
vestigated. 

3 Because of a lack of optimum design data, the air capacity 
of a steam-air jet was unknown, resulting in a failure to prevent 
smoke satisfactorily on the one hand, or a marked decrease 
in efficiency, due to excessive steam consumption on the other. 

4 There was no method of control developed which would 
regulate the amount of overfire air in accordance with burning 
rates or steam demand. 

5 Their operation was manual, resulting too often in failure 
to use them when needed. * 


Any one of these undesirable features was often sufficient to 
make their application unacceptable, even if their smoke-abating 
effectiveness was satisfactory. Each of these former limitations 
has been removed, or largely corrected, through engineering re- 
search and is discussed in the light of the present state of the art. 


Ear.y History OF RAILROAD OVERFIRE JETS 


The current revived interest in overfire air for locomotives re- 
calls some experiences with this principle in bygone years, which 
are enlightening in view of present practice. 

Before the American Railway Master Mechanics’ Association 
in 1884, Jacob Johann submitted, as an appendix to the report 
of the Committee on Boiler Improvements, the results of some 


and finer cinders is concerned, there can be 
no doubt but that it is accomplished to a cer- 
tain extent, but it requires judicious firing:... 
“The use of this device has an attendant annoyance that is 
very disagreeable, and that is the continued roaring noise which 
is so loud that it can be distinguished in the first coach, and 
which is decidedly unpleasant for the engineer and fireman.” 


Johann then referred to similar devices described by D. K. 
Clark in 1860. Fig. 4 shows one device used as early as 1838, 
in a stationary boiler. No air at all was induced; hence it pro- 
vided turbulence only. 

Fig. 5 shows a device developed by D. K. Clark used on loco- 
motives in England as early as 1858. The rather great distance 
from nozzle to throat and shortness of air tube probably pre- 
vented very much air being injected. 

Fig. 6 shows the Hagstreem smoke burner, an American modi- 
fication of Clark’s device. Practically no air at all would have 
been introduced by this arrangement except for the perforated 
castings, which admitted air in the back under the suction in the 
firebox. These castings must have been difficult to maintain. 

If these devices were typical of the day, there is little wonder 
that the secretary of the association, Angus Sinclair, remarked 
after a discussion of jets in 1893 (2): ‘The railroads in this 
country are going through the same requirements, and the same 
necessities in regard to smoke consumption that the leading rail- 
roads in Europe passed through about thirty yearsago. At that 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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time there was a movement by 
municipal bodies to prevent 
railroad companies from inflict- 
ing the nuisance of smoke upon 
the country and upon cities. 
It was carried on so vigorously 
that the question was either to 
burn fuel that produced no 


smoke or to prevent smoke. 


“T paid a great deal of atten- 


tion to the devices for smoke 


consumption, and I can see 
nothing new offered to railroad 
companies that was not in use 
thirty or forty years ago (about 

“We were trying to keep out 
of trouble by preventing smoke, 
but soon found that the preven- 
tion of smoke and the saving of 
fuel did not agree. If you pre- 
vented smoke, you burned more 
coal, I never knew one case in 
the whole of the British Isles 
when this did not follow.” 

In the light of what is known 
now, the reasons for this opinion 
are obvious. Poor design caused large steam consumption with 
little or no air introduced; and the noise must have been deafen- 
ing. 

Some advance in jet design resulted from an extended series of 
tests made in 1913 at the test plant of the Pennsylvania Railroad 
in Altoona (3). The conclusions were the basis for the Altoona 
Specifications, which were widely used for a number of years. 
Although some of the optimum proportions of jets were deter- 
mined, the length of tube remained too short, requiring exces- 
sive steam consumption in order to deliver enough air. A cast- 
iron muffler was suggested but not widely used. 

Many present-day locomotives are equipped with simple open 
jets. Because of their noise and high steam consumption, the 
firemen should not be censured too much for frequently neglecting 
to use them. 
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DESIRABILITY OF OVERFIRE AIR 


One reason often advanced for not favoring steam-air jets is 
the loss in the smokebox gases by excess air. Contrary to popu- 
lar belief, locomotives are universally ‘“under-drafted”’ or “‘under- 
aired” at high rates of output. Both Sherman (4) and Fry 
(5) have shown that at higher rates of output there is actually 
a deficiency of air, based upon coal fired. Numerous tests have 
shown that when burning rates exceed 75 psf per hr, cinder loss 
is usually greater than smokebox gas loss; and one of the reasons 
for high unburned-fuel loss is thought to be lack of sufficient ex- 
cess air. One way to insure proper use of a minimum excess air 
is to provide maximum mixing of the furnace gases by the use of 
high-velocity overfire-air jets. 

An investigation of the pressure drop at various points between 
the ash pan and the front end will show that the ash pan, grates, 
and fuel bed account for about 20 to 25 per cent of the total re- 
If, for example, 20 per cent of the air is injected over 
the fire, allowing 80 per cent to flow through the fuel bed, the 
total air supplied to the firebox will be greater than if all were re- 
quired to pass through the fuel bed. This increase in air flow, 
coupled with the added turbulence caused by the high-velocity 
overfire air from the steam jet, accomplishes four important 
functions: (a) It abatessmoke; (6) decreases lifting of fuel from 
the grate by a decrease in air flow through the fuel bed; (c) de- 
creases cinder cutting, and (d) decreases honeycombing. 


sistance, 


Optimum DesiGn STANDARDS 


Recent investigations (6) of the steam-air jet by Bituminous 
Coal Research, Ine., developed the optimum values of some 
hitherto uncertain design features, together with entrainment 
ratios when steam pressure, nozzle, and air-tube diameters were 
varied over a range of practical values. This work provided the 
information on performance and design which had been lacking 
in the more than 100 years that the jets have been used. 

The essential elements of the jets are the air tube, in which the 
mixing of air and steam occurs that is responsible for the inspirat- 
ing action of the jet, the steam nozzle, and the muffler. The 
critical dimensions are the length and diameter of the air tube, 
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the diameter and position of the steam nozzle, and the area of 
the flow passages through the muffler. The laboratory work in- 
dicated that for optimum performance the air tube should be at 
least 5 diam long; the steam nozzle should be !/2 to 1 diam back 
of the air-tube inlet; and the passages through the muffler should 
be large enough so that the air velocity through them should be 
2000 fpm or less. Small gains can be expected from the use of a 
carefully made convergent-divergent steam nozzle if designed 
for the steam pressure normally used. However, operation of 
such a nozzle much below design pressure can be detrimental to 
entrainment owing to overexpansion of the steam (7). 


MuFFLER DESIGN 


About 2 years ago both of the authors, one working in the 
laboratory and the other in the field, undertook to develop for the 
locomotive a practical muffler, since the excessive noise from open 
jets was the principal objection to their use. Several different 
shapes and forms were built, tried, and discarded before one con- 
sidered to be satisfactory as regards (a) capacity, (b) clearance 
limitations, (c) cost, (d) ease of fabrication and application, and 
(e) noise level was developed. In building a steam-air jet and 
muffler to give best performance, it is necessary to provide (a) 
a steam nozzle accurately centered and positioned; (6) a muffler 
which is self-cleaning, offering minimum resistance to the flow of 
air, and (c) an acceptable sound level. 

The type “A” muffler, Fig. 7, was developed for engines having 
fireboxes well within clearance limits and for induction tubes 
which, because of cab location with reference to the backhead, 
may be located inside the cab. As will be noted, it is made prin- 
cipally from boiler tubes and requires a minimum of machine 
work, so that any ordinarily equipped enginehouse shop should 
have no difficulty in fabricating it. While the rockwool lining 
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is the principal sound absorber in muffling the jet noise, consider- 
able testing, both in the laboratory and in the field, with a sound 
meter, clearly indicated the value of the extension tube at the 
base of the enlarged section. It should not be less than 1 diam 
and preferably 2 diam in length, with a flared mouth or inlet. 

The type “B” muffler, Figs. 8 and 9, was developed for engines 
having not over 9 in. of clearance from the side of the firebox, yet 
permitting an air tube of approximately optimum length. Fig. 8 
is a design developed of welded-steel construction when only a few 
are required for experimental or trial purposes. Fig. 9 is a design 
of either cast-iron or cast-steel construction, depending upon jet 
operating pressure, and is preferred when a number of engines are 
to be equipped. Fig. 10 shows both types mounted on the side 
of an engine having a comparatively small firebox. 


LocaTIon, SPACING, AND CAPACITY OF JETS 


Location of the induction tubes, their spacing to give adequate 
coverage of the firebox, size of air tube and nozzle, and operating 
pressures are important if satisfactory results are to be obtained. 
Theory and practice indicate that the oxygen must be well mixed 
with the hot hydrocarbons near the surface of the fuel bed to pre- 
vent formation of soot particles. However, the jets must not 
impinge on the fuel bed or clinkering will result. After 2 years 
of experimenting with various arrangements, the following has 
been found to give best results. 

Hand Firing. For hand-fired switch engines, the first rear in- 
duction tube should be located at the nearest stay bolt (in the 
wrapper sheet) to 16 in. from the door sheet and at or one stay 
bolt higher than fire-door sill height. The first induction tube on 
the opposite side should be located at the same height but 28 in. 
from the door sheet. The others should be on 24-in. centers, but 
located at the nearest stay bolt to between 16 and 20 in. above the 
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grate. This will give a staggered arrangement as regards op- 
posite sides, resulting in maximum mixing of the volatile gases. 
Induction tubes should not deviate, vertically or horizontally, 
more than one bolt space from that recommended, except the 
tube nearest the throat sheet, which may have to be lower to 
avoid impingement on siphon or arch tubes. If a branch pipe or 
other gear interferes more than this amount, it should be relo- 
cated. Depending upon cab location with reference to the back- 
head and grate lines, the induction tube located at 16 in. from the 
door sheet may or may not fall within the cab. If it does, the 
type ‘‘A” muffler is preferable and then a hole will have to be cut 
in the floor to allow the air intake of the muffler to be outside the 
cab. The mufflers do not have to hang vertically, but may be 
located at any angle to avoid interference with piping, brackets, 
etc., as shown in Fig. 10. 

The object of locating the rear induction tubes higher than the 
others is to allow a “heel” of coal to be carried in the back corners 
of the firebox without smothering their action. It is important 
that the toe of the arch be sealed. If it is not sealed, considerable 
amounts of smoke-forming gases can leave the firebox without 
benefit of the mixing effect of the overfire air. 

For engines in switching service, the number required of the 
2!/,-in-OD size (B dimension in Fig. 7) with 3/3-in. steam nozzle 
and 150 psi nozzle pressure is one per 8 to 81/2 sq ft of grate area 
when burning rates are not in excess of 50 psf per hr of coal. If 
burning rates approximate 50 to 75 psf per hr, the steam nozzle 
should be increased in diameter. It is not advisable to exceed 
1/,-in-diam steam nozzles in 2!/,-in-OD air tubes. 

Stoker Firing. In the case of stoker-fired engines, the size and 
number of air tubes, as well as nozzle size and operating pressure, 
will depend upon grate area, burning rates, and width of firebox. 
At the higher rates of burning (above 75 psf per hr), adequate 
penetration is important. Fig. 11 gives the weight of air per 
hour for the 21/,-in-OD and 3!/,-in-OD air tubes necessary for 
minimum penetration at various burning rates. The curves are 
based upon end or terminal velocities of 2 times upward furnace 
velocities, a firebox temperature of 2400 F, using the equations 
presented in a previous paper (8). Just what the optimum rela- 
tionship is between upward furnace velocities and terminal air- 
jet velocities is not known. The relationship, given in Fig. 11, 
is the result of observation rather than experimental or test data. 
The air capacities given in Table 1 are the result of laboratory 
measurements and are accurate to within 5 per cent. They in- 
clude what is approximately a 10 per cent reduction in capacity 


TRANSACTIONS OF THE A.S.M.E. 


JANUARY, 1947 


4000 
| 
« 
3000 
~ 
al 
2000 
& 
<a 
1000 
7 


ie} ! 2 3 4 S 6 7 8 9 
PENETRATION, FT. 


Fic. 11 Approximate Errect or Flow, BurNING Rate AND 
Atr-TuBE DIAMETER ON PENETRATION OF JET 


from the unmuffled jets caused by the resistance of the mufflers. 
The test results on these measurements are given in Appendix 1, 

Effect of Draft. The influence of furnace draft is less than one 
might expect. Table 2, based on Appendix 2, shows the percent- 
age increase in the capacities as given in Table 1, caused by the 
negative pressures in the firebox. From these tables it is pos- 
sible to lay out steam-air jets to give any quantity of overfire air 
desired, within the limits of practicability. Air tubes of 3!/, in- 
OD on centers less than 16 in, are not advisable, because of pos- 
sible interference with circulation in the water legs. This ar- 
rangement gives spacing of 8-in. centers as regards opposite 
sides and for usual firebox dimensions permits overfire air in the 
amounts of 20 to 25 per cent for burning rates of about 150 psf 
per hr. 


TABLE 1 PERFORMANCE OF LOCOMOTIVE STEAM-AIR JETS? 
21/,-In OD Arr 
-—1/32-In, steam nozzle—~ steam nozzle~ 
Steam Steam Air Steam Air 


pressure, flow, flow, ow, ow, 

psi Ib per hr Ib per hr lb per br lb per hr 
50 2 515 42 665 
100 41 680 73 875 
150 58 810 103 1045 
200 75 910 135 1185 

31/4-In-OD Air TuBE 
-—!/s-In. steam nozzle—~ No. 25 drill, 0.150-in. nozzle 

50 42 1040 60 1225 
100 73 1370 105 1620 
150 103 1625 149 1920 
200 135 . 1840 194 2175 


@ Optimum proportions of jet assumed. Allowances included for resistance 
of mufflers of types A and B. Atmospheric discharge. 


TABLE 2 PERCENTAGE INCREASE IN CAPACITY OF STEAM- 
AIR JETS CAUSED BY FIREBOX DRAFT 


2'/4.-In-OD Arr TuBE 


Steam -—3/s2-in. steam nozzle—~ —'/s-In. steam nozzle— 


pressure, Draft, in. water Draft, in. water 
psi 1 2 1 2 
50 8 7 
100 6 13 5 10 
150 5 ll , 16 4 8 12 
200 4 9 14 4 ll 


3'1/4-In-OD Arr TuBE 
——1/s-In. steam nozzle—~ No, 25 drill, 0.150-in. steam 


nozzle 
50 10 8 ° 
100 14 6 12 ee 
150 6 12 17 5 10 15 
5 10 16 4 9 13 
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AUTOMATIC CONTROLS 


The need for automatic control to prevent “man failures,” 
particularly in smoke-restricted territories, is self-evident. Sev- 
eral different arrangements have been worked out using valves of 
standard makes which have enjoyed a long history of dependa- 
bility, thus taking automatic control out of the gadget category. 
Fig. 12 is a trip valve made up of a steam- or air-actuated piston 
and a standard type of whistle valve. It is patterned after the 
automatic blowdown valve used by many roads to control boiler- 
water concentrations. Fig. 13 is a diaphragm-type reducing 
valve arranged to open when pressure is applied to the diaphragm. 


Fic. 12 Trip Vatve Usep To Turn Jets ON AND Orr AvTomaTtI- 
CALLY Wits Door or STOKER OPERATION 
(Dearborn Chemical Company) 


Fic. 13. DrapHrRAGM RepvucInG VALVE SUITABLE FOR MODULATING 
Jet IN AccORDANCE WITH EXHAUST PRESSURE 
(Leslie Company) 


Fig. 14 is a flow diagram of an automatic control for hand-fired 
engines. Observations show that with burning rates estimated 
between 75 and 100 psf per hr, the volatile content of a 100-lb 
charge of fresh coal will be distilled off to a point at which the 
firebox is essentially smokeless in about 45 to 60 sec. During 
this interval the rate of volatile evolution is very high, neces- 
sitating large amounts of overfire air and maximum turbulence 
if smoke is to be abated. 

By means of the system shown in Fig. 14 the jets are turned 
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Fic. 15 Conrrot ARRANGEMENT FOR STOKER-FIRED ENGINES, 
Ustnc BLOWER AND STOKER-OPERATED TRIP VALVE 


on when the fire door is opened by compressed air from the fire- 
box-door engine which actuates the trip valve. To provide an 
interval after the door closes, during which the jets should remain 
on, a check valve, timing orifice, and storage chamber are in- 
stalled in the air line to the steam-jet trip valve. By varying the 
size of the timing orifice or the capacity of the storage chamber, 
any time interval desired may be provided. 

To avoid blowing gases into the cab when the engine is not 
working and the jets are turned on, a direct-acting trip valve, 
connecting the jet line to the blower pipe, is actuated by steam 
from the steam chest. Thus if the throttle is closed, the trip 
valve opens, allowing steam from the jet line to enter the blower 
line through a short piece of 3/s or !/:-in. pipe which provides suf- 
ficient draft to prevent the possibility of smoke and gases being 
blown out of the fire door. , When the engine is working steam 
the valve closes preventing the unnecessary use of the blower. 

Fig. 15 illustrates a control arrangement for a stoker-fired en- 
gine. As will be noted, the trip valve is energized by steam to the 
stoker engine. Thus it is impossible to place coal in the firebox 
with the stoker without turning on the steam jets. This arrange- 
ment has been found to be particularly advantageous at smoke- 
restricted terminals and roundhouses where the stoker is often 
used to build or maintain fires. The blower is automatic and 
the length of time the jets remain ‘“‘on’”’ after the stoker is shut 
off is governed by the size of reservoir and timing orifice. 

Fig. 16 shows how the modulating valve in Fig. 13 is used to 
regulate the amount of overfire air in accordance with exhaust 
pressure. The valve is wide open with maximum exhaust pres- 
sure on the diaphragm and will assume intermediate positions, 
depending upon exhaust pressure. Since exhaust pressure and 
air for combustion have a direct relationship to each other, it 
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follows that overfire air and primary air will have a fixed relation- 
ship over the entire range of burning rates. 

Dynamometer-car tests with manually operated steam-air jets 
have failed to show a decrease in fuel consumption. In all cases, 
however, they have shown themselves to be effective in reducing 
smoke. One of the reasons why they have failed to show an 
improvement in fuel performance appears to be excessive overfire 
air and steam consumption by the jets at low rates of steam out- 
put because with manually operated jets they are usually turned 
on full regardless of the rate of working of the locomotive. When 
the jets are left on continuously their steam consumption at low 
rates of boiler demand, in terms of boiler output, is high. Also, 
at low rates of working, an inherent characteristic of the front 
end is to supply more air to the fuel bed than is necessary. If, 
under these conditions, a large percentage of the air entering the 
firebox is supplied with live steam, then a decrease in fuel perform- 
ance is inevitable. The following will illustrate the situation: 

An installation designed to supply 15 per cent overfire air at 
maximum burning rates requires about 2.5 per cent of the boiler 
output for the steam jets. When the boiler output is decreased 
to 25 per cent of maximum, the percentage of steam required by 
the jets increases to about 9 per cent, and at 10 per cent of boiler 
output the jets demand 25 per cent of the steam generated. 
Thus if the engine does considerable drifting or working at low 
rates of output, the possible gain in efficiency at the higher work- 
ing rates will be insufficient to counterbalance the unfavorable 
performance at the lower rates. For these reasons, a means of 
holding the percentage of overfire air and steam demand of the 
jets at a fixed relationship to boiler output or fuel-burning rate is 
apparent and desirable. 


ALTERNATIVE TYPES OF JETS 


Exhaust-Steam Jets. The use of exhaust steam in overfire jets 
has been proposed. This suggestion has merit, in that it would 
eliminate the need for live steam in the jets. Unfortunately, the 
kinetic energy of exhaust steam jets is small; hence large quan- 
tities of steam would be required to obtain adequate penetration. 
It remains to be shown experimentally whether sufficient pene- 
tration is provided by this method. If it can be shown that ade- 
quate penetration is possible, then the exhaust-steam -air jet 
would be the most economical to operate as well as to give in- 
herent automatic modulation when working steam. For stand- 
ing or drifting operations, a trip valve, energized by steam-chest 
pressure, allowing live steam to supply the steam jets when not 
working steam, would give complete automatic regulation. 

Turboblower Jets. Simple induction tubes supplied with air 
from a steam-turbine-driven blower are now under test on an 
eastern road. This is an excellent means for obtaining high- 
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velocity overfire air, provided the first cost, maintenance, and 
water rate of the turbine are not excessive. [ven the undesira- 
bility of the latter might be minimized if the turbine could be 
exhausted conveniently to an air preheater. This arrangement 
also lends itself to automatic regulation, and has the advantage 
of allowing a wide range of capacity and the possibility of ade- 
quate penetration surpassing the other two methods, Further- 
more, with engines of close clearance limitations, it is the only 
arrangement which can be applied. 

Counterflow Jets. Recently it has been proposed to supply 
ports above the firedoor with air at very high pressure with a view 
to deflecting cinders beneath the arch. A similar arrangement, 
using simple steam nozzles, has been reported highly successful 
on the South Australian Railway. What velocities are needed to 
deflect particles from the fast-moving gases are not known. The 
importance of reducing the excessive cinder loss of the modern 
steam locomotive warrants energetic investigation of the possi- 
bilities of this proposal. 
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Appendix | 


PeRFORMANCE OF MuFFLED JETs UP To 400 Psic STEAM PRessURE 


The original investigation of steam-air jets (6), by Bituminous 
Coal Research, Inc., covered only the open type of unmuffled jet 
over a range of steam pressures then available from 48 to 170 
psig. Ideally, muffler resistance should be negligible. On the 
locomotive, a compromise was necessary because of space limita- 
tions. To avoid extrapolation at the higher pressures and to pro- 
vide data for the practical jets, a series of tests was made with 
the co-operation of the Timken Roller Bearing Company, of 
Columbus, Ohio, where steam up to 400 psig was available. The 
same technique was used as in the earlier work, except that the 
airtight plenum chamber from which the jets exhausted could be 
operated above or below atmospheric pressure, as described in 
Appendix 2. 

Ten combinations of nozzle and air-tube diameter and muffler 
type were investigated over the full steam-pressure range. Types 
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tested were, one type A, or suspended muffler, one cast-iron and 
one welded-steel type B, or concentric muffler. Also, as a check 
with the earlier work, a simple open-type jet of optimum propor- 
tions having three different area ratios was tested. 

Fig. 17 shows the results obtained plotted on log-log co-ordin- 
ates. The relation established in the earlier work, that at a given 
steam pressure a jet of optimum proportions entrains air in pro- 
portion to the area ratio raised to the 0.56 power, that is, 2 = 
KA*®, was used in Fig. 17, to eliminate the effect of size from 
consideration. Thus the ordinate is 2/A%% where E = en- 
trainment ratio, lb air per lb steam; A = area ratio, area of air 
tube divided by nozzle area, or D?/d?, where D = air-tube di- 
ameter, d = nozzle diameter. 
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Fic. 17. RELATION oF ENTRAINMENT TO STEAM PRESSURE FOR OPEN 
AND MUFFLED JETS 


The abscissa is pressure ratio P, the ratio of steam pressure, 
psia, to atmospheric pressure, psia. The light curve represents 
the empirical equation developed from the original work, the 
solid part covering the range of those tests, the dashed ends show- 
ing the variation if the equation, originally developed on semi- 
log co-ordinates, is extrapolated. 

The heavy solid line is drawn through the points for the simple 
open jets for all the data above 70 psig. Neither curve fits the 
points well below 70 psig, but this range is of little importance in 
relation to overfire jets, and the average of the two curves ap- 
pears to provide fair approximation of the points. The equation 
of the curve for the simple open jets is 


E167 
= or = P {1] 


All of the points for jets with mufflers fall about 10 per cent 
below the curve for the open jets. The type of muffler has no 
consistent effect on entrainment. Apparently, the resistance of 
each is about the same. Table 1 includes this effect, having a 
flat 10 per cent subtracted from the flow as given by Equation 
{1}. 

The dashed curve shows the advantage in entrainment of a 
convergent-divergent steam nozzle over the simple nozzle. In 
the original work it was concluded that up to 170 psig the ad- 
vantage was small, However, in the present tests where the dif- 
fuser length was chosen for a supply pressure of 170 psig, the ad- 
vantage increases up to a pressure of 200 psig, above which the 
gain is constant at about 18 per cent. On the other hand, below 
110 psig, this particular nozzle was deficient. This demonstrates 
the disadvantage of the more elaborate nozzle if it is designed for 
a high steam pressure, then operated for long periods at much 
lower pressures, because the phenomenon of overexpansion results 


in reduction of the pressure within the steam jet to less than at- 
mospheric. 

Underexpansion, resulting from too short a diffuser, is never 
actually detrimental; hence if the nozzle is designed for some 
moderate working pressure, then occasionally operated above 
this range, no loss will occur. Thus there is justification for use 
of this more elaborate nozzle provided care is taken in its choice. 


Appendix 2 


Errect or Frrespox Drart ON ENTRAINMENT 


Obviously, the entrainments under atmospheric inlet and out- 
let pressure, as given in Appendix 1, do not apply precisely when 
the jets discharge to the firebox which is below atmospheric pres- 
sure. To investigate this effect, and the similar one encountered 
in stationary practice when the jets receive air from the stoker 
windbox, which is above atmospheric pressure, the blower sup- 
plying air to the plenum was operated both as a throttling valve 
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Fic. 18 Comparison BETWEEN EXPERIMENTAL DaTA AND 
Equation [2], Showine Errect or Static PRESSURE OR FIREBOX 
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and as a supercharger. A plot of the ratio of the entrainment 
for any pressure rise along the air tube to that for atmospheric 
condition, or zero rise against the pressure rise, as abscissa, gave 
very erratic points, but through which a series of curves could be 
drawn, Over a considerable range, straight lines approximated 
the points as well as any. The slopes of these lines plotted 
against area ratio with pressure ratio as a parameter, and against 
pressure ratio with area ratio as a parameter, resulted in the fol- 
lowing approximate expression 


E— Ey A 
Pi—Pp2 50P 
where 
E = entrainment ratio under conditions p;, p2 


pi = pressure at jet inlet, in. water 

Pp: = pressure at jet outlet, in. water 

E, = entrainment ratio with atmospheric inlet and outlet 
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Combined with Equation [1] from Appendix, 1, and expressing 
e as the percentage change in entrainment from the atmospheric 
condition caused by a pressure change p; — po, 


— pr) 


= 3 
e VP [3] 


This equation is the basis for Table 2. 

The experimental points lie generally within a range of plus or 
minus 10 per cent of Equations [2] and [3]. Fig. 18 is a sample 
comparison for three jets at two steam pressures with curves 
calculated from Equation [2]. For other jets and pressures the 
scatter of points was much greater, but the calculated curves 
represented the range fairly well. To obtain the data for this 
figure, the effect of firebox draft was actually simulated by oper- 
ating the plenum chamber above atmospheric so that there was 
an added driving head equivalent to the driving head provided by 
the firebox draft. 


Discussion 


W. F. Couurms.* Fig. 1 of the paper is an excellent illustra- 
tion of smoke being cleared up by use of overfire air jets, but all 
of the illustrations we have seen show the locomotive at rest and 
all of the firing rates are necessarily low. If a similar view could 
be obtained with a locomotive operating at firing rates near the 
capacity of the furnace, it would be more convincing because it 
is more difficult to abate smoke under these conditions. Table 3 
of this discussion gives a summary of results from tests on our 
stationary test plant. It will be noted that even at the low firing 
rate of 4000 lb per hr, we were not able to eliminate smoke by use 
of the jets. 


TABLE 3 RESULTS OF SMOKE-DENSITY TESTS ON NEW YORK 
CENTRAL TEST PLANT 


Smoke density Jets in 
Overfire air jets operation 
Firing rates Off On Jet pressures, psi time, sec 
Stand-by 50 0 100 10-15 
Stand-by 50 20 50 60 
Stand-by 60 10 150 18 
Stand-by 60 0 150 30 
Stand-by 70 10 200 18 
4000 lb per hr 70 50 100 29 
4000 lb per hr 50 15 200 125 


The authors state that the pressure drop imposed by the ash 
pan, grates, and fuel bed account for about 20 to 25 per cent of the 
total resistance. We checked one of our stationary tests and 
found that it varied from 18 per cent at low rates to 13 per cent 
at high rates. The paper states that the increased air flow, 
coupled with the added turbulence, accomplishes four important 
functions, as follows: (a) Abates smoke. As Table 1 indicates, 
we have not found this to be true except under special condi- 
tions. (b) The introduction of secondary air undoubtedly does 
decrease lifting of fuel from the grate by a decrease in air flow 
through the fuel bed, but we do not believe that there will be any 
appreciable reduction in carbon loss because of the interference 
to coal distribution caused by the jets. (c) Decreases cinder 
cutting; this is directly proportional to carbon loss and, based 
on our limited observations, we would anticipate very little if 
any reduction in cinder cutting. (d) We can only speculate on 
honeycomb formation, but it is our opitfiion that it would not be 
any less because of the interference to proper coal distribution by 
action of the jets. 

The mufflers applied to the new design overfire air jets reduce 
the sound level below that of our standard design, but, from our 
viewpoint, the noise is still objectionable and we have planned an 


4 Engineer of Tests, New York Central System, New York, N. Y. 
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investigation to develop a more efficient muffler or one that will 
reduce the sound level still further. 

The results of our investigations to date indicate that overfire 
air jets are very effective in abating smoke at stand-by rates. 
They are not effective in reducing smoke at operating rates, and 
their operation at these rates is not desirable for the following rea- 
sons: (a) The noise is objectionable, (b) They interfere with 
proper coal distribution. (c) Preliminary results indicate no 
improvement in economic performance. (d) No visible improve- 
ment in smoke. (e) The automatic controls are not entirely 
reliable and increase maintenance. 

It might be inferred from the foregoing that we see no benefit 
in the improved type of overfire air jet, but such is not the case, 
and we are proceeding with a program to equip several switch 
engines and other types working in the vicinity of large cities 
located at various points on the system. 


C. K. Srerns.6 The authors are to be congratulated in pre- 
senting this timely paper. Anyone who has felt frustrated in the 
problem of eliminating smoke is prompted to try again after 
reading this paper. 

In the reference to automatic controls, the statement is made 
that valves are used which have a long history of dependability 
and that they have taken automatic control out of the gadget 
category. This is open to question. Things get into the gadget 
category very easily around an enginehouse. Spring-loaded 
valves, diaphrams, trip valves, etc., have a way of getting out of 
order. 

The best engine is the simplest engine. Some efficiency at the 
coal pile can well be sacrificed for dependability, availabity, and 
low-maintenance costs. 

Reference is made to counterflow jets to inject air at high pres- 
sure above the firedoor. Some work has been done injecting 
steam alone over the firedoor, the nozzles being directed under 
the arch in a plane roughly parallel to the grates. In a recent 
test on a shifting locomotive equipped with side induction tubes 
and two steam jets over the firedoor, it was found that the devices 
were equally effective as smoke eliminators. The stack was 
cleared from Ringlemen No. 4 to zero in about 9 sec with either 
device. In several tests, the time to clear was shorter. Based 
on area of jets and pressure, the overdoor steam jets were more 
economical on steam than the induction tubes and silencer. 
Steam jets over the firedoor directed under the arch unquestion- 
ably fight the draft. Whether this has an appreciable effect on 
the ability of a road engine to make steam is a matter for further 
research. 

One important barrier in the use of induction tubes has been 
their noise. There is not much point in spending money to 
equip an engine with a smoke-abatement device that meets with 
resistance from the crews because of noise. It is interesting to 
note that in the test just referred to, the noise produced by the 
induction tubes equipped with silencer, or noise produced by the 
over-door steam jets was actually less by noise-level meter 
than that produced by a conventional lifting-type injector with 
backhead check. 


F. D. Mosuer.* This paper marks another forward step in 
the progress of locomotive smoke abatement with which the 
authors have been closely identified in recent years. By thor- 
oughly analyzing work done previously with locomotive overfire 
air, they have eliminated the defects of the earlier jets and have 
proceeded with the logical development of a practical applica- 
tion which is in current use on hundreds of locomotives. 

5 Mechanical Engineer, The Pennsylvania Railroad, Philadelphia, 
Pa. Mem.A.S.M.E. 


® Research Engineer, The Standard Stoker Company, Inc., Erie, 
Pa. Mem.A.S.M.E. 
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It is characteristic of nozzle-drafted locomotives, as the authors 
point out, that there is an oversupply of air at low fuel-burning 
rates and a deficiency at the higher rates. This may be a deter- 
mining factor with regard to fuel savings accruing from use of the 
steam-air jets. But the nature of the steam-air jets is to be in- 
efficient over any appreciable range of operation. 

It is reasonable to expect that the elimination of smoke through 
the use of overfire jets will be accompanied by fuel savings because 
of more complete combustion over the fuel bed. 

As pointed out by the authors, the use of turboblower jets to 
supply overfire air to locomotive fireboxes has a number of at- 
tractions, the principal ones being the possibility of low steam 
consumption and better regulation of air flow over wide range of 
operation. 

The authors are to be highly commended for their diligence and 
the very substantial contributions they have made in the advance- 
ment of smoke abatement. Further work might well determine 
the exact location for overfire-air admission, the effect of pre- 
heat, regulation over load ranges, and the advantages or dis- 
advantages of turboblower jets. 


AutTuors’ CLosuRE 


Mr. Collins’ experience with overfire steam-air jets in not satis- 
factorily abating smoke at burning rates above those of ‘“‘stand- 
by” operation, is undoubtedly due to one or more of several pos- 
sible causes: (a) Insufficient coverage of the fuel bed; (6) in- 
sufficient overfire air, or (c) improper location which may have 
interfered with coal distribution. Experience with road engines 
since the paper was prepared has shown that jet spacing and over- 
fire air in amounts above 20 per cent of the total air supply at 
maximum output are important if satisfactory smoke abatement 


is to be accomplished. These same factors also influence the other 
important functions of decreasing the carryover from the fuel bed 
and decreasing cinder-cutting and honeycombing. 

Mr. Steins’ comment on automatic controls is well taken. 
However, the only major difficulty remaining with the improved 
jets is that the crews fail often to use them when needed. Hence, 
the obvious need to make their operation automatic. 

At about the time this paper was written, the Westinghouse 
Air Brake Company, in co-operation with Bituminous Coal 
Research, Inc., represented by the authors, developed automatic 
controls using valves which have established a reputation for 
dependability in railroad service. This control arrangement dif- 
fers in some respects from those mentioned in the paper, as air 
is used to pilot the control valves rather than steam. 

The use of plain steam jets, patterned after the ‘‘Sweeney” idea, 
as developed on the Chicago, Burlington, and Quincy Railroad, 
has proved quited successful in a number of instances. The 
ability of steam jets to create turbulence is well known, but their 
ability to supply air at or near the surface of the fuel bed, and 
thereby prevent the formation of smoke, is doubted. If the en- 
gine is working steam, the plain steam jet located over the fire 
door may be inadequate to penetrate into the furnace far enough 
to abate smoke satisfactorily. Unless these jets are operated 
continuously, they are subject to overheating from the radiant 
heat of the firebox. On the basis of our experience with similar 
conditions, we believe that the ability of the jets above the fire 
door to ‘‘fight the draft” is so slight that their effect on the air 
rate established by the front end will be negligible. 

The authors are grateful for Mr. Mosher’s comments and 
concur in the desirability for the further investigations which he 
suggests. 


“BX: 
y 
d 
er 
es 
AS 
er 
re 
n- 
on 
er 
to 
. 
ith 
to 
the 
the 
ith 
in 
the 
10r- 
fi 
fire 
ave 
ica- 
ie, 


t 


. 
‘Sie 
> 
{ 
{ 
} 
i 
t 
\ 
t 


Unified Symbolism for Regulatory Controls 


By G. A. PHILBRICK,! CAMBRIDGE, MASS. 


Following an exposition of its purposes and scope, this 
paper proceeds to develop and to apply its proposals for 
symbolism in the course of a somewhat novel reconstruc- 
tion of the fundamentals of automatic regulation. It 
presents the basic null-seeker or follower, to which the 
more elaborate examples are shown subsequently to re- 
duce, as a primary mechanism about which the symbolic 
and terminological structures of the subject may be 
centered. The manner in which regulatory controls are 
apt to be connected to otherwise unregulated systems is 
considered, along with a demonstration of the thoroughly 
distinct technique of compensation. Specific symbols are 
recommended, together with their self-explanatory names, 
for the functional elements and the variable quantities 
which are involved in such controls. There is also inclu- 
ded a brief treatment of the relationship between the 
viewpoints of transient phenomena and steady oscilla- 
tions, where these are concerned with a study of the dy- 
namics of regulatory processes. 


ORIGIN AND PURPOSE 


S part of the effort of the Committee on Theory of the 
fs Instruments and Regulators Division to develop and to 
promulgate the foundations of its subject, the author has 
been charged with the compilation of a self-consistent and gen- 
erally applicable symbolic structure for that subject. Having 
dealt for some years with the problem of symbolism in this con- 
nection, and having further had opportunity to learn at firsthand 
the viewpoints of a representative variety of the fields where 
regulatory techniques are centrally important, the author has 
been glad to undertake this task. The need and benefits of 
standardization are considered evident; but the bulwarks against 
more than limited success are equally recognized. There is no 
intent to replace the special symbolisms, either literal or graphi- 
cal, of the many separate fields which are encompassed, but only 
to transcend these fields to the degree necessary for demon- 
strating the functional equivalences which relate them under the 
theory of regulation. The latter term, incidentally, is used here 
in a sense less general than that of ‘‘control,’’ which is meant in 
its broadly accepted connotation. We note merely that the 
terms “automatic control” and ‘‘automatic regulation” are now 
synonymous in A.S.M.E. circles. 

In order more articulately to exhibit the symbolic assemblage 
which is recommended, an original account of the theory itself 
of automatic regulation is included. The theoretical and prac- 
tical backgrounds hereto are presented with no assumption of 
familiarity, on the part of the reader, with the earlier literature 
of the subject. 

The current usefulness, if not maturity, of the techniques of 
automatic regulation is so widespread, and their promise for 
the future so brilliant, that it appears worth while to try for a 
universal language in spite of the presumption implied. It is pre- 
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ferred furthermore to approach this undertaking from a general- 
ized point of attack rather than through an extension of the con- 
ceptual peculiarities (the “philosophies,” as it is now fashion- 
able to say) of any one physical medium. The subject in a prac- 
tical sense is far from new. There is a rich lore from which to 
draw examples, and much more to be gained from liberal inter- 
course among the existing fields than by the exploitation of any 
single one. 


REQUIREMENTS AND CONVENTIONS 


A fundamental criterion in the selection of symbols is quite 
naturally that of complete impartiality among the branches of 
engineering which are involved. It would be justifiable here to 
follow the traditions of mechanical technology, for mechanical 
concepts and nomenclature have lent imagery to many fields 
which are clearly nonmechanical, but the attempt will be made 
to construct indiscriminate symbolism and to seek broad accept- 
ance in mutual recognition of the underlying sameness of regula- 
tory phenomena wherever met. The available listings of the 
I.R.R.D. Committee on Terminology are based on such specifi- 
cations and they will be observed here wherever practicable. 
Owing to the strong interlocking between an adequate symbolism 
and an adequate nomenclature, the ultimate success in the unifi- 
cation of each of these will depend on that of the other. One 
also hopes to avoid the sterile circumstance wherein either the 
practical side or the theoretical side is accentuated to the detri- 
ment of (and with a consequent rebellion by) the other. Future 
developments may certainly pervade and alter the current theo- 
ries of regulation. At least we can embody the present state of 
knowledge in a framework which will both serve us now and ap- 
pear respectable to posterity. 

In literal symbols there are accepted conventions which com- 
bine familiarity and technical good taste. Thus we propose 
adherence to the use, where confusion does not result, of Roman 
characters for measurable quantities which have or may have 
physical ‘‘dimensions,”’ and of Greek characters for those which 
are adimensional or numerical only. Lower-case letters, at least 
for dimensional quantities, may be reserved for variables, leaving 
capitals for constants. Convenience in typewriting is practically, 
albeit not esthetically, important, and consideration is here given 
to this requirement. In most cases the use of Greek characters 
may be avoided, if this is desired, through the expedient of a 
complete explicit expression employing the symbols of which the 
ratio is otherwise denoted by a single Greek character. Further- 
more, quite fortunately, the Greek symbols as such may readily 
be spelled out. Thus the time variable itself, measured in terms 
of an assumed and specified unit, may be given the symtol t; and 
T may stand for a fixed interval based upon the same unit. 
Then a dimensionless time co-ordinate is provided by t/T = ¢ (or 
tau), which is merely the number of intervals T units in duration 
which are contained in ¢. 

Directional ‘‘flow’”’ diagrams, in which paths of influence or 
information are traced in a system, have gradually become stock 
in trade with the control technologists. The lamentable confu- 
sion between single-line routes for variables and the traces of cur- 
rent conductors in electrical circuits is still evident but is diminish- 
ing. In the former variety of diagram the directional property of 
the functional connections themselves is basically significant, and 
the use of arrows or arrowheads to show such causal relations is 
most strongly to be recommended. A graphical symbol for the 
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addition and subtraction of variables in such diagrams is shown 
in Fig. 1. This device has been found effective and easy to use; 
it can be generalized to represent multiplication in nonlinear cases 
as the occasion demands. 


FUNDAMENTAL PHENOMENA 


While difficult of mathematical expression, and although cer- 
tain branches of physics reject its significance, the concept of 
causality is a valuable one in the understanding and manipulation 
of regulatory operations. Physical reality, at a reasonable level 


y 
x 
Ax x+y 


x x-y 
A 
Fic. 1 GrapuHicat FoR ADDITION AND SUBTRACTION 
A y(t) = a-x(t) 
B = ba-x(#) 
x 


C z= (ath). x(t) 
*! 


# 


Fic. 2 Some “Open” Causa SysTeEMs 


x 


of abstraction, may be considered as a complex of variables taken 
together with the functional connections which relate them and 
whereby they influence one another. Causal consideratioris have 
to do directly with the way systems are assembled and may pro- 
vide more generally significant criteria for the dynamic stability 
of machinery than does the relative amount of power, for in- 
stance, which is involved at a particular stage therein. The 
simplest causal arrangement, in which a first variable z(t) af- 
fects a second y(t), is shown symbolically in Fig. 2(A). The phy- 
sical system, through which the variable z affects the variable y, 
which thus “converts” z into y, has the box-symbol now in com- 
mon use. Strictly, the formal equation y(t) = a-z(t) is only ap- 
propriate where a is what is called a “linear operator.” It is not 
necessary at this point to discuss the nature of this operation; 
we may assume that almost any variety of physical system is 
meant. For example a may be only a numerical multiplier 
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without special dynamics, or the same but with a change of 
physical dimensions; as in a “transducer.” As a slightly less 
restricted example, this operator may represent an integration 
with respect to time. In general, however, more elaborate dy- 
namic operations are involved. 

A chain of two such operations is shown in Fig. 2(B). As be- 
fore, the relations may be written y = a-z and (similarly) z = 
b-y, whereby in consequence z = ba-z, the operator-product ba 
describing the two functions or operations acting in sequence. 
Frequently, although not always, even with linear operators, this 
operator product may equally well be written ab. That is to say, 
the dynamics will frequently be unaltered if the boxes are inter- 
changed. The compounded effect of two parallel influence 
paths is shown symbolically in Fig. 2(C), where the graphical 
addition symbol also appears. Here, where quite evidently y = 
(a + b)-x = (b + a)-z, the order of addition is irrelevant. An 
infinite variety of composite systems may be symbolically rep- 
resented in this way, and the elaborations may readily be im- 
agined. 

In such systems the variable quantities which enter from 
without, in the causal sense, are called “inputs.”” The variable 
x = x(t), in the examples of Fig. 2, isan input in each case. Those 
variable quantities which occur within the system are related in- 
directly to one or more of the inputs; and those in particular 
which have special importance and/or are inputs in turn for an 
associated system are called ‘‘outputs.”’ 

The symbolic systems thus far exhibited are straightforward 
in that none involves a causal circulation in a closed path or 
loop. Such circulation is possible only when the directional 
arrows which identify influence paths may be followed through a 
cyclic chain on which any element may periodically be retraced as 
many times as desired. A system (Fig. 3) in which such a 
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closed causal process is present may be said to belong to a specia 
class of systems which have particular significance to the subject 
of automatic regulation. While it is not uncommon for regula- 
tory equipment to possess more than one such “requited’’ loop, 
it is useful to consider initially the phenomena involved in the 
simplest case. It is evident in Fig. 3 that the variable quantity 
q is an input and that the variables r and u may each be outputs. 
As implied symbolically, u = g—randr = f-u. That is, the varia- 
ble u is the difference between the variable g and the variable r, 
while the latter is the result of the conversion of the variable u 
by the operation symbolized as f. Since the variables r and u 
are both common to these equations, either may be eliminated 
between the two, giving, respectively 


and 


The theory of automatic regulation, to which we do not wish at 
the moment to generalize, nevertheless revolves largely around 
equations of the form of Equations [1] and [la]. It is evident 
that the complexities involved depend upon the nature of the 
dynamics contained in f; and it is instructive to assign various 
simple operators in place of this symbol and to obtain solutions 
for the variable u(t) as a function of time when the variable q(t) 
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is a given function of time. The series solution of Equation [1], 
obtained by successive approximations 


u(t) = q(t) —f-q() + f* q(t) —f*-q(t) +.. + +. . [2] 


which may or may not converge even when f is a number, is en- 
lightening in that the succeeding terms correspond to successive 
causal circulations around the loop. In any case the reflex or 
“retroactive” nature of this system is apparent both from the 
equations and from the figure. 

Although the diagram in Fig. 3 may well have been drawn to 
represent equipment in which the techniques of regulation had 
not purposely been applied, we shall here consider that it portrays 
a simple ‘follower’ or null-seeker. That is, we shall suppose 
that the function of this apparatus is to duplicate as closely as pos- 
sible, in the variable r, the behavior, in time, of the input variable 
q, and to do so through continued interpretation of the differ- 
ence q—r = u between these two variables. In this sense then, 
the variable u may be identified as the ““unbalance”’ in the process, 
while r may bé thought of as the “‘response”’ which the ‘‘follower”’ 
mechanism f makes to the unbalance in its attempt to duplicate 
the input quantity g, and in turn to annihilate the unbalance wu. 
When the input is specified in its timewise behavior, as q = q(t), 
the unbalance u(t) and the response r(t) are determined as fune- 
tions of time by Equations [1] and [la]. 

Where the nature of f, the follower or follower operator, is not 
considerably restricted, an extremely broad dynamic problem is 
presented. It is difficult for example to predict the occurrences 
in detail when the follower f is in fact a human operator. Sup- 
pose, thus, that the unbalance u is under “sensory’”’ detection, 
say by the eye, and that the response r is under “motor” manipu- 
lation, as by the hand. The nervous system of the individual, 
comprising the operational mechanism of f, completes the loop 
through his brain; or at least via his reflex centers. Although 
this portion of the circuit does not now yield to precise descrip- 
tion, a useful analogy is thus made available. Many familiar 
human functions are truly regulatory. We mention, as a rather 
purified such example, the operation of balancing a beam scale. 
Let the quantity q be an unknown and in general variable force 
or weight; then u may be the unbalance or tip of the beam indi- 
cator, and r the opposing and “balancing” force or weight es- 
tablished by the operator in order to nullify the unbalance and 
reproduce the primary weight imposed. This illustrates a 
fundamental regulatory process. 

While such examples, of systems wherein at least part of the 
operation around the loop is through human agencies serve illus- 
tratively and moreover have crucial importance in certain other 
fields, our principal concern here is with fully automatic cases. 
Within this group a long list can be drawn of control equipment in 
which the fundamental closed or retroactive causal path of Fig. 3, 
is embodied. The purposes and the functions of the equipment 
thus listed would vary enormously; and the physical nature of 
the elements through which the operations take place would 
cover a great variety of forms. Many such examples would ap- 
pear far removed from the simple follower or null seeker already 
shown. Not only may a given regulatory system involve several 
such closed operations, but they may be involved one within 
another. Thus the follower component in Fig. 3 may itself 
contain one or more additional followers or retroactive causal 
paths. The servomechanism and the feedback amplifier may be 
mentioned in particular as fairly direct manifestations of the 
automatic regulatory phenomenon. Control systems are some- 


times classified in dependence upon the relays or valves which 
they contain, but for our purposes this characteristic is subordi- 
hate to the presence of causal “loops.” 

The application of relays for transforming from a lower to a 
higher level of energy is a powerful tool, and the accuracy and 
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capability of a control system may thereby be greatly benefited, 
but a deeper fact where stability is concerned lies in the posses- 
sion or nonpossession of these loops. For example, it is a funda- 
mental property of a system containing a closed causal loop (or 
retroactive path) that it may sustain oscillations. This is im- 
portant not only where stability is sought, but also, and for an 
entirely different reason, where it is desired to make an oscillator. 

As an idealized case of the system shown in Fig. 3, let us con- 
sider one in which the follower-operator f is merely an integration 
with respect to time; that is, in which 


1 
fia 


where T is an arbitrary but constant time interval. Thus for the 
relation between the unbalance u(é) and the response r(t), we 


have 
t 
1 


whereas for the unbalance u(t) in terms of the input quantity 


q(t) 
7 to 


and for the response r(t) in terms of the input quantity q(t) 


t t 
1 1 
= lt dt 5 


If the input quantity q(¢) is specified as a function of time, then 
the consequent behavior of the unbalance u(t) may be obtained 
through solution of the integral Equation [4], while that for the 
response r(t) may be obtained through solution of Equation [5]. 
It is incidentally unnecessary to solve both of Equations [4] 
and [5] to obtain both u and r, for the relation between these is 
known from the identity u + r = q. 

From Equations [4] and [5], respectively, the following first- 
order linear differential equations result by differentiation with 
respect to time 


du u_q 6 
[6] 
dr r q 


Before proceeding to a solution on the assumption of a particular 
behavior for q(t), an operational interpretation is here given of 
the foregoing mathematical relations. For the characteristic of 
f, noting that the symbol p is used for the derivative operator, 
and that integration is an operation inverse to that of differentia- 
tion 

f = f(p) = (Tp)! 
Thus, for Equations [3], [4], or [6], and [5] or [7], respectively 


Tp-r(t) = u(t), 
(1 + Tp)-u(t) = 
(1 + Tp)-r(t) = q@) 
As an example for solution, let us suppose that the input quan- 


tity or variable g performs a unit wave pulse, as shown in Fig. 4; 
mathematically 
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q(t) = (1+ cos xt), for—l<t<1 


q(t) =0, forl S¢# and fort < —1 
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Certainly under these conditions the unbalance u, and the re- 
sponse r as well, will have been zero prior to the —1 point in time. 
The question is how well the unbalance remains zero (or near 
zero), and how well the response follows the variation of the in- 
put variable, subsequent to that point in time. Choosing first 
the’ unbalance u, we have from Equation [6], and by differentia- 
tion of the time function given in the central interval for q(¢), 
the following differential equation for that interval 
du u 
— = — -sin 


a? 2 
It is not difficult to show that the complete solution is 


aT 


1 
21+ (eT)? (sin rt — aT cos rt). 


u(t) = Ke~#/? — 


where the constant of integration K is to be evaluated in terms 
of the conditions. Thus, setting u(—1) = 0, we find 
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From this numerical solution, which could also have been ob- 

tained by direct operational computation, or by mere elegant 

methods yet, the value of u(1) is found in particular. Aftert = 1 

the differential equation with q(t) = 0 applies; and the solution 
_ for this part, namely 


is made numerical by noting that 


The detailed behavior of the unbalance u, computed from these 
solutions using values for T of '/2, 1/4, and '/s, is shown by the 
dotted curves in Fig. 5. The solid curves in Fig. 5 show the 
corresponding behaviors of the response r, obtainable as just 
indicated. The latter set of curves is to be compared with Fig. 4. 
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It is evident that the smaller the parameter 7 is made, or the 
“faster” the integration involved in the follower f, the closer is the 
response r to the input quantity g and the smaller the departure 
from zero of the unbalance u. It must be borne in mind, how- 
ever, that we have chosen an unusually simplified example for 
demonstration, and also that in practical cases there are limits 
to the size of a parameter such as T and indeed on the ideality of 
its realization. 

The principal thing to notice in this illustration is that the 
behavior of the response in following that of the input variable 
(or input quantity), arose causally from the continuously meas- 
ured difference or unbalance between these two quantities. This 
is according to the true essence of automatic regulation. 


Tuer APPLICATION SEQUENCE 


Having considered a rather elementary example chosen from 
the whole class of regulatory controls, and this in the hope that 
it would help to clarify the innate concepts which are common to 
such controls and which should form the basis for an articulate 
symbolism, we may now consider how the use of regulatory 
techniques in automatic controls may evolve in practical circum- 
stances. Although ultimately indistinguishable in a purely dy- 
namic sense, there are two distinct branches in the application of 
automatic regulation. On the one hand, there is the construction 
of apparatus in which retroactive operation for regulatory pur- 
pose is made an essential feature from the beginning, and where 
all parts of the system have been developed to facilitate the 
optimum performance of the regulation itself. On the other 
hand there is the equally important field of application where 
regulatory control is imposed on apparatus already in existence, 
on apparatus which might otherwise have been operative at most 
under human guidance: that is to say under manual controls. 
Although the dividing line between these two branches may not 
infrequently be dim, it is in the latter that the more general 
problems lie. There, the existing system may involve unknown, 
unknowable, and more often than not changeable components. 
In these cases also the sources of disturbance may be poorly 
understood, as may also the probable nature and seriousness of 
the disturbances themselves. 

The term “plant’”’ has evolved as representative of the exist- 
ing system or group of apparatus upon which regulation is to be 
installed. It has been used, for example, by Ivanoff.?_ Although 
the significance of the word is usually clear in the case of the 
regulation of temperature or that of the governing of speed, for 
example, it may be remarkably obscure in reference to servo- 
mechanism; and while components of the latter sort of system 
may be shown to be analogous to the so-called “plant” of the 
former, the analogy can be drawn in various ways and the value 
of the term is made questionable. Again for feedback or de- 
generative amplifier circuits, while they embody a legitimate 
application of regulatory techniques in the sense here preferred, 
these circuits form another special category in which the concept 
of the plant is inappropriate. 

A purposely generalized initial system or plant is shown in Fig. 
6. There will be a number of significant and interrelated varia- 
bles associated with such a system, of which a certain identifia- 


ble set (m, m2,........ » Mm) will originate from without the 
plant and may be called its inputs. A certain other set of varia- 
bles (0, ¥2,........ , ¥), all distinct from the first set, arise within 


the system in response to one or more of the inputs and may be 
called the outputs of the system. The variables of the latter set 
may be significant either because they have influence in, that is 
they may in turn be inputs of, some other system, or because 


2 “Theoretical Foundations of the Automatic Regulation of Tem- 
perature,” by A. Ivanoff, Journal of the Institute of Fuel, British, 
vol. 7, February, 1934, pp. 117-138. 
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they are important to certain operations within the present plant 
itself. In normal operation, at least one of the inputs is ad- 
justed in order to make at least one of the outputs behave in a 
prescribed manner. The adjustment of such input or inputs, 
under manual control, is carried out either through a prior knowl- 
edge of the typical behavior of the plant or through periodic or 
continuous observation of the effect of the adjustment on the 
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variable or variables to be kept within bounds. The latter 
type of operation is regulatory. In general, continual changes 
must be made in the input under manipulation, not only to fol- 
low a variable program for the regulated output, but also be- 
cause the inputs which are not under direct manipulation, but 
which are responsive to other external influences, may themselves 
affect the regulated output, and in an unpredictable manner. In 
a moment we shall discuss the application of automatic regula- 
tion by selecting one output of the plant, say, »,, as the crucial 
one to be regulated and one input, say m,;, as the one most 
appropriate for manipulation. It is recognized of course that 
more than one each of the input and output variables may be 
involved in regulation, but the simpler circumstance will suffice 
for the present purposes. 

A useful control technique, not regulatory in the sense of this 
paper, is that of “compensation.” If one knows the dynamic 
properties of the causal path within the plant whereby the manipu- 
lated variable m, affects the quantity »,, then one can also 
specify the variation in time of m, which will produce a desired 
behavior for v,, except for the effect on the latter variable of the 
remaining inputs (7m, ma, ..., Mj-1, ,m,,). Consider, 
however, the effect on », of any one of these other inputs and 
suppose again that the dynamic connection is known. Then an 
additional variation may be introduced in the manipulated varia- 
ble m,, in dynamic dependence on the behavior of this particu- 
lar “disturbing” input, so that the net effect of the latter on », 
is negated or “compensated ” for. By similarly measuring each 
of the nonmanipulated disturbing inputs, and forming the appro- 
priate dynamic connection in each case with the manipulated 
input m,, the effect of these other inputs may all be compensated 
for. In principle at least, the manipulated quantity may then be 
varied to provide a desired program for the crucial output varia- 
ble without interference from the otherwise disturbing sources. 
This control stratagem, employed for example in the temperature 
compensator of a watch, is useful alone and in combination with 
regulatory controls, but it requires rather precise knowledge of 
the functional connections involved, including, for example, their 
alteration with time. In true regulation, the separate sources of 
disturbance are ignored; the only information given being that 
provided by the variable specifically under regulation, or more 
strictly by the regulated unbalance. Even there it is naturally 
desirable to reduce when possible the variation of the inputs not 
manipulated, and this may be the occasion for additional associ- 
ated controls. It is evident that reduction of this kind effec- 


tively reduces the required variation of the manipulated input, 


leading to numerous possible benefits. One of the criteria, in- 
cidentally, in the choice of the manipulated variable is that it be 
possible, by manipulating it, at least eventually to counteract 
any disturbing influences, and hence by this means alone to vary 
the regulated variable to any point within the desired range. 

To illustrate the application of automatic regulation, as dis- 
tinct from automatic compensation, in the control of the plant 
in Fig. 6, consider again the input m, as the single manipulated 
variable, and the output », as the (single) variable to be regu- 
lated. Let the desired behavior in time, to be followed by the 
variable v,, be v,*(t). The unbalance will then be given continu- 
ously by u = v,* — »,, the difference between the desired and 
instantaneous values of v,. Automatic regulation will proceed 
by forming a dynamic connection via a “regulator’’ from this 
unbalance to the manipulated variable m;. In Fig. 7 is seen 
not only this connection, but also the essential similarity to the 
null-seeking or following control in Fig. 3. 
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The regulated variable », responds in general to two kinds of 
variations, for not only does it respond to changes in the manipu- 
lated variable m,, but also to all fortuitous changes in the rest of 
the inputs of the plant. These inputs constitute disturbances to 
the uniform performance of the regulator; they constitute indeed 
the reason for regulation. Not only will these disturbances vary 
in seriousness by virtue of the violence of fluctuation of the non- 
manipulated inputs, but in accord also with the nature of the 
dynamic connections between the inputs and the regulated vari- 
able. If the manipulated variable m; is kept constant at a 
mean value, which may for convenience be taken as zero through 
a proper change of scale, the consequent behavior of the variable 
v, will depend upon the accumulated effect of all disturbances. 
This behavior, as a function of time, has the nature of an input 
to the aggregate system and may be given the symbol *v,(t) (not 
to be confused with v,*(t)) and called the “unregulated behavior” 
of the variable »,. On the assumption that the plant is linear 
(see below), the regulated variable », may be considered to be the 
instantaneous sum of its unregulated behavior *v, and the “re- 
sponse” r (via the plant) to the manipulated variable m,; under 
the operation of the regulator. Deleting the subscripts, then, 


This equation, or one equivalent to it, has been called by A. 
Ivanoff? the “fundamental equation of automatic regulation.” 
The regulated variable behaves as it would have without regu- 
lation but augmented by the response via the plant to the 
operations of the regulator. The problem of how one may gener- 
alize such relations when the system is not linear is one which has 
not, incidentally, been satisfactorily solved. 

To continue deletion of the subscripts, for which the need has 
ended, we reiterate that 


u(t) = o*(t) — {12} 


We are concerned further with the characteristics of the regu- 
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lator and of the plant, which are included dynamically in the 
regulatory loop, and may assign respectively the functional 
symbols g and h in designation of these characteristics. Thus, 
for the regulator 


and for the plant 
r(t) 


Equation [13] states symbolically that the dynamic characteris- 
tic g of the regulator operates on the unbalance u and converts 
it into the manipulated variable m. Equation [14] states that 
the characteristic h of the plant operates on the manipulated 
variable m and converts it into the response r._ For linear char- 
acteristics, as discussed more fully in the succeeding section, 
g and h are operators which are functions themselves of the 
derivative time-operator p = d/dt 


= g(p), h = h(p) 


Since operators of this sort multiply, although not necessarily 
commutatively, Equations [13] and [14] combine to give 


ll 
= 
3 


where 


f =f(p) = h(p) g(p) 


The symbol f, analogous to that for the follower operation of the 
preceding section, stands here for the throughput characteristic 
of regulator and plant together, which operates on the unbalance u 
and converts it into the response r. 

For a certain class of dynamics hg = gh; that is to say, the 
operators multiply commutatively. If they are interpreted for 
oscillations at a single given frequency they commute for all lin- 
ear systems. 

A powerful concept is that of the “unregulated unbalance,” 
definable as 


or again as 
*u=utr 


The unregulated unbalance, thus defined, is simply the behavior 
of the unbalance in the absence of regulation; it will be seen to 
be affected both by the disturbing influences accumulated in *v 
and by the variation of the desired behavior v*. The two latter 
effects are thus reconciled in the unregulated unbalance *u as 
equipotent upsetting influences against which the regulator must 
operate. It is algebraically evident that 


= *u(t) — {17] 


This equation, which may incidentally be wrought into many 
other forms, is a compact summary of the performance under 
regulation. It shows how the unregulated unbalance *u is trans- 
formed into the “regulated” unbalance u; it shows thus what the 
regulation accomplishes. A somewhat more involved relation- 
ship, which follows directly from those given, expresses the be- 
havior of the regulated variable v itself, in terms of its desired 
(v*) and unregulated (*v) behaviors 


v(t) = *v(t) + hg-v*(t) — hg-v(t)...... Lad . [18] 


In certain analogous systems the manipulated variable may 


2 It is believed that the earliest employment of these characters 
in these roles was made by G.S. Brown. See footnote reference! of 
Harris’ discussion. 
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have importance at least as great as the regulated one. For the 


manipulated variable m, we may write variously 
m(t) = g-*u(t) — gh-m(t) 
or 
m(t) = —g-*v(t) + g:v*(t) — gh-m(t).... . .. 
or even, by analogy with Equation [17] for u 
m(t) = *m(t) — gh-m(t) 


where we define *m = g-*u as a sort of “unregulated manipula- 
tion.” It will be noted, in these equations for the manipulated 
variable, that the order of the operators g and h is reversed with 
respect to that in the equations for the unbalance and the regu- 
lated variable. In connection further with the rest of the loop, 
it should be pointed out that the purpose of regulation may in- 
volve the behavior of several of the variables belonging thereto. 
As an example, there is the criterion for smoothness of the manipu- 
lated variable in averaging control, so-called. 

A condensed schematic, given in Fig. 8, incorporates the rela- 
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tionships discussed. By identification of the chain-characteris- 
tic hg of the regulator and plant with the follower characteristic f 
of Fig. 3, and by noting the precise analogy between the unregu- 
lated unbalance *u = v* — *v and the input quantity q of that 
figure, the complete equivalence of the two control systems is 
evident. 

Suppose, as an example, that the plant is characterized by the 
first-order differential equation 


This characteristic results in a simple lagged response by r in 
answer to changes in the manipulated variable m. Operationally 


Let the regulator characteristic be given by the differential equa- 


tion 
dm du 
= K, (7 - x) 


which is an idealized description, within the linear region of opera- 
tion, of the so-called “proportional plus proportional-speed float- 
ing” regulator. Expressed operationally 


m = g(p)u = K, 


By combination of the regulator and plant charac:eristics we 
have 
K,K, 1+ 7,p 


r= f(p)u = 7 +Tp Tp 
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so that if an adjustment of the constants makes 
T, = T,, and K,K, = T,/T 


the dynamics of the system are made equivalent to those of the 
example given in the preceding section in illustration of the null- 
seeker there discussed. 

The solution of a specific example may best serve to clarify 
the various concepts already presented. Let us assume that the 
desired behavior v*(t) for v is given by the same function of time 
as was taken for the input quantity q(t) in the previous illustra- 
tion mentioned. Suppose further that the unregulated behavior 
*»(t) of v incorporates a continually oscillating disturbance; that 


is 
v(t) l or 
v(t) = - cos — 
4 2 


No procedures other than already indicated are required for the 
solution of this example to find the behavior of the variables 
around the loop. Most of these variables, including the specified 
input variables v* and *v, are plotted in Fig. 9, on a common time 
base. The unregulated unbalance *u is graphically evident as the 
difference between the plotted values of the desired and of the un- 
regulated behaviors (v* and *v) of v. It is transformed by the 
regulation (computed here for 7” = '/s) into the true unbalance u, 
which holds more closely to the ideal value of zero. The simul- 
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taneous behavior of the regulated quantity v, while not a com- 
pletely faithful representation of the desired behavior v*, is quite 
evidently an improvement over the unregulated behavior *v. 
This example is not offered as either a satisfactory or unsatisfac- 
tory fulfillment of regulation, but merely as being illustrative 
of the family of elements in the regulatory loop for which sym- 
bolism is being proposed. Adequacy of the control attained de- 
pends upon criteria which have not been discussed at this point. 


DyNAMICAL CONSIDERATIONS 


The subject and the practical techniques of automatic regula- 
tion are not limited to linear systems or to linear operations, al- 
though the bulk of the theory to date is overwhelmingly so lim- 
ited. Many of the simpler discontinuous control operations, and 


under strict interpretation all circumstances where a physical 
variable in a system is bounded or has impassable extremes, are 
fundamentally nonlinear. Nevertheless the machinery of linear 
analysis and synthesis provides powerful tools for the handling of 
regulatory problems. Nonlinear cases yield frequently to the 
application of linear methods when care is taken to observe the 
regions of validity and properly to interpret the results. In this 
connection see, for example, the recent writings of Minorsky.‘ 
The departure from linearity may occur in a variety of different 
ways, and the scope of the subject thus generalized is enormous. 
Although in typical instances a given system exhibits nonlinear 
characteristics through imperfect realization of an assumed ideal, 
in other cases nonlinear components are introduced purposely 
and to valuable effect; many examples of such usefulness may be 
cited in engineering fields. One of the most promising and 
fascinating areas for exploration is that of the beneficial applica- 
tion of nonlinear methods in automatic regulation. For the 
present, however, let us restrict our attention to linear systems. 

A rather general dynamic relation between two variables x and 
y, functionally connected as in Fig. 2(A), is expressed thus 


= 0 


where p is the derivative time-operator d/dt. As one form of 


this general relation, we mention the following 


which is similar to an expression used by Kénig® to denote a re- 
troactive system. In an important subclass of dynamic relations, 
we may write more specially 


(a) + ap + + .... + = + Gp + &p’ 
+....+4,p")-y(t) 


The coefficients a, and 4, are specified functions* of the time t; 
and either or both of the integers m and n may increase without 
bound. The dynamic relation thus expressed is by definition a 
“linear” one, although the character of the system which it de- 
scribes will in general be altered by a shift along the time axis. 
When the coefficients are invariant in time, as is implied in writ- 
ing 

(Ao + Aip + = (Ao + Arp + Azp? 

+ Aap*)-y(t) 


Then a narrower kind of linearity is obtained. This type of dy- 
namical relationship, which might be called “unconditionally 
linear,” is what is commonly referred to in engineering by the 
term “‘linear’’ itself. Both transient and steady-state solutions 
may be quite straightforwardly carried out, by well-known 
methods, for systems describable by this type of relation. For- 
mal algebraic manipulations are possible, such as yield the fol- 
lowing explicit expression for y 


Ao + Aip + +A,p” 


y(t) = a(p)-x(t) = - z(t) 


where it is evident that the symbolic “linear operator” a is a 
rational function of p. The outstanding property of such opera- 
tors, and of the systems they describe, is the fundamental one of 


4“‘Control Problems,”” by N. Minorsky, Journal of The Franklin 
Institute, vol. 232, 1941, pp. A-519 - A-151. 

5 **Periodische und aperiodische Schwingungen an empfindlichen 
Regelanordunungen,” by H. Konig, Zeitschrift fiir technische Physik, 
vol. 18, 1937, pp. 426-431. oo 

¢ Without loss of generality, one may make do = 1; similarly A, 
below. 
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“additivity.” For such operations the response to the sum of two 
inputs is the same as the sum of the responses to each. Mathe- 
matically 


a(p):[xi(t) + x2(t)] = a(p)-xi(t) + [22] 


Graphically expressed, the two dynamical systems in Fig. 10 
are identical only when linear operations are involved. 

Operators which are polynomials in the “differentiator” p, 
in other words which are linear functions of positive integral pow- 
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ers of p, generally “commute” in multiplication. For two such 
operators a;(p) and a2(p), that is 


ai(p) ax(p) = a2(p) [23] 
As a noncommuting pair of operators. ‘here is the example 
d 
dt 


and 


It is evident, for example, that 


1 


whereas 


1 d 
fda 


Even these operators commute, however, when operating on 
functions of time x(t) for which (0) = 0. 

A convenient and realistic characterization for operators is 
their response when allowed to operate on standard functions of 
time; on “test functions.” The commonest such function is 
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called the “unit step,” and is mathematically prescribed as fol- 
lows 


x(t) =0 fort<0 
Osz(t)s1 fort =0 
x(t) = 1, fort >0 


This test function is shown graphically in Fig. 11, together with 
the response obtained when operated on (for example) by the 


fourth-order lag operator 
l 4 
1+ 


For many operators the application as test functions of consecu- 
tive time derivatives or time integrals of the unit step is more re- 
vealing than that of the step itself. Naturally, in any such char- 
acterization of operators or of system characteristics, the test 
functions assumed should be specified. To the initiated, the very 
operators themselves are sufficient. Their direct use in articulate 
dynamical exposition is exhibited, for example, by Hanna, Op- 
linger and Valentine,’ and by Boice, Crary, Kron, and Thomp- 
son. While a familiarity with the response characteristics of 
typical operators and a confidence in operational algebra, will al- 
low rapid manipulation of orthodox dynamical systems, it may be 
necessary for unusual cases (and for the rigorous treatment of 
most recondite questions) to return to the differential equations. 
This is essential of course with nonlinear relations. It is, indeed, 
only a very restricted branch of nonlinear relations that is man- 
ageable by any purely mathematical means. In seriously non- 
linear cases the construction and study of models is about the only 
effective course. 

Having discussed briefly the dynamics of transients, and for 
linear systems mostly, we turn to a consideration of the steady 
state. For steady sinusoidal oscillations in linear systems, the 
operational methods assumed previously reduce directly to the 
sort of complex algebra now familiar in circuit theory and else- 
where. In fact all periodic time functions are thus brought 
within reach, since these are representable as the sum of a funda- 
mental sinusoid plus appropriate harmonics. "The operator p 
for such oscillatory solutions may be replaced by the imaginary 
radian frequency iw; we do not here include the justification. 
It is evident that both have the dimensions of reciprocal time. 
This equivalence is further made plausible by noting that 


pe“ = 
By the replacement of p with iw, the arbitrary operator a(p 
is transformed into a complex algebraic function of the radian 
frequency (or angular velocity) w; thus 


a(p) —> a(iw) = by(w) + ihe(w) = e~ (24) 


The resulting complex expression may be called the “transmission 
function” of the system represented. The “logarithmic at- 
tenuation” suffered by any continual oscillation of radian fre- 
quency w, or of (cyclic) frequency n (where w = 27n), in passing 
through the system is given by a(w) where 


1 
ax(w) = — 5 loge + [25] 


The “phase lag,” as an angle, involved in the transmission is 
given by ¢(w) where 


7**Recent Developments in Generator Voltage Regulation,” by 
C. R. Hanna, K. A. Oplinger, and C. E. Valentine, Trans. A.I.E.E., 
vol. 58, 1939, pp. 838-844. 

8“The Direct-Acting Generator Voltage Regulator,”’ by W. K. 
Boice, 8. B. Crary, G. Kron, and L. W. Thompson, Electrical Engi- 
neering, vol. 69, 1940, Trans. section, pp. 149-157. 
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¢(w) = —are cot [b,(w)/be(w) | 


For the amplitude ratio itself, or the gain, there is &*) or 
simply [b:2(w) + b*(w)]'/*. If the time displacement, or “pure” 
time lag, corresponding to the phase lag ¢ is desired, this is ob- 
tainable as 2rg(w)/w. An arbitrariness of 27 radians, or of 2x/w 
time units, is notable in connection with the phase; thus a com- 
parison of phase at discrete values of w or x must concern itself 
also with the behavior of phase for the intermediate values of fre- 
quency. 

Just as the spectrum of a function of time (discontinuous for 
periodic functions, continuous for nonperiodic ones) may be 
plotted, so also can the spectrum for a linear system. This is 
true whether or not an expressible linear operator may be identi- 
fied with the system. For a system described by the operator 
a(p), or by the transmission function a(iw), two spectra are ob- 
tained when a(w) and ¢(w) are plotted against w. We note that 
such spectra are obtainable experimentally by harmonic analysis 
of otherwise unknown (linear) systems. Our primary concern is 
with the application of these dynamic methods to automatic 
regulation, and in particular to the symbolic conventions there 
involved, but before returning to that application we point out 


that a more penetrating approach to the frequency characteristics ° 
a 


of linear systems proceeds through the substitution of a complex 
variable for the “differentiator” p and the application of the 
methods of function theory. Such methods are developed in 
detail by Guillemin,? and by Gardner and Barnes," among 
others. 

In the symbolic solution, for example of Equation [17| for the 
unbalance u or of Equation [20] for the manipulated quantity m, 
we find the following to be important operators in the linear 
theory of automatic regulation 


1 
1 + h(p) g(p)’ 1 + g(p) 


These may be called the “regulatory operators,” since they de- 
scribe compactly the transformation brought about by the regu- 
lation in changing the unregulated behavior into that obtained 
under regulation; they lie at the foundations of the subject. 
These expressions, when p is replaced by iw, are no longer op- 
erators but reduce to a single transmission function 


1 


since it is no longer important, the function being algebraic, in 
which order g and h are placed. 

The Expression [28], the “regulatory transmission,’’ may be 
used to find what happens to oscillation of a given frequency in 
the unregulated unbalance *u(t), for example, as it is allowed by 
the regulation to penetrate to the true unbalance u(t). Just as 
the first of the Expressions [27] lies operationally between these 
two variables, so Expression [28] lies between them for steady- 
state oscillations. These circumstances are illustrated sym- 
bolically in Fig. 12. Since for the operational loop characteris- 
tic h(p) g(p) we have already used f(p), we have 


S(iw) = g(iw) [29] 


and the present theory applies equally to the follower or null- 
seeker treated in the beginning. Also, if we treat the transmis- 
sion functions f(iw), g(iw), and A(iw) as we did in the foregoing 
arbitrary case for a(iw), breaking them up in real and imaginary 


“Communications Networks,” by E. A. Guillemin, John Wiley & 
Sons, Ine., New York, N. Y., vols. 1 and 2, 1931-1935. 

“Transients in Linear Systems,’’ by M. F. Gardner and J. L. 
Barnes, John Wiley & Sons, Ine., New York, N. Y., vol. 1, 1942. 
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parts and finding the corresponding logarithmic attenuations and 
phase lags, we find 
= a + 
= + ™ 
these properties of regulator, plant, and loop being functions of 


frequency. In these terms the regulatory transmission may be 
expressed in the complex form 


(1 + cos sin g)~?........ [31] 
which corresponds to a “gain” y(w) of 
(1 + cos g + [32] 


Thus, for example, the amplitude of any frequency component 
contained permanently in the unregulated unbalance is “multi- 
plied” by +(w) as it appears in the true unbalance. If + is unity, 
the amplitude is unchanged, or, if zero it is annihilated. Thus 
“per cent regulation,” at that value of w = 2xn, might be ex- 
pressed as 


PR = 10011 — [33] 


This criterion may naturally be plotted as a function of frequency 
A treatment equivalent to the foregoing is given for feedback am- 
plifiers by Black,!! who shows also several geometrical interpre- 


tations. ° 
REGULATORY OPERATION 
“u(e) 1 u(t) 


REGULATORY TRANSMISSION 
1 ud) 
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Remarkably enough the demonstration that the amplitude of 
the important disturbing frequencies is greatly reduced in the 
process of regulation is not sufficient proof that the latter will 
be satisfactory, for the possibility of self-created instability re- 
mains. The question of stability may be further divided into two 
parts, depending upon whether or not a simple mathematical de- 
scription is available for the system involved. Thus if the opera- 
tors of [27] are rational functions of p, stability is determinable 
from the roots of the denominator; at the very least these should 
be negative or have negative real parts. An alternative method 
for the study of stability, which may serve when mathematical 
description is prohibitively complex and experimental data only 
are available, involves plotting in rectangular co-ordinates the real 
and imaginary parts of the complex loop-transmission function 
g(iw) h(iw) or f(iw), using the radian frequency as parameter. 
Considered as a polar plot, F(p.6) = 0, this amounts to the curve 

p = e~ = g—a0(w) —an(w) 


= = — ¢,(w) — 


Stability may be shown, as in the pioneer work of Nyquist,!? to be 


11 “Stabilized Feedback Amplifiers,” by H. 8. Black, Electrical 
Engineering, vol. 53, 1943, pp. 114-120. 


12 “Regeneration Theory,” by H. Nyquist, Bell System Techni- 
cal Journal, vol. 11, 1932, pp. 126-147. 
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related to the behavior of a point moving on this curve as the fre- 
quency parameter w is varied. For example, if this curve, taken 
together with its reflection in the 6 = 0 axis, does not enclose the 
point p = 1,6 = +z, then the system is stable in the foregoing 
sense. The concept of “enclosure” must however be carefully 
qualified, as has been done in the writings of Bode.'* 

With regard to the various viewpoints thus far represented it 
should be remarked that their individual appropriateness may 
depend largely upon the circumstances of the problem at hand, 
and on the nature of the regulatory systems which are under 
consideration. The answers to many problems, once framed in 
operational symbols, may be read directly from such a table of 
operators as that of Campbell and Foster.‘ (It is worth point- 
ing out that this particular table assumes as a test function of 
time the unit pulse rather than the unit step, of which the former 
is the first derivative.) Other problems, notably those in which 
the dynamic components are only approximately known, will 
yield only to the more elaborate methods. Nevertheless opera- 
tional language offers a significant mode of description, even 
when it does not have mathematical precision. The author, 
at least, has found this usage to be convenient; he by no means 
insists on its adoption. This is true, indeed, of the rest of the 
paper. 

For the methods of frequency spectra it mast be repeated that 
their use is not restricted to systems for which simple mathemati- 
cal expressions are available. By these methods the quantita- 
tive handling of intricate dynamic characteristics is directly 
possible provided only that the systems involved are linear. 
There is more to be said on these issues, but hardly within the 
scope of the present essay. It must also be repeated, however, 
that for nonlinear systems both the operational and the spectral 
viewpoints are of limited service; the researcher must return 
either to differential equations or to simulative structures and 
try there to generalize what he knows of the linear cases. We 
may hope that he can also generalize on the present symbolism. 

To illustrate the dynamics of an important class of applica- 
tions, we return now to the regulatory loop in Fig. 8 and con- 
sider that the disturbances incorporated in the unregulated be- 
havior *v(t) of the regulated variable v are all absent; we assume, 
that is, that *» == 0. We suppose further that the regulation is 
successful, so that for all practical purposes u(t) = 0. Then it is 
approximately true that 


v*(t) = v(t) = r(t) = A(p)- m(t) 
or that 
m(t) = h-(p) - v*(t) 


Thus, if we consider v*(t) the input to the system, as usual, and 
m(t) the output, the system thus identified behaves inversely to 
the plant h(p). This constitutes a valuable technique, which 
may be called inversion or reciprocation, by which means many 
systems may be made to operate “backwards,” ‘‘reversing’’ cause 
and effect. Particular applications are known for this stratagem 
within the structure of regulators themselves. There are defi- 
nite limitations on the excellence with which inversion may be 
carried out, for any given characteristic h and for any given input 
function »*(t) to be followed. Note that the duty of the com- 
ponent g(p) is as usual to hold the unbalance within a minimum 
interval near zero. An important special case is referred to 
reducing h(p) merely to unity. If the input v*(t) is supplied at 
low power level, so that no reaction may be reflected back on its 
source, then this arrangement in combination with a delicate 


13 “Relations Between Attenuation and Phase in Feedback Am- 
plifier Design,’’ by H. W. Bode, Bell System Technical Journal, vol. 
19, 1940, pp. 421-454. 

14 “‘Fourier Integrals for Practical Appiications,’’ by G. A. Camp- 
bell, Bell System Technical Journal, vol. 7, 1929, pp. 639-707. 
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unbalance detector will supply m(t), or r(t), or v(Q), as a high- 
power version of the variable v*(t). Thus are formed certain 
classes of servomechanisms, isolating amplifiers, “buffer meters,” 
and a variety of null-type measuring instruments, for which regu- 
latory agencies incidentally, some simple and appropriate sym- 
bolism is needed. If h(p) is replaced by a small numerical (or di- 
mensional) constant, which then simply be called H, a regulated 
amplifier with little frequency discrimination is made available. 
Feedback amplifiers in general are of this sort, the operator g(p) 
corresponding to a high gain amplifier, and h(p) to the feedback 
path. The output usually corresponds to m(t); and the disturb- 
ances, which are tube noises, supply fluctuations, ete., generally 
arise in the unbalance detector and the component g(p). 

It would be unseemly to fail here to mention ‘‘cascaded regula- 
tion,” although the general subject of multiple loops thus exem- 
plified is enormous. Stability criteria become impressively 
elaborate as the number of variables under regulation in a given 
system is increased. A typical such combination occurs when the 
variable which is to be manipulated by automatic means in a 
regulatory installation is not readily dominated by a simple 
unitary operation. It is then made to follow the output of the 
regulator through further manipulation of a variable to which it 
adequately responds. A new causal loop is thus formed, subject 
to new disturbances, and although the performance of this ‘“sub- 
ordinate” loop need not ordinarily be high, it must be stable and 
must also not interfere with the stability of the more comprehen- 
sive regulator loop. Such an arrangement is shown in Fig. 13, 
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which is prepared in such a form as to show the relationship 
to the more condensed diagram in Fig. 8. The disturbances 
which in general may arise in the subordinate loop are not ex- 
plicitly shown there since they may be implicitly included, on the 
basis of their ultimate effect on the regulated variable v, in the 
unregulated behavior *v of the “dominant” loop. 

We had hoped here to discuss the dynamics of regulators them- 
selves, and to work out a rather general symbolism in this branch 
of the subject. This is a highly significant branch of the art, not 
the least reason being that regulatory techniques are useful in the 
formation of regulator mechanism itself. It will be necessary, 
however, to postpone an adequate treatment of this interesting 
topic; the scope is too great for the present effort. We may 
mention a few of the types of regulator in terms of the dynamics 
which correspond to the names now in use. For linear regulator 
dynamics, to which we here restrict our attention more or less 
arbitrarily, we have for the operational relation between the un- 
balance u and the manipulated quantity m 


m(t) = g(p)+ u(t) 


where the operator g defines functionally the regulator. If g(p) 

is a rational function of p, then in the sense assumed in Equation 
[21] 

Gyo + Gip + Gop? + ....+G,,p” 
Go + Gip + Gp? + ....+ 


g(p) = 


e 

ae 

( 


(p) 


100 
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taken. 


(a) 


v(t) 


v*(0) 


*v(t) 


u(t) 


*u = *u(t) 


m(t) 


r = r(t) 


= S(p) 


The commoner regulators for which terminology is in use may be 
identified through the coefficients G, and G, of this operator. 
Some of these are given in the summary, Table 1, in which the 
entry “0” indicates a value of zero for the corresponding coef- 
ficient, and an entry of “X” indicates an arbitrary magnitude 
which is not zero. This sort of rigid classification is wanting in 
many important respects, so that, while it might be extended in 
various more or less evident directions, this will not be under- 
It shall simply be noted in closing that there are many 
regulators in which discontinuous measurements and other dis- 
continuous operations are present, the foregoing criteria then 
applying only in a statistical sense. Further, the existence of 
boundaries (another form of discontinuity), not only in the input 
and output variable of the regulator but in their various deriva- 
tives, may radically alter the character of a regulator type such 
as falls into one of the classifications given in Table 1. 


TABLE 1 COMMON TYPES OF REGULATORS 


Regulator Types Go Gi Gs Go G; 
x @ x 
Proportional-plus-floating-plus-derivative....... > o- 
Proportional-plus-derivative plus second-deriva- 
Same as last, but a 2 
Other Relevant Dynamics: 


COMPENDIUM OF PROPOSED SYMBOLISM 


Variable Quantities in Regulatory Systems (see Figs. 3 and 


The regulated variable, or the variable under 
regulation. More frequently, the “controlled 
variable.” In aservomechanism, the output. 

The desired behavior, or program, for the variable 
v. Likewise, the desired value of the regulated 
variable. In aservomechanism, the input. 

The unregulated behavior of the variable v, in- 
corporating all disturbing or upsetting influences 
which act on the latter, including changes in 
“load.” The behavior of the regulated variable v 
when the regulator is inoperative, as when m(t) =0 
(see below). The original, or disturbed, behavior 
of v. 

The so-called deviation, or instantaneous unbal- 
ance (v* — v) between the desired value for the 
regulated variable and its actual value. The 
“departure,” “difference,” ete. In a servomecha- 
nism, the error. 

The unregulated deviation or unbalance (v* — *v). 
The behavior of the unbalance u(t) with the regu- 
lator inoperative. 

The manipulated variable, under the direct con- 
trol of the regulator. Also, the output of the 
regulator, or the input to the plant. In many 

cases arbitrarily identifiable. In certain degenera- 
tive amplifiers, the output. 

The response to the manipulations by the regu- 

lator, through the plant, aside from disturbing 

influences. The undisturbed output of the plant. 

The component of the regulated variable con- 

tributed by the regulation as such. 


(b) Physical Components of Regulatory Systems. 


The operational or functional characteristic of a 
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follower. 


seeking system or of a regulatory system. 


perational characteristic of the regulator, 
inear. Frequently holds within boundaries, 


beyond which the linear region is surpassed. 


g9=g(p) The o 
when | 
h = h(p) The 


operational 


characteristic of the plant. 


Same remark as for g. 


(c) Operational Conventions, With Applications to Regulation. 


General operationa 


Additive operators, 
y(t) 


| interconnection: 
y(t) = a(p) - 
a linear property: 
[ai(p) + a2(p)] - x(t) 
a;(p)-x(t) + a2(p) - x(t) 


Additive time functions, a criterion for linearity: 


y(t) 


a(p) - [x(t) + 22(t)] 
= a(p)- x(t) + a(p) - 22(t) 


Regulator characteristic equation: 


Plant characteristic 


m(t) = g(p) - u(t) 
equation: 


r(t) = h(p) - m(t) 


Through-put characteristic equation: 


u(t) 


Transformation of the unbalance: 


r(t) = h(p) g(p) - u(t) 


1 
1 + h(p) g(p) 


*u(t) 


Transformation of the regulated variable: 


v(t) = 


1 + h(p) 


h(p) g(p) 


+ 


g(p) 


Transformation of the manipulated variable: 


m(t) 


where 


(d) Conventions for 


*m(t) = g(p) - *u(t) 
Steady-State Frequency Response. 


Conversion of arbitrary operator into complex transmisssion: 


a(p) > 


a(iw) = xa(w) p—iva(w) 


Conversion of regulatory operator into complex transmission: 


1 1 1 
1+ h(p)g(p) 1+ g(iw) h(iw) 1+ g(p) h(p) 
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Discussion 


Hersert Harris.'* It is a common experience among engi- 
neers attending committee meetings which deal with the problem 
of definitions and symbols for a branch of engineering to find that 
it is almost impossible to reach an agreement. This, it is be- 
lieved, is not due to any lack of enthusiasm or engineering 
knowledge among the members but to the absence of a properly 
stated philosophy of definition and sequence of action. This 
paper does show an underlying philosophy and as a result, it 
represents a major contribution to automatic-control theory. 

A criterion for a good definition is that an appreciable number 
of important and true noncontradictory statements can be made 
using the word. The choice of the systems, components, or 
variables that are to be grouped under a single word is more 
important than the word itself. If the group is of such a miscel- 
laneous nature that few statements can be made without qualifi- 
cations which segregate a portion of the group, then the objects 
of the definition have been wrongly chosen. 

The essential fallacy in the usual procedure is that first a word 
such as “floating control” is picked for definition and then a 
search is started to find what it is supposed to specify. Perusal 
of the earlier literature leads to the inclusion of so many miscel- 
laneous systems that few really true statements or theorems can 
be made about floating control. 

A more progressive procedure is first to study automatically 
controlled systems and their theories and choose which system 
types, components, or measurable variables have sufficient com- 
mon properties to be worth placing under a single definition. 
Then look for suitable words. It is true that the definitions are 
likely to conflict with at least some of the preceding literature 
unless entirely unused words are chosen. However, the harm 
done at least decreases with time since old papers become less 
general and less important. The harm done by inconsistent or 
incomplete definitions increases with time. It is well to contra- 
dict earlier literature as little as possible but this should not be 
the primary criterion. 

In defining variables and symbols, it is often good practice to 
include block or flow diagrams and basic equations. There is no 
necessity for a definition to consist entirely of words in view of the 
difficulty of doing so unambiguously. 

Symbols should be chosen, if possible, so that they may be 
easily written, typed, or printed. They should be capable of 
bringing to mind quickly the nature of a variable without refer- 
ence toasummary table. It is also important that a set of varia- 
bles be dimensionally consistent and that the symbols have a 
symmetry useful for checking equations. 

Fig. 8 of the paper is the basic flow diagram for a single-loop 
automatically controlled system and the following discussion 
will center about this diagram: 

The concept of unregulated behavior is a valuable one but as 
the author points « ut, it is useful only for linear systems for which 
it may be added to the plant response to produce the controlled 
variable. Some time in the future nonlinear systems will un- 
doubtedly be studied and then the disturbances to the plant will 
become more fundamental. The author calls these disturbances 
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nonmanipulated variables but lumps them under the symbol m. 
The writer suggests the inclusion of plant disturbances with the 
symbol d and a set of operators l(p) so that for linear systems v =: 
h(p)m + l(p)d =r + *v. The concepts “unregulated behavior,” 
and “plant disturbance”’ are such that if one is included in the 
analysis the corresponding terms of the other must be set at zero. 

An “automatic controller” in A.S.M.E. literature is defined as 
a device which exercises an influence over a process or apparatus 
so as to guide, adjust, or direct its operation without the aid of a 
human operator. Therefore, in place of the terms “regulator,”’ 
“unregulated behavior,” and ‘regulated variable,” it would be 
permissible to use “automatic controller,” ‘uncontrolled be- 
havior,” and “controlled variable.” 

A regulator is defined as an automatic controller which 
operates to maintain the controlled variable at the desired value. 
Since there is no point to a controller that does not do this the 
term become redundant and may be more profitably used to 
define the special case in which the desired value is a constant. 
Even with this specialization the term regulator will apply 
to the most common type of process control. 

This distinction is not made just to use up a word. It arises 
from the very real necessity for distinguishing between the 

and 
1+ h(p)g(p) + A(p)g(p) 
troller, operating as a regulator, to reduce the uncontrolled be- 
havior or the effect of disturbances to a constant desired value is 


operator The action of a con- 


expressed in terms of the operator which is properly 


1 
1 + h(p)g(p)’ 
called the “regulatory operator.”’ On the other hand, the action 
of a controller in making the controlled variable follow the de- 
sired behavior (not a constant) is expressed in terms of the 
h(p)g(P) 
1 + h(p)g(p) 

This last operator is incidentally the important operator in the 
study of the follow-up type of servomechanisms discussed by 
Brown and Hall.© The writer suggests the term ‘follow-up 
operator” for this. Then a general controller will have both 
regulatory action and follow-up action. It is to be hoped that 
someone else will suggest a better term. 

The term “servomechanism” is then left for application to a 
particular part or component of a controller which performs 
mechanical follow-up or torque-amplifier action. It will also be 
used extensively in fields outside of process controls, but there 
should be no confusion since the same operator is used in analysis. 

The operator h(p)g(p) will be very important in future control 
theory and according to the author it will be called the “through- 
put operator.” The terms “loop operator” or “loop transfer 
function,” borrowed from feedback amplifier theory, are also 
applicable here and it is believed somewhat less tongue-twisting. 

The definitions of controller types are very necessary at this 
time. The writer feels, however, that the author’s use of the 


operator 


G 
words “floating control” for the type g(p) = a will meet with 
ip 


controversy, since the term often covers many other types. 
“Integral control” is more fitting, considering the words “deriva- 
tive” and “proportional.”’ ‘Floating’’ can be more appropriately 
applied to any controller in which the manipulated variable has 
no normal or zero value. 

Careful analysis of many controllers which are supposed to be 
of the integral type G./G,p shows that they are really of the type 
Go/(G_ + Gip) with G, greater than G, but not sufficiently so that 
Go can always be neglected. The term “retarded proportional 
control” seems good for this. There is another type of the same 


16 “Dynamic Behavior and Design of Servomechanisms,” by G. 5. 
Brown and A. C. Hall, Trans. A.S.M.E., vol. 68, 1946, pp. 503-521. 
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form but with G,; much less than Gp. This is a proportional con- 
trol in which there is a delay entering as a secondary effect. 

The next step in definitions will be to cover the various ratios 
between the coefficients. ‘To make this step will require a mature 
consideration of the theory of automatic controllers, and it should 
not be made hastily. 

It is not clear how the actual letters used as symbols for the 
variables are to be used. Is every manipulated variable, whether 
it be a valve position, electric current, or other quantity, to be 
given the symbol m, with successive subscripts, or are the symbols 
for position z, and current i, to be used with m as a subscript z,,, 
imy to Show that they are manipulated? The latter seems pref- 
erable. 

The suggestions made in this discussion are believed to be 
worth while, but their acceptance or gejection will have little 
effect on the major importance of the paper to the future of 
automatic-control theory. 


J. A. Hrones." The task of setting up a unified symbolism 
for any field of engineering is always a difficult one and one in 
which unanimous agreement to the symbols chosen by all those 
working in the field is almost impossible of attainment. Conflict 
with symbols in wide use in other branches of science and engi- 
neering is inevitable. 

Any system of symbols must therefore be appraised in terms of 
the following considerations: 


1 It must be a consistent one. 

2 It must be as simple as possible. 

3 All symbols must be carefully defined. 

4 All symbols should be easily made and should in general be 
characters appearing on the ordinary typewriter keyboard. 

5 If the subject for which the symoblism is designed overlaps 
many fields of engineering in its application, the symbols used in 
the field of a given specific application should not be adopted for 
general use. 

6 Minimum conflict with other sets of symbols in wide use is 
desirable. 


The author has made every effort to meet such requirements, 
and the set of symbols which he proposes is believed to represent 
a workable system for use in the field of automatic regulation. 
The writer would prefer to see i replaced by 7 in the representa- 
tion of /—1. The use of the term “unbalance” for the differ- 
ence between the desired value of the controlled variable and the 
actual value is also questioned. The writer believes the word 
“deviation” to be a more accurate description. A serious con- 
flict is m used in dynamics to signify mass. However, it is diffi- 
cult to find a more suitable symbol for the ‘manipulated varia- 
ble.” 

The author recognized the fact that a sound set of symbols 
must necessarily be based on a clear and sound understanding of 
the underlying concepts of automatic regulation and has there- 
fore devoted much of his paper to the presentation of such con- 
cepts. Indeed, here the author has made a major contribution 
which probably transcends in importance any set of symbols 
which may ultimately be decided upon. 

The clear presentation of the powerful concepts of unregulated 
behavior and unregulated unbalance are especially to be noted 
as they form the basis for a thorough understanding of the control 
problem. Consider the plant shown in Fig. 14 of this discussion. 

The level | is to be held constant by varying the setting m of 
valve No. 1. It is possible to produce disturbances to the system 
by changing the settings of supply valves 2 and 3, or load valves 
4, 5, and 6. 


17 Associate Professor of Mechanical Engineering, Massachusetts 
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The plant may therefore be represented as shown in Fig. 15. 

All the valve settings may be adjusted from outside the plant 
and therefore may be considered inputs. All of the liquid levels 
depend upon what takes place within the plant and therefore 
must be considered as outputs. It should be pointed out that 
they are not the only outputs. Temperatures of the liquid at 
various points in the plant are also outputs but as such are not 
considered pertinent to the level-control problem. 

If we now introduce an ideal proportional controller, a closed 
cycle is formed. 

Writing the basic relationships developed by the author we have 


ll ll 
2 = 
a — 
3 
— 
= 
S& 


or combining 


where *v is the so-called unregulated behavior of the controlled 
variable. The unregulated behavior of v is its behavior in the 
absence of control, that is, with m held at some constant value. 
Since this concept is so important, it is well to consider its mean- 
ing in some detail. 

Before doing this a thorough and fundamental understanding 
of the control problem can be obtained by reviewing the relation- 
ships stated in Equations [35] to [38], inclusive 


u=v*—vd 


The unbalance or deviation at any instant ¢, is the differ- 
ence between the desired value of the controlled «variable 
and its actual value at that same instant. This is definition 
pure and simple but it is obviously the quantity which must be 
measured to determine the performance of the controlled system. 
The unbalance with much justification often has been defined 
as v —v*. If this is done, however, a complication of signs re- 
sults in the basic relationships. The simplification which is 
obtained by the author’s definition fully justifies its use 


v = *y + h(m) 
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‘The behavior of the regulated variable is the sum of its be- 
havior in the absence of regulation *v and the response of the 
regulated quantity to the manipulated quantity m.'° The over- 
all behavior of the controlled quantity is its behavior in the 
absence of the controller plus its behavior due to the controller 
action. 


m = g(u) 


This is a mathematical statement of the relation between the 
output of the regulator and the unbalance signal which is its in- 


put. 
Let us assume that the regulated system shown in Fig. 16 of 


T 


9 
s| 


16 


this discussion is in equilibrium controlling at the desired level 
1*, with valves 4 and 5 closed. Under this condition the follow- 
ing variables of the system are all at some constant value: 


Thus m = = = v* 
m = me; M3 = M30 
Let us now consider a sudden change in the control point or the 


desired value of the level, Fig. 17. 


DESIRED BEHAVIOR 


y* UNREGULATED BEHAVIOR 
av ae 
Fia. 17 Fia. 18 
UNREGULATED UNBALANCE UNBALANCE 
“ u 
av* 
TIME — 
Fia. 19 Fria. 20 


What is the unregulated behavior of the controlled variable? 
To determine this we maintain m at its value and observe the 
values of J as a function of time. As none of the flow rates has 
been changed, the controlled level remains unchanged. There- 
fore v is as shown in Fig. 18 herewith. As the regulator is in- 
active, (m = ms), Fig. 18 is also a plot of the unregulated be- 
havior of the level *v. The unregulated unbalance is shown in 
Fig. 19. If the regulator is now made active, the unbalance is of 
the form shown in Fig. 20. 

Consider now that with the system in its original state of 
equilibrium, a sudden change is made in the exit-valve setting me, 
Fig. 21 of this discussion. The unregulated behavior of the level 
*y will be a response of the type shown in Fig. 22. The unregu- 
lated unbalance is shown in Fig. 23. If the regulator is now 
placed in operation the unbalance will be as shown in Fig. 24. 

The effects of changes in both the desired value of the con- 


18 The entire discussion applies to linear systems only. 
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trolled variable v* and th unregulated behavior of the controlled 
variable *v have been considered. As indicated by Equation 
[38], they are equally important in their effect upon the resulting 
unbalance u. 

There is no foundation for treating systems with a random 
varying control point as a special class entirely divorced from 
systems subjected to random load changes. It is, however, 
important to note that while the desired value of the controlled 
variable v* can be arbitrarily changed in any manner and that 
such a change appears directly in the expression for unbalance, 
*y is in general the result of an arbitrary change in some input to 
the plant which has been modified by the action of the plant. In 
the preceding example *v was the result of a step change in the 
valve setting ms. Due to the action of the plant, *v is not a step 
function but is of the form shown in Fig. 22 of this discussion, 
and is given by the following 
Ci(p? + Aip + Ao)ms 


[39] 


+ + Byp + Bo 


Unregulated behaviors of the controlled variable in response 
to disturbances in other inputs such as m:, m3, m4, and ms may be 
also evaluated. 

The introduction of the term q may be questioned on the 
grounds that it is merely the term later defined as v*. 

The transition from the simple follower to the more complex 
system can be graphically shown, Fig. 25. 

The idealized system dealt with by the author, which is char- 
acterized by the following equation, can be readily given physical 
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It expresses the relationship existing in a proportional speed- 
governing system where the output damping is zero, Fig. 26. 
Applying Newton’s law to the controlled inertia, the result is 


t 
ok 


by integration 


or 


[42] 


The author is also to be commended for his discussion of what 
he terms “compensation,”’ and for the compact presentation of 
the transient and frequency methods of analysis. 

The paper js a significant contribution to literature in this 
field and it is hoped that the author will discuss a number of 
specific problems in the closure. 


L. C. Hutcuinson.” The essentials of a good symbolism are 
those of generality with applicability, flexibility with economy, 
and consistency with room for future growth. In other words, it 
must be adaptable to theoretical study as well as to practical use; 
it must cover all possible cases and yet be simple without a 
multiplicity of special notations; and every symbol must have a 
unique meaning and the symbolism must allow the expression of 
any quantity which may occur. The paper under discussion 
makes a good approach to such an ideal. Use is made, for ex- 
ample, of the principle of indicating by a single central letter 
different manifestations of the same general variable, distinguish- 
ing its various aspects by the use of supplementary marks, like 
subscripts or asterisks. i 

It is gratifying to see that, for a broad subject like the present 
one, the author emphasizes such general notational matters 
rather than trying to tell us exactly which letter we must use for 
which variable. His convention regarding small, capital, and 
Greek letters has much to recommend it. The use of Greek 
letters for dimensionless quantities is consistent with their wide- 
spread use for angles. However, a rigid adherence to this con- 
vention may introduce conflicts with established notations, as 
the use of Greek letters for rates of change of angles, or more 
important, their use for densities of various kinds. A better 
convention would perhaps be to use Greek letters wherever it is 
desired to give a quantity in terms of a given measure. This 
allows us both to keep the 7 = t/T and to still write relations like 
p = M/V (density = mass/volume). 

More important, however, than matters of literal notation, are 
the fundamental concepts introduced, e.g., the plant, which 
embraces the concept of process of the control engineer, and 
the load of an electrical or mechanical system, etc., or the 
servomotor of a servomechanism. And further, the concept of 
plant immediately leads to other highly useful concepts, namely, 
the distinction between mantpulated and regulated variables, and 
the concepts of the unregulated (part of the) variable and the un- 
regulated unbalance. 

To clarify the last two concepts, let us consider the very simple 
“control” system in Fig. 27 of this discussion, the plant consisting 
of a differential (h; = he = 0) and the regulator a gear ratio N. 
We have 


v = m + N(v* — v) 
1* Department of Mathematics, Polytechnic Institute of Brooklyn, 
Brooklyn, N. Y. 


m, being the unregulated variable, and as hz = 1, also the un- 
regulated part *v of the output of the plant. Solving for v 


so that if m, < v* and N is large, » & v*, with the unregulated 
variable being overpowered by the feedback and regulator. This 


Fia. 27 


example also clearly shows that a closed-cycle control system 
by its very nature cannot be a perfect follower (even with no un- 
regulated input, m:. = 0), being responsive only to a difference 
between v* and », the ratio N/(1 + N) never being exactly unity. 

More generally we have 


t=1 


out of which we pick the variables to be manipulated, say, to 
simplify the present discussion, a single input m. (For successful 
regulation the remaining inputs must be such that hym; << fv*.) 


Then we write 
v = hm + 
2 


=r + 
But r = f(v* —»v), and hence introducing this and solving for v 


f 
1+f 


*y 


* 


and we can make the same comments when f is large as for the 
simple system previously discussed. Introducing now the ex- 
pression found for v back into that for r gives us 


+7 


ll 


fu = —») = 


(v* — *y) 


= 


+7 


or, for large f, r *® *u. Hence the process of regulation is essen- 
tially that of correcting the unregulated variable by the un- 
regulated unbalance 


vA + *u 


We also have of course, u = 1/(1 + f)*u, showing to what extent 
quantitatively the regulator reduces the unregulated unbalance. 
The concept of plant also immediately leads one from a general 
treatment with any operators g and h to the idea of classifying 
control systems, fitting controller to plant, passing from a study 
of the characteristics desirable to all automatic control systems to 
those necessary to regulate a particular type of plant. In this 
connection, a discussion of the properties of a plant, its capacity, 
lags, etc., would be a valuable addition to the paper. ; 
It should also be pointed out that an extension to “multicontrol 
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systems,” with n inputs to the plant and s variables to be regu- 
lated, readily follows from the author’s presentation. 

At one point the question is raised as to how one may general- 
ize to the nonlinear case the relation v = r + *v. This may be 
accomplished simply by replacing this relation by one of the form 


dv = dr + d*v 


replacing linear behavior by tangential behavior, and algebraic 
equations by partial differential equations. In general, we have 
the v as functions of n inputs to the plant 


v, = 0,(m,..... m,,) 


so that 


= 
where 
dm, 


one tool for the study of which would be the differential geometry 
of subspaces in a curved n-dimensional space. 

Note that in order to be able to apply the much simpler linear 
theory, it is necessary only that the »; be linear in the manipulated 
variables among the m;. In fact it is perhaps possible to handle 
many apparently nonlinear cases by the use of special methods 
to relegate a further part of the nonlinearity to the unregulated 
variable *v, 

One minor point of notation might also be mentioned. The 
symbol proposed for subtraction involves the difficulty that the 
lines in a diagram will often have to be rearranged to allow the 
notation to function. For example, if z is to be y — a in Fig. 
28(a) herewith, it must first be altered in one way or another, say, 


x x 
(a) (b) (c) 
Fia. 28 


as in Fig. 28(b). A simpler device would be to indicate the 
quantity to be subtracted by having its line of flow penetrate into 
the box, as in Fig. 28(c). Further, it might be better in general 
to represent simple elements, like an adder, subtractor, or 
numerical multiplier by a small circle, as in Fig. 27, reserving 
rectangular boxes for more complex operators. 


P. W. Keppier.” The author introduces the term ‘‘compen- 
sation” for control directed against disturbing influences and not 
based on measurement of the main controlled variable. . He calls 
compensation a useful contro] technique applicable alone or in 
combination with regulatory controls. He also states that com- 
pensation is not regulatory in the sense of his paper; furthermore, 
that it “requires rather precise knowledge of the functional con- 
nections (of the disturbing influences) involved.”’ The latter 
statement is probably not meant to apply to compensation if used 
in combination with regulatory controls, because then the latter 
can obviously make up for great inaccuracies in compensation. 

The term ‘‘compensation”’ appears to be a decided improvement 
over the terms ‘‘exact correction” or “metering control” that have 
been employed previously. Neither exact correction nor 
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metering is often necessary for compensation. Compara- 
tively crude pneumatic impulses are, for example, often sufficient. 

There seems to have been a tendency heretofore to exclude 
compensation from nomenclature and symbolism. However, if 
used in combination with regulatory controls, it would appear 
necessary to include it sooner or later. 

A good part of cascaded control becomes equivalent to com- 
pensation. For example, if it is desirable to eliminate the dis- 
turbing influence of variation in pressure drop across a control 
valve, this may be accomplished by using an independent pres- 
sure-drop control. As far as the main controlled variable is 
concerned, this control would then seem to be compensation. 
However, this disturbing influence can also be eliminated by 
using a cascaded flow controller. It would appear entirely in- 
consistent to look upon the latter solution as regulatory while 
excluding the former as nonregulatory, regulation of the main 
controlled variable being considered in both cases. 

In a similar manner, flow-proportioning control may often be 
looked upon as either compensating or regulatory. If we look 
upon the value of the proportioned flow as the main variable, 
then flow-proportioning control is regulatory. On the other 
hand, if we look upon some characteristics resulting from the pro- 
portioning of the flows as the main variable, such as the tempera- 
ture resulting from mixing the two flows, then the proportioning 
control becomes compensating with respect to the main variable. 
However, if in such a flow-proportioning control the ratio of the 
flows is automatically changed by an additional regulator directly 
based on this desired characteristic resulting from proportioning, 
then unquestionably the complete control system is again regu- 
latory. Its compensating portion is then definitely a part of the 
automatic-control system. 

It would seem that basically all control actions can be divided 
into compensation and regulation. 

While it appears desirable to make a clear distinction between 
the two, it likewise seams desirable to include compensation in 
nomenclature, symbolism, and general study. 


JosppH LEHNER.*! This paper serves a most useful purpose in 
bringing to the attention of engineers and control analysts a sys- 
tematic symbolism of regulatory theory which is suitable for use 
in all branches of engineering and adequate for their needs. 
Even if the author’s suggested system is not perfect or the best 
possible, it is clear, explicit, and reasonably complete, and may 
therefore serve well as a basis for discussion. 

What the study of control needs most right now is to have its 
basic concepts and structure defined clearly and unambiguously 
as a firm foundation for future development. The author does 
this in his paper. The use of operational notation is to be 
strongly commended. The schematics of plant and controls are 
valuable, but it is believed that the reader’s understanding and 
appreciation would be greatly increased if one or more concrete 
examples of regulatory situations were included with all compo- 
nents carefully labeled, and the complete regulatory cycle followed 
through. What isthe “manipulated variable,” for instance, in the 
case of a pressure control? 

One comment is in order in connection with the author’s dis- 
cussion of the stability of regulated systems. He states, in effect, 
that as a minimum condition the singularities of the “solution 
operator” should lie in the left-hand plane, if the system is to be 
stable; that is, the solution is given by 

*u(s) 
a—io 1 + h(s)g(s) 
where *u(s) is the operational form of *u(t), and the criterion for 
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stability means that the zeros of 1 + h(s)g(s) must lie in the half- 
plane R(s) < 0. But this guarantees only the asymptotic sta- 
bility of the system, i.e., its stable behavior at very long times. 
The unbalance u(t) may be a stable function and yet attain very 
large values at finite times, values which may well be deleterious 
to the plant or controls, may cause equipment failure, etc. For 
this reason it is essential to investigate what might be termed the 
“local stability” of the system, i.e., the maximum displacement 
the system variables undergo during the recovery cycle following 
a disturbance. 

This can be done in some cases by direct estimation of the 
integral previously shown. If the system is proved to be asymp- 
totically stable, the path of integration can be shifted to the 
imaginary axis and we have a Fourier integral 


+o 


1 *u(iw) 
hes 
1 + h(iw)g(io) 


Information obtained from the frequency spectrum of the system 
(which may be acquired experimentally) can be used to approxi- 
mate the Fourier integral. 


H. L. Mason.*2. The author has undertaken with admirable 
thoroughness the delicate but much needed task of correlating the 
methods and symbolism of three fields, i.e., the feedback ampli- 
fier, the servomechanism, and the plant under automatic regula- 
tion. Earlier authors have dealt with limited comparisons only. 

To bring out the physical analogies among the three devices, 
and to permit the identification of elements generally present in a 
regulatory loop, the writer suggests for such a loop the block 
diagram shown in Fig. 29 of this discussion. 

Let us attempt to justify the obvious alterations to the author’s 
terminology and symbols. The ‘‘program’’ is something imposed 
on the loop from without by either a fixed set-point or a con- 


22 Research Professor of Mechanical Engineering, Iowa State 
College, Ames, Iowa. Mem. A.S8.M.E. 


PROGRAM DEVIAMETER 


UNDERBALANCE ju 


AUXIL. 


ENERGY x, AMPLIFIER 


AUXIL. 


ENERGY CHARACTERI ZER | 


AUXIL, 
ENERGY x, | SERVOMOTOR | 


CONTROL 
AGENT VALVE 
MANIPULATED 


VARIABLE Jom | FEEDBACK 
DISTUR- 


OUTPUT y— { 
| METER | 
_ REGULATED 
VARIABLE v 
INDICATION ! 


29 


tinuous resetting. Since program is an important independent 
variable, the symbol q is retained as simpler than v*. The term 
“deviameter’ may be pardoned as a short form of ‘‘deviation 
meter” or error-measuring means. The symbol u for the output 
of the error-measuring means is defined, not as unbalance merely, 
but as “underbalance” u = q — »v, and thus is unmistakably 
positive when the observed variable falls short of the reference 
value. This definition corresponds to negative “deviation” in 
automatic-control usage, negative ‘‘error” in instrument-calibra- 
tion usage, and positive “error” in servomechanism usage. The 
“amplifier” may be electrical or may be a pneumatic or hydraulic 
relay valve, but is generally supplied with auxiliary energy sub- 
ject to independent variable z,. The ‘“‘characterizer’’ is the ele- 
ment which defines the modes of control or the nature of the 
several terms in the control law, the box which servomechanism 
usage calls the ‘controller.’ The “servomotor’” is the pilot 
valve and power cylinder, sometimes with follow-up, which re- 
ceives instructions from the characterizer and enforces them by 
way of a final control element or “valve” on a medium called the 
“control agent,’”’ thus providing the manipulated variable m. 
Provision is made for the independent disturbances z, dis- 
tinguished by appropriate subscript, which may plague the char- 
acterizer, servomotor, and control agent and thus appear in m. 

The “plant” is subjected not only to the manipulated variable 
m but to other independent influences which are not manipu- 
lated, so that the symbol z, seems preferable to m, m2, ms.... 
The plant ‘‘output” y is also the output from the regulatory loop; 
it is a dependent variable arising from variations m and z, The 
“meter,”’ including a primary sensitive element and a scale or 
chart, interprets the loop output as a “‘variable-to-be-regulated”’ 
v, not only for recirculation in the loop, but usually for observa- 
tion by the attendant. Present state of the control art does not 
warrant our ignoring the distinction between y and v. The 
“feedback” is usually quite simple in automatic control, whether 
the connection be electrical, mechanical, or fluid. It is shown 
here to distinguish this side of the loop from the “forward cir- 
cuit” of amplifier theory which in our diagram is represented by 
the left-hand side of the loop. 

The arrangement shown is the normal operating condition of 
the regulatory loop, and the loop variables u, m, y, v for this 
condition are used without subscripts. At times, however, we 
impose artificial conditions. By opening the loop just ahead of 
the manipulated variable and imposing plant disturbances total- 
ing z,, we get an “unregulated” state, and the new time be- 
haviors measured at the same points as before are designated y,, 
Uy, Uy, m,. This seems easier and clearer than the author’s use of 
a prefacing asterisk and his nonphysical convention that normal v 
and unregulated *v may be found at different points in the circuit. 
Physically, v, derives from 2, via plant and meter. By closing 
the loop, holding all z’s constant, and imposing an arbitrary in- 
crement of behavior on either m, u, or qg, we get another artificial 
condition which we may call a “manipulated” state, with loop 
increments v,,, Um, ™,,, and y,,. Again, this seems easier and 
clearer than using “response” to designate a special state of 
the variable to be regulated, with prefacing asterisks for the other 
variables; furthermore, the term response is freed for its general 
usage as any output. 

The block diagram proposed here is more detailed than the 
author’s Fig. 7, especially as regards the regulator. The names 
in the blocks have been chosen so that their initial letters may be 
used as subscripts in building up such mathematical operators as 
the author’s g. The detailing seems helpful in showing how feed- 
back amplifiers, servomechanisms, and regulated plants are alike 
and how identical symbols may be used for elements which func- 
tion similarly. Elements can be dropped or grouped into larger 


units as required by the specific design being studied, but it will 
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be noted that all three types of device receive a program or im- 
pulse signal at one point of a “cause-effect’’ loop, deliver a re- 
sponse or output at another point of the loop, and may be subject 
to external disturbances not only at these points but at various 
intermediate ones. 


J. B. Russeuu.*3 The general philosophy presented in the 
paper is familiar to those electrical engineers who have worked 
with feedback amplifiers and operational calculus. The writer 
has been active in this field and in standardization matters for 
many years and feels that the following comments may be of 
interest, based as they are upon another field of engineering 
experience: 

It is well known that in any field of engineering there are many 
systems which are analogous to those in other fields of engineer- 
ing. Each field has developed its own symbols and definitions. 
As a result, the language of the electrical engineer is often un- 
familiar to the mechanical engineer, and vice versa, even though 
they may be talking about the same fundamental system. The 
war made it necessary for engineers and scientists of many fields 
to work together and use each other’s methods. This situation 
will undoubtedly continue in the future. It is thus increasingly 
important that there be a common language, particularly in the 
field of analysis. This paper is an important contribution toward 
that goal. 

The choice of symbols always presents a difficult problem. 
The use of Roman characters, wherever possible, is certainly to be 
desired. As is suggested in the paper, Greek characters are 
commonly used for dimensionless quantities, such as angles and 
ratios. The choice of upper-case letters for constants and lower- 
case letters for variables is a good one and is commonly in use. 
Of course some exceptions cannot be avoided. 

Any system will be subjected to certain inputs or “causes” 
which may or may not be controlled. These inputs, when oper- 
ating on the system, will produce certain “effects” or outputs. 
In many cases output information will be fed back for comparison 
or combination with aninput. This process is called ‘‘feedback”’ 
and this term is in quite general use. The closed loop formed in 
the system is called the “feedback loop.”” Any such feedback is 
usually a function only of the particular system under considera- 
tion and is not directly related to the various inputs or “‘causes.”’ 
For this reason the term “causal loop” appears to be far less 
appropriate than “feedback loop” for this situation. 

The use of the square box as a symbol of addition or subtraction 
is excellent. 

The use of lower-case letters as symbols for differential operator 
functions is very confusing. It is difficult to distinguish them 
from the lower-case letters used as symbols for the variables. 
This is particularly true when multiple operations are being 
represented. The use of upper-case letters as symbols of operator 
functions is quite common usage at the present time. 

There should be clear-cut definitions for the system known as a 
“regulator” and for the system known as a “servo.” The com- 
plete follower system, which usually includes one or more feed- 
back loops, would be a servo. This would be true of a typical 
regulated plant as well as for a system whose main function is the 
transmission of data. It would appear from this paper that a 
regulator is that part of the servosystem, or regulated plant, 
which provides the plant with those controlled inputs necessary 
to give the plant the desired outputs. 

The symbols listed in this paper are undoubtedly satisfactory. 
However, no systematic definition is given of the terms used. 
Such definitions are the foundation of all work of standardization. 
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Ep 8S. Smiru.24 Let us examine critically this valuable paper 
to see whether it meets any of the three basic formal requirements: 
(1) unity, (2) coherence, and (3) emphasis. 

As to requirement (1), we find the inclusion, in a purportedly 
general paper on a “unified symbolism,” of technical material 
which is prepared from the author’s admittedly highly individual 
point of view. Further, the paper also includes an introductory 
treatment of a specialized operational approach which seems to 
tend to lead one away from the Laplace transform technique 
which is finding increasing acceptance in this field of automatic 
control. 

As to item (2), the writer fears that the paper is possibly on too 
high a level of erudition and abstruseness to be most useful to a 
general reader concerned with the problem of fitting familiar 
words and symbols to equations of such simplicity as to approach 
the mathematically trivial, even though they have real physical 
importance. This writer would recommend, in any unified sym- 
bolism for general use in control, words and meanings from any 
standard. dictionary in general American use. For example, 
take the author’s use of an ‘unrequited loop’ for one which is 
simply “open.” Again, this writer prefers the conventional use 
of unstarred symbols with descriptive subscripts where needed as 
facilitating oral discussion. 

And as to item (3), its realization seems to be obstructed by the 
author’s fluency and greater concern with the mathematical than 
the physical aspects of regulatory control. The author’s insight 
is unquestionable, and it is regretted that the noted points inter- 
fere with a clear conveyance of this to the reader. 

The terminology common to that in the Brown-Hall paper!® 
has been covered in this writer’s discussion of that paper. The 
differences from that paper’s terminology seem to be in the wrong 
direction as to the strained use of typewritten characters in 
equations, a time-wasting procedure, e.g., the substitution of w 
for the customary w (Greek letter omega); and the confusingly 
inconsistent use of the star before a symbol to mean the “unregu- 
lated”’ value and after it to mean, not the “regulated’’ value, but 
something else. All of these changes needlessly increase the 
difficulty of reading the paper. 

The correlation of the table of “Regulator Types’ with its 
immediately preceding context does not appear to be clear in that 
the numbers 0-2 appear in the table as subscripts while the letters 
k and 1 appear in the context. So much for “criticism” which is 
offered by one who works only occasionally on control, in the 
hope that the valuable subject matter of the paper will be later 
published in a more generally useful form. 

The author’s technical contribution seems to have value 
mainly as it succeeds in identifying the several parts of the usual 
relations for servomechanisms and regulated systems and, 
especially for the latter, in the paper’s emphasis of the role of the 
“load” or disturbance of the systems as it would be sensed by the 
regulator if the regulator stuck. Let us see what this looks like 
in more familiar control terms, adding subscripts to the starred 
terms of the paper for ready comparison with the paper. 

With the set value v*, constant, the error is 


—u(t) = v(t) [43 ] 


where v(t) would be the response to the regulator if the latter 
operated normally (see Equation [45] which follows). One may 
consider v (¢) as the resultant of two effects of the disturbance, 
one effect being the straightforward or unregulated response 
and the other being the action of the control system alone (taken 
around the control “loop’’) as follows: 

A load change or disturbance at some point in the plant causes 
an effect *v,, or unregulated response, on the input to the regu- 
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lator if the regulator’s final control valve does not operate. This 
unregulated response *v, is the straightforward response from the 
point of load to the regulator without its echoes which would 
circulate through the system if the control valve were operating. 
These echoes, if the regulator were operating as intended, would 
affect the value of the error input —u(é). 

The effect of the error —u(t) appears at the variable controlled 
by the control valve as 


By the addition of these two effects 


and substituting values from Equation [44] and [45] in Equation 
[43] 


—u(t) = + gh-u(t) —v*,......... [46] 
so that the error is 
— 
—u(t) = (47 
1 + gh (47) 


in which the denominator is the familiar expression for the un- 
disturbed system and the numerator is simply the familiar expres- 
sion for the forcing function or disturbance if applied at the input 
to the regulator.*5 

The idea of using the plant’s unregulated response to a known, 
preferably typical, upset is not new. The empirical relation of 
the Nichols and Ziegler paper** was shown not to be general in 
fact by the writer’s discussion (see the writer’s stability diagram 
covering 49 systems in which a three-component derivative- 
proportional-integral regulator controls plants of two capacities 
and less). 

Further, this writer has provided correlated tables” “for esti- 
mating the performance of plants where either their essential 
parts or their reaction curves are known.”’ He also has recog- 
nized the importance of the initial response t’+" by a plant of N- 
capacities under a forcing function having its initial portion at 
least approximated by t”,** which were about as much as could be 
cleared without question under wartime restrictions. 

The same general approach may be used in comparing the 
performance of a plant with a given regulator in determining 
what further compensation is needed. 

The frequency-response method of Nyquist is much better 
for such analyses than one involving transients, since the latter 
have so many different forms of response while the former has but 
one, the sinusoidal, with only two variables, i.e., amplitude and 
phase. 

The writer agrees with the rigor of the author’s method. 
Extreme care has to be used in any analysis when hypothetical 
quantities, such as the “unregulated response,” are substituted 
for the actual variables. In conclusion, the author is to be 
commended for his thoughtful contribution in calling attention 
to the possibilities of an approach which starts with the response 
of a system to a given disturbance rather than with its character- 
istic equation. 


AuTHOR’s CLOSURE 


It is naturally pleasant to find that the paper has drawn such a 
range of discussion, and that the discussers have chosen to be so 


*% “Control Problems,’ by N. Minorsky, Journal of The Franklin 
am. vol. 232, Nov., 1941, pp. 451-487; December, 1941, pp. 519- 

%6 “Process Lags in Automatic Control Circuits,’’ by N. B. Nichols 
and J. G. Ziegler, Trans. A.S.M.E., vol. 65, 1943, pp. 433-444 (in- 
cluding writer’s discussion). 

7 “Automatic Control Engineering,’’ by Ed S. Smith, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1944, Tables 2 and 3. 

*8 Tbid., pp. 133 and 149. 
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kind and appreciative. The degree of concurrence indicated by 
men of these calibers is taken to mean that the proposed symbolic 
structure may survive. Nevertheless the author cannot help but 
feel that there may have been dissenters who were thus far in- 
audible, and expects to find future occasions to rise to the defence 
of the system. The fundamental need yet remains. The sym- 
bolism promulgated in this paper was not hastily set down, and, 
being built on the solid rock of physical fundamentals, will not be 
thoughtlessly upset. 

All favorable comment and praise by each discusser is hereby 
acknowledged with deep appreciation and thanks, but the major 
part played by the original advisers is again pointed out. The 
following replies are thus addressed principally to the points 
which have been raised against the paper and in exception to the 
details of its theme. We proceed to the individual discussions in 
turn. 

Dr. Harris rightly emphasizes that the concept of unregulated 
behavior, as defined, requires for rigor that the system be linear. 
Interestingly enough, a path of generalization beyond the first 
order is indicated in another discussion by Dr. Hutchinson. This 
would apply to nonlinearities, except of the severest sort, any- 
where in or about the regulatory loop. The author still feels that 
it is a valuable unifying step additively to lump all disturbances, 
aside from those arising via the desired value, in the unregulated 
behavior of the regulated variable, or even better to lump all 
disturbances wherever they arise in the unregulated unbalance. 

With regard to the somewhat controversial usage of the terms 
“regulator” and “controller,” it appears inappropriate to special- 
ize the meaning of the former when this meaning is of such long 
standing. Regulators were in operation with varying desired 
values, and were sold under and known by that name, well before 
the advent of the youthful term “‘servomechanism,”’ for example. 
It has, at least personally, been found most satisfactory to employ 
the word controller for a more general class of instruments, in- 
cluding regulators in particular. This course seems better in 
keeping with the widespread connotations of these words. 

Dr. Harris finds sound objections to the author’s application of 
the terms “throughput operator” and ‘floating control,” and 
suggests better arrangements. He also gives a needed elabora- 
tion of the few idealized regulator types given in the paper, hap- 
pily employing the same framework. With regard to the ques- 
tion of subscripts, either constituted of, or appended to, the pro- 
posed symbols when specific media are involved, this matter was 
meant to be left in a flexible state. Subscripts were omitted from 
the symbols in anticipation of the procedure Dr. Harris suggests, 
among others. More generally, however, the symbols proposed 
by the author for regulatory controls were intended to fill the 
large need for a language of the “dynamics” of such controls, to 
be used principally when one wishes to speak more broadly than 
of electricity, or air, or oil, or guns, or gears. 

How broadminded a modern mechanical engineer can be is 
illustrated by Prof. Hrones when he chooses the symbol j instead 
of 7 for the imaginary unit. Electrical engineers, whose property 
the 7 is almost exclusively, would not use the mathematician’s 7 
since it was their symbol for current. We refer this writer good- 
naturedly to Item 5 of his own “considerations”. Failing this, 
we appeal to the verdict of the physicist, who should after all be 
consulted in each of these matters. 

The terms “deviation” and “unbalance” were considered 
synonymous except for polarity or sign. The newer word was 
employed to denote the newer choice of sign. Note, however, 
that the word “error” can currently connote either sign. (See 
also the comments below on Dr. Mason’s discussion.) 

Prof. Hrones’s introduction and development of two specific 
control problems is valuable for clarification by concreteness of 
many of the general concepts presented in the paper. The sub- 
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stitution in general of the functional convention, as in h(m) and 
g(u), instead of the operational one, as in hem and g:u, may pos- 
sibly lead to later difficulties of a mathematical character. 

The symbol g was employed as the input to an idealized follower 
since there was no justifiable reason, at that stage of the develop- 
ment, to conjure up as elaborate a symbol as *v or *u: the latter 
being the direct formal analog of g when all is considered. This 
symbol (q) was thus adopted only temporarily, so to speak, and it 
is returned to commerce as a valuable indiscriminate citizen, like 
x, y, and 2. 

Professor Hutchinson charitably provides us with a loophole 
for liberalizing the ratio convention for Greek letters. As for the 
remainder of his discussion, the author finds it hard to conceal his 
own enjoyment at seeing the symbology of the paper come 
elegantly to life in the hands of an excellent professional mathe- 
matician. The suggestion to discuss further the properties of 
plants is remarked happily, since the author has in preparation a 
general treatment of lags and lumped dynamical elements as an 
extension of the symbolic assemblage given in the paper. This 
discusser’s suggestions for the differential-geometrie handling of 
nonlinear or quasi-linear apparatus may serve to open a new field 
for mathematical study, to the ultimate advantage of the control 
engineer. Finally, Professor Hutchinson’s suggestions for im- 
proving the graphical notation are in order and will be seriously 
studied for adoption. 

Mr. Keppler speaks from an intimate knowledge of compensa- 
tory devices, and of how they may be applied advantageously in 
conjunction with regulatory equipment in the control of practical 
systems. He indicates rightfully, as was not done in the paper, 
that the use of inexactly-matched compensating elements need 
not affect the precision of control when they are employed as aids 
to regulation. Such mismatches, owing either to preliminary 
approximations in dynamics or to epochal (or other) variations, 
need only affect the degree of transient performance or stability 
which is attained—such effects being typically slight—without 
interfering with the successful reduction of the unbalance to 
zero under quiescent conditions. The several examples of com- 
bined systems cited by Mr. Keppler appear to strengthen the case 
as presented by the author for the distinctive importance of com- 
pensation as a tool employed in control systems along with regula- 
tion, and hence for the need of adequate nomenclature to serve 
it. 

Dr. Lehner asks for ‘‘concrete examples of control situations,” 
and it is sincerely regretted that space did not permit more of 
such particularizing in the paper. Fortunately, however, the 
work in progress and the recent publications of the I.I.R.D. 
Committee on Terminology under H. F. Moore will be found less 
wanting in this regard. Some of the other discussions of this 
present group have also supplied tangible information of this sort. 

The concept of ‘manipulated variable” is associated chiefly 
with the initial application of control to an otherwise uncontrolled 
plant. It has smaller value and greater arbitrariness when the 
whole system under control (a servomechanism, say) is presented 
as an accomplished fact. In the case of pressure control the 
manipulated variable may typically be taken as the valve posi- 
tion. 

It is agreed that for a regulated system merely to be stable in 
the sense of classical dynamics may be little comfort indeed. This 
is only a necessary condition for adequate performance. In fact 
it is Dr. Lehner’s ‘‘local stability” which is ordinarily meant by 
the practicing engineer when he speaks of stability at all. With 
regard to the precise and detailed evaluation of performance by 
mathematical means, this need not be repeated for each new 
problem. For one soon learns which of the class of loop-oper- 
ators h(p)g(p)—considered either operationally or algebraically— 
lead to success. One is most frequently able to adapt g for each 
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new A to make their product attain one of the favored forms. Of 
course there are recognized barriers. But absolute precision is 
hardly essential to high transient performance. The ‘‘character” 
of the corrective dynamics is more important than the precision of 
any parameter. 

Dr. Mason’s highly articulate effectuation of the elements in 
the regulatory loop is weleomed. His substitution of “‘program”’ 
for desired behavior, “underbalance” for unbalance, and of 
“deviameter” for subtractor constitute valuable suggestions. 
These are matters of terminology, however, rather than purely of 
symbolism. As to the latter, it was taken as a criterion in the 
paper to usurp as few letters as possible from the all-too-meager 
total available in the alphabet. Thus self-rationed, we avoided 
acquiring the generically valuable letters gq, z, y as permanent 
fundamental symbols. 

There is, further, the danger of losing generality when details 
are shown. Thus in Dr. Mason’s Fig. 29 he cannot well claim to 
encompass a retroactive path or local feedback from the motor 
output back to the un(der)balance. In many cases this strata- 
gem has been shown to be more effective than feedback within the 
“characterizer”’ itself. 

As has been remarked herein it is felt that the attachment of 
subscripts at a primary stage will prove an encumbrance when 
compounded systems are met with. Subscripts themselves bear- 
ing subscripts prove understandably to be unpopular. 

In his discussion Dr. Mason concurs in the power of the un- 
regulated concepts. It is still preferred to make vivid, through 
the usage of the separate prestarred symbols, the easily hidden 
physical fact which is there involved. 

Professor Russell speaks not only as an electrical engineer but 
as one widely versed in dynamics and in operational procedures 
generally. His objection to the phrase ‘‘causal loop’”’ appears to 
be based on the assumption that it stresses causes rather than 
causes and effects. Except for the accident of a word, this was 
not meant to be the case. Here causal, in the sense of causa- 
lity, was intended to refer to the cause-effect sequence as a 
whole. 

The reason for the employment of lower-case letter symbols for 
operators (and for functions of operators, themselves certainly 
operators) was that of avoiding confusion with ordinary con- 
stants. Perhaps the resulting confusion with ordinary variables 
is equally to be deplored. However, we note that the operator 
p itself is commonly written as such, and is at least categorically 
similar to its functions. One solution to this problem is offered 
by those dynamicists who go over to the upright gothic characters, 
boldface even, for operators. Then the further problem of type- 
writing arises; some such distinguishing mark as underscoring 
must be resorted to. Certainly there can be little objection to the 
use of capitals for operator-functions, as in F(p), G(p), and H(p), 
although there remains some wish to reserve such capitals for the 
internal constants or parameters of such functions. Further 
comment would be welcomed by the author. 

Professor Russell asks for more systematic definitions of terms. 
It is noted first that our concern was primarily with a symbolic 
structure by assignment, and second that a different view on this 
matter is given by Dr. Harris, who points out the advantages of 
diagrams and equations over words, at least where there is danger 
of ambiguity in the existing language. 

Mr. Smith, who finds the paper nonuniform, incoherent, and 
unemphatic, feels also that its approach ‘seems to tend to lead 
one away from the Laplace transform technique.’’ This was not 
specifically intended. It is considered to be equally appropriate, 
whether for time solutions or for either synthesis or analysis, t0 
apply the methods identified with Laplace or Fourier, as well as 
the so-called classical procedures or those of Heaviside, to the 
material given in the paper. All of these methods, which are 
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mathematically related in an established fashion, are not con-- 


cerned with automatic regulation any more than with other 
branches of dynamics. We were thus only indirectly concerned 
with them. Certainly the methods of the direct and inverse 
Laplace transforms are the most comprehensive available for 
linear systems, but they should not be resorted to (except by way 
of example) for the simpler problems, and furthermore at least 
one excellent text is now available which treats them exhaustively. 

The term “unrequited” was employed metaphorically to denote 
the lack of causal completion in the open loop and is not recom- 
mended as standard. 

As for the starred symbols, they appear now to be coming into 
fashion and will be found to be easier to typewrite and easier to 
adapt and modify than those with subscripts. In connection 
further with the typewriting of mathematics, there seems to be 
some question as to whether this is ‘necessary or advisable. Dur- 
ing World War II, however, the cream of the country’s mathema- 
ticians, organized under the Applied Mathematics Panel of 
O.8.R.D., soon turned to this method for the rapid dissemination 
of new material. 

The usage of the stars is less confusing if one considers the 
sequence *v — v — v*, where *v is what he would have without 
regulation, v is what he actually obtains with it, and v* is the 
ideal he would obtain if the regulation were perfect. The starred 
characters are thus the logical boundaries, so to speak, of the 
unstarred one. Similarly, for the unbalance we have the sequence 
*u— u— 0, an identically-vanishing unbalance leaving little to 
be desired. Note too that this arrangement reserves, for the 
loop-variables proper, the unadorned set of symbols v, u, m, r. 

Mr. Smith has apparently misread one of the generic subscripts 
of Gy and G;, the parameters of the regulatory operator. Here 
k and U stand for independent choices of the integers 0, 1, 2. This 
manner of presentation, although believed to be in good form, was 
perhaps unfortunately chosen by the author. 

The paraphrasation of fundamentals given by Mr. Smith in 
alternative terms is appreciated in that it may broaden the basis 
of understanding for these fundamentals. It might have been 
vasier to read without the subscripts, however, and we must re- 
peat that the operator-products gh and hg are not identical except 
for a restricted class of dynamics. 

In case there may result some confusion on this issue, it should 
be emphasized that the plant reaction curve, which may be used 


to characterize h(p), may in general be very different from the 
unregulated behavior *v(t). The latter is only characteristic of 
h(p) if it happens to be caused exclusively by a (known) variation 
in the manipulated variable m. 

The initial response incurred in a plant reaction curve is far 
from all-important in regulation, as may be shown by contrasting 
an N-capacitor chain with an N-capacitor cascade having iden- 
tical elements. The initial responses to a step input in the two 
cases may be strikingly similar, and yet high-performance regula- 
tion is vastly more difficult in the latter one, for N greater than 2. 
In fact the chain approaches a semi-infinite body (as in the exam- 
ple of a rod thermally stimulated at one end) as N increases with- 
out bound, whereas the cascade approaches a direct time delay 
under the same conditions. Thus, as may readily be verified, 


lim 
1 + N P 


It is not difficult, even for finite NV, to compute the response to a 
step of such a cascaded system, for the response to a unit pulse is 
given by 
Nt/T 
TX(N — 1)! 


The response to a step is obtained as the time integral of this ex- 
pression, best evaluated for large N by graphical methods. When 
N exceeds 50, a most dramatic approximation is obtained to the 
direct time delay. 

In comparing the frequency-response and the transient-re- 
sponse methods, as Mr. Smith does in his penultimate paragraph, 
one must be careful to be quite fair. For the particular point of 
comparison he chooses, suppose that there has been selected a 
particular point in a system for stimulation and another for re- 
sponse. Now let us employ a pulse as the test-disturbance, since 
(ideally) it contains all frequencies uniformly. The frequency re- 
sponse, after analysis, will consist in an amplitude spectrum and a 
phase spectrum. There are then two functions of frequency 
which result; they could indeed have been obtained by sinusoidal 
stimulation with gradually varied frequency. For the transient 
response, however, equally descriptive of the intervening dy- 
namical system, there is obtained one function of time. 
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Dracram or Houpry Frxgep-Bep CRACKING UNIT 


Application of Steam-Jet Ejectors in the 
Houdry Fixed-Bed Catalytic 


Cracking Process 


By PHILIP FRENEAU,'? GEORGE KELSO,? ann A. W. HOGE? 


During recent years many articles have appeared in 
technical publications describing the Houdry fixed-bed 
catalytic cracking process. Most of the papers have dis- 
cussed in detail the excellent characteristics of the avia- 
tion fuels, motor gasolines, and other products that are 
produced by this process, but few have described the im- 
portance of, or the operation of, the auxiliary equipment 
which has contributed materially to its success. Since the 
engineering developments associated with the process 
have been almost as novel and interesting as the ground- 
work of petroleum catalysis, the purpose of this paper is 
to discuss the fundamental theoretical aspects and the 
operation of the steam-jet ejectors which have been in- 
strumental in maintaining the satisfactory performance of 
Houdry fixed-bed units. To the engineer, the data pre- 
sented herein should be of particular importance because 
ejector design is generally not clearly understood and be- 
cause the application of ejectors in the Houdry process is 
unique. Part 1 of the paper deals with the process itself, 
the principles of ejector design and operation, and details 
of Houdry unit air evacuators. Part 2 is devoted toa study 
ef the application of ejectors to two other services in the 
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Houdry process, viz., the evacuation of oil vapors during 
oil-purge periods and the maintenance of vacuum on the 
closed circulatory heat-transfer salt systems. 


PART 1 


Tue Houpry CaTatytic CRACKING Process 


S the pioneer in catalytic cracking, the Houdry process 
has been a noteworthy contribution to the modern 
petroleum-refining industry. After several years of in- 

tensive experimentation, the first commercial unit was placed in 
operation in 1936. At the time of the entry of this country into 
the war, fourteen commercial Houdry fixed-bed plants were in 
operation supplying the armed forces with the most essential 
aviation gasoline. Statistics indicate that 90 per cent of the 
country’s catalytically cracked aviation gasoline during the first 
2 years of the war was produced by these plants, an enviable 
record for catalytic cracking which was made possible, in part, 
by the use of efficient ejectors. 

Briefly, catalytic cracking consists of contacting petroleum hy- 
drocarbons with a catalyst which promotes the transformation 
of hydrocarbons of high molecular weight into low-molecular- 
weight hydrocarbon gases, high-octane gasoline, and catalytic- 
gas oil. Asa by-product of the cracking reaction, a carbonaceous 
deposit accumulates on the catalyst and temporarily reduces its 
activity. In order to maintain the catalyst at a high level of ac- 
tivity, it is necessary that this deposit be removed by combustion 
with air at frequent and regular intervals. In the Houdry proc- 
ess the catalyst is stationary and contained as a fixed bed in the 
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3-REACTOR HOUDRY 


4, | 
FIXED- BED PLANT 
| 


CYCLE OPERATION OF 3-REACTOR PLANT | 


PART A 
| STREAM SEQUENCE FOR EACH CRACKING REACTOR 
| PART B 
GRACKING REACTOR SEQUENCE FOR EACH STREAM 
OIL 1 
LEGEND 
——— ON STREAM 10 MINUTES 
ax. VALVE CHANGES @ OIL PURGE ae 
REGENERATION 10 
| --- VALVE GHANGES & AIR PURGE 5 7 


TOTAL 30 MINUTES 


Fig. 2. DraGram ILLUSTRATING CRACKING CYCLES 


reactor. The cracking of the charging stock and the regeneration 
of the catalyst are therefore performed in the same vessel operat- 
ing on a cyclic principle. 

The continuous flow of oil and air streams is accomplished by 
manifolding three or more catalytic reactors in parallel and 
automatically transferring the oil and air streams from one reac- 
tor to another by the use of motor-operated valves. These valves 
are energized through a single-cycle timer according to a definite 
time schedule. 

The complete cycle for each reactor comprises four major 
periods, as follows: 


1 The on-stream period, during which the oil-vapor charge is 
passed through the catalytic mass. 

2 The oil-evacuation or oil-purging period, during which the 
oil vapors remaining in the reactor at the end of the on-stream 
period are removed, making the vessel safe for the introduction 
of air. 

3 The regeneration period, during which the catalyst deposit 
is removed by combustion with air. 

4 The air-evacuation period, during which the air remaining 
in the vessel at the end of the regeneration period is removed to 
prepare the reactor for the introduction of oil vapors. 


Since the cracking and regenerating phases are conducted al- 
ternately in the same vessel, it is essential that only a very small 
quantity of oil vapors remain in the reactor when air is introduced 
at the beginning of the ensuing regeneration period. Likewise, 
at the end of a regeneration period the quantity of air left in the 
reactor must be minimized so that no combustion occurs when the 
reactor is repressured with oil vapors at the start of the next on- 
stream period. The removal of both the oil vapors and air is 
accomplished by steam-motivated ejectors which have proved 
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entirely satisfactory in the safe operation of Houdry fixed-bed 
units. 

Fig. 2, Part A, illustrates the sequence of operation for each 
reactor of a three-reactor plant. Part B of the same chart shows 
more clearly the method employed for achieving continuous flow 
of oil and air streams. From these diagrams it will be seen that 
the time is the same for both the on-stream and regeneration 
periods, and each consumes one third of the total cycle time of 
each reactor. The remaining third of the cycle is taken up by the 
oil- and air-evacuation periods and valve changes. As the time 
of the on-stream period is increased, with a proportionate in- 
crease in the total cycle time, the quantity of carbon deposited 
on the catalyst increases, thereby diminishing its average ef- 
fective activity. To minimize the quantity of the carbon deposit 
and thus maintain the average effective catalyst activity at the 
highest possible level, short cycles, i.e., 30 min, are employed on 
commercial units, and the evacuation of the oil vapors and air 
must be accomplished in the shortest practical time. Therefore 
the time required for the oil- and air-evacuation periods is a 
definite factor in determining the length of the total cycle. A 
30-min cycle is divided approximately as follows: 


Operation Time, min 
On-stream 
Air evacuation........ 1.5})10.0 
Valve changes and tests................. 4.5 


Following a brief presentation of certain basic principles of 
ejector design, a discussion of the specific operation of ejectors 
on Houdry fixed-bed units will be given. 


Basic PRINCIPLES OF Eyector DEsIGN 


Fig. 3 illustrates the performance of a single-stage ejector. 
Two graphs are presented; the one on the left shows the rela- 
tionship between capacity and absolute suction pressure, while 
the one on the right is a plot of maximum safe discharge pres- 
sure versus absolute suction pressure. Both graphs are based 
upon the assumption that motive steam is delivered to the ejector 
at the designed pressure and rate of flow. The significance of the 
right-hand curve is that as long as the actual discharge pressure 
is less than the maximum value plotted for a given suction pres- 
sure, the operation of the ejector will be stable. When the opera- 
tion is stable a given capacity will always result in a definite 
suction pressure as shown in the left-hand curve. From this 
brief description stable ejector operation may be defined as being 
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(Left, Relationship between capacity and absolute suction pressure. Right, 
Maximum safe discharge pressure versus absolute suction pressure.) 
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within the limits wherein an increase in motive steam pressure or 
a reduction in actual discharge pressure will not result in a de- 
crease in absolute suction pressure for a given load to the unit. 
For this reason one may use a stably operated ejector as a meter- 
ing device to measure the rate of flow to the unit by merely noting 
the absolute suction pressure and referring to the stable-capacity 
curve to determine the weight of substance being compressed at 
this condition. 

The effect of motive steam pressure on maximum safe discharge 
pressure is illustrated in Fig. 4. Increasing the steam pressure 
enables the ejector to operate against a higher safe discharge 
pressure. As shown on the typical curve, 80 per cent, 100 per 
cent, and 120 per cent motive steam pressures produce progres- 
sively higher maximum safe discharge pressures. The exact 
shape, slope, and spacing of the curves of safe discharge pressures 
can be adjusted by design factors. Actual operation usually in- 
volves some accidental variation in steam pressure, and Fig. 5 
is presented to show its effect. 

Most single-stage ejectors discharge against a substantially 
constant system pressure, determined on Houdry units by at- 
mospheric pressure alone or by the added effect of water seals, 
gas holders, exhaust piping, mufflers or after-condensers. This 
condition is illustrated in Fig. 4 which shows a curve of typical 
system discharge pressure superimposed on the maximum safe- 
discharge-pressure curves for various motive steam pressures. 
Neither the 120 per cent nor the 100 per cent motive-steam- 
pressure curve crosses the system-pressure curve and therefore 
operation under these conditions is stable throughout. However, 
the 80 per cent curve crosses at about 6 in. mercury absolute suc- 
tion pressure. At a given load and suction pressure and with 
an 80 per cent motive steam pressure, the ejector will “break” 
with rapid fluctuation or bobble, accompanied by noisy opera- 
tion. The “break” occurs when conditions are such that the 
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maximum safe discharge pressure is less than the system pressure, 
i.e., less than 30 in. mercury in the example cited. 

Fig. 5 shows the effect of motive steam pressure on suction 
pressure for a given load to the ejector. As shown, an increase 
in motive steam pressure results in an increase in absolute suction 
pressure but at a very slow rate. The suction pressure tends to 
decrease with dropping steam pressure until the “break’”’ is 
reached, at which point the suction pressure increases extremely 
rapidly. When the motive steam pressure is again increased the 
unit will not necessarily re-establish the suction pressure at the 
same motive pressure at which the break occurred but will require 
an increase in motive pressure to a higher value known as the 
“pickup” point. The portion of the curve lying between the 
break and pickup points is commonly called the ‘“meta- 
stable” region. Operation in this region is highly undesirable 
since a small operating fluctuation may cause a break without 
resulting pick-up when conditions become normal. As shown 
in Fig. 5, the break and pickup points are safely below the 
designed motive steam pressures, and reference to Fig. 4 shows 
that this condition must be met in order to insure stability of oper- 
ation throughout the capacity range. At very low loads the dif- 
ference between the motive steam pressures at the break and 
pickup points will obviously be less as the system pressure and 
maximum safe discharge pressure approach a common value. 

The foregoing discussion pertains to single-stage ejectors, i.e., 
an assembly having only one nozzle and diffuser. However, 
ejectors are often constructed with two stages in series. These 
are known as two-stage units. The characteristics of the second 
or exhausting stage are the same as those previously discussed for 
the single-stage units. The first-stage characteristics curves are 
similar to those of the second stage and follow the same laws 
(see Fig. 7). The significant difference is that the first-stage- 
system pressure is not constant but is a function of the second- 
stage capacity. Fig. 6 shows a typical sectional view of a two- 
stage noncondensing ejector assembly employed on Houdry units. 
The material to be evacuated enters the first stage at system suc- 
tion pressure and is compressed to the interstage pressure. The 
second stage then compresses the evacuated material plus the 
first-stage motive steam from the interstage pressure to the dis- 

‘sarge pressure. Expressed in symbols the equation is 


where W,,' = (Wy + W,)C = required second-stage capacity, 


lb per hr 
Wm = load to first-stage suction, lb per hr 
W, = first-stage motive steam, lb per hr 
C = correction factor for temperature of material to 
ejector 
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160 TT T 160 TABLE 1 TYPICAL SCHEDUL# OF VALUE MOVEMENTS 
wiso Minutes Seconds Valve operation 
& ew 4 = Prior to start of air evacuation Open air-vent valve and steam to ejector 
valve 
0 0 Open reactor air-evacuation valve 
0 8 Close air-vent valve 
= co 2 0 12 Test open reactor air-evacuation valve 
“100 a 0 20 Test close air-vent valve 
had S 1 30 Close reactor air-evacuation valve 
3 80 1 42 Test close reactor air-evacuation valve 
60 — z to have both the air-vent valve and the air-evacuation valve 
. B48 oe open at the start of the air-evacuation period, the system can be 
. et ee "2 vented from a nominal air pressure of 40 to 50 psig to essentially 
= - & atmospheric pressure in approximately 8 sec. Fig. 9 is a plot of 
° | « the actual performance of a commercial Houdry air ejector, 
fo 4 |_| 7% showing the venting to 3 or 4 psig pressure in 8 sec, at which time 
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Superheated vapor or air at elevated temperatures is entrained 
and compressed with more difficulty than air or air-water vapor 
mixtures at atmospheric temperature. Variations in C with tem- 
perature and composition of air and water-vapor mixtures are 
shown in a subsequent graph. It will suffice for the present to 
state that for interstage conditions the average value of C will 
be very close to 1.3. 

Characteristic curves of the first stage of a two-stage non- 
condensing unit are presented in Fig. 7. The discharge pressure 
of the second stage is determined by the barometric pressure plus 
the resistance offered by the discharge piping and muffler, as 
previously discussed. The first-stage system pressure curve is 
obtained by assuming various rates of air to the first-stage suc- 
tion, solving for W,,’ and finding the corresponding second-stage 
suction pressure. These pressures so determined will be the sys- 
tem discharge pressure of the first stage. At the point where the 
determined system pressure curve crosses the maximum safe- 
discharge pressure curve, the first-stage break will occur, with 
resulting instability as shown by the dotted curve in the first- 
stage section, Fig. 7. A first-stage break is usually not marked 
by noise, fluctuation, or bobble; however, the fact that it is a 
true break can be proved by employing a larger second stage, 
thereby raising the system-pressure curve and causing the dotted 
break curve to move further to the right as shown in Fig. 7. Al- 
though the first stage is operating at the break point, the second 
stage is functioning stably because its system discharge pressure 
is not affected by the load. At very low capacities it is possible 
for the second stage to break without affecting the stability of 
the first stage, as long as the resulting bobble does not exceed the 
first-stage maximum safe discharge pressure. 


Arr EvacuaTIONS 


As indicated in the foregoing description of the Houdry fixed- 
bed process, the air-venting and evacuation steps are conducted 
according to a fixed time schedule by means of automatically 
operated valves and a steam-motivated air ejector. Like the oil- 
evacuation equipment, to be described later, the air ejector must 
handle variable weights of gases through variable pressure limits. 
Ejectors which operate under such conditions are known as ‘‘evac- 
uators.”’ 

An air-evacuation period on a commercial Houdry unit re- 
quires approximately 1!/, min, and a typical schedule of valve 
movements is given in Table 1. 

As indicated in Fig. 8, an automatically operated air-vent valve 
is located in a by-pass line around the air ejector, in addition to 
the motor-operated reactor air-evacuation valve. By arranging 


the air-vent valve (ejector by-pass valve) was closed. The reac- 
tor pressure was then steadily reduced below atmospheric by the 
ejector, a minimum pressure of 4 in. of mercury absolute being 
attained at 1 min 45 sec. 

From the standpoint of ejector design, the application consists 
of evacuating appreciable quantities of air from the Houdry reac- 
tors and connecting piping at a rapid rate in order to maintain a 
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minimum cycle length. To select the proper ejector, then, it is 
necessary to determine not only the total weight of air to be re- 
moved from the reactors and compressed to atmospheric pressure, 
but also the rate at which this quantity of air must be compres- 
sed in order to meet a specified cycle-time requirement. 

To solve the problem, reference is made to the general gas law, 
PV = WRT. Assuming the catalytic reactors to be at some pres- 
sure P,, and temperature 7), the weight of air contained in the 
system of volume V, must therefore be P,V/53.3 T;. (R = 
53.3 for air.) At a slightly lower pressure P:, and temperature 
T2, the weight of air in the system will be P2V/53.3 T.. There- 
fore the weight of air which the ejector must remove in reducing 
the pressure from P, to P3 is 


W, — W, = (P1V/53.3 — (P2 
= (P; P; 'T 2) (V/ 


V/53.3 T2) | 


[1] 
/53.3) 


If the air temperature is assumed constant, the weight removed 

is 

Wy We = (P, — P:)(V/53.3 T)....... [2] 
At constant temperature, the weight removed is therefore di- 
rectly proportional to the change in absolute pressure. 

As previously discussed, in the actual Houdry cycle the reac- 
tor pressure at the end of a regeneration period is 40 to 50 psig. 
The reactors are vented to essentially atmospheric pressure in 8 
to 12 sec before the evacuator is put into service, while the actual 
evacuation to the desired final absolute pressure requires about 60 
sec. Due to the cyclic operation and the intermittent heating 
and cooling of the evacuator suction line, the evacuated air 
loses heat in the suction line and may actually enter the ejector 
at as low a temperature as 460 F. 

Selection of an ejector for the air-evacuation duty on a particu- 
lar Houdry installation would be made on the following basis: 


1 A typical ejector curve of capacity versus suction pressure, 
as shown in Fig. 10, is chosen. 

2 The ejector selection is then checked by tabular differentia- 
tion as shown in Table 2 

3 Small pressure intervals are selected as shown in column 1 
and the average pressure for the interval is listed in column 2. 

4 The weight of air removed is obtained by substituting this 
value for P; in Equation [2] and assuming a given system tem- 
perature and volume. The solution is then entered in column 3. 

5 Because the ejector is rated for 70 F air, the actual weights 


TABLE 2 


Average Pounds air Equivalent 
Absolute pressure removed pounds air 
pressure, per step, per ste removed 
in. Hg in. Hg at 460 F at 70 F 
34 
32 26.0 30.0 
30 
27.5 32.5 37.5 
25 
22.5 32.5 37.6 
20 
19.0 13.1 15.1 
18 
17.0 13.1 15.1 
16 
15.0 13.1 15.1 
14 
13.0 13.1 15.2 
12 
11.0 13.1 15.1 
10 
9.5 6.5 7.5 
9 
8.5 6.5 7.5 
8 
7.5 6.5 7.5 
7 
6.5 6.5 7.5 
6 
5.5 6.5 7.5 
5 
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Fig. 11 TemMperRATURE CoRRECTION CURVES 


per step are recalculated to equivalent weights at 70 F. These 
are entered in column 4. 

6 The rate at which 70 F air would be evacuated is obtained 
for the average interval pressure from Fig. 10 and is entered in 
column 5. The same rate expressed in lbs per min is tabulated 
in column 6. 

7 By dividing the weight of air removed per interval by the 


DIFFERENTIATION TO DETERMINE SELECTION OF EJECTOR 


Ejector Ejector 
capacity capacity 
at average at average Time Elapsed 
pressure, pressure, per step, time, 
Ib per hr Ib per min min min 
0.000 
23800 396 0.076 
0.076 
20600 343 0.109 
0.185 
17300 288 0.131 
0.316 
15150 252 0.060 
0.376 
14000 233 0.065 
0.441 
12900 215 0.070 
0.511 
11780 196 0.077 
0.588 
10570 176 0.086 
0.674 
9750 162 0.045 
0.720 
9000 150 0.050 
0.770 
8000 133 0.056 
0.826 
6550 109 0.069 
0.895 
4400 73 0.103 


0.998 
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corresponding rate at which the ejector will compress the air, 
the time for each pressure interval is obtained. In other words, the 
values in column 4 divided by those in column 6 give the time 
figures to be entered in column 7. 

8 Column 8 is the summation of column 7 and gives the time 
required for the ejector to evacuate the system from the initial 
pressure to any final pressure listed in column 1. 


It can be seen that ejector capacity is an inverse function of 
time and therefore if the time is not satisfactory as determined 
from the tabulated solution, the proper ejector, which will meet 
the desired time of evacuation, can be readily determined by de- 
signing for more or less motive steam and producing the charac- 
teristic curve of the same shape. 

The Houdry air-evacuation units may be classified as giants in 
the ejector field. The largest of these units requires over 18,000 
lb per hr of steam, the equivalent to approximately 530 boiler 
horsepower. It should be noted, however, that this large steam 
demand is considerably less than the total high-pressure steam 
produced as a by-product of the Houdry process. In the course 
of a year this largest unit compresses about 5000 tons of air and, 
if it were operated continuously instead of intermittently, it 
would handle 10 times this quantity. 


Part 2 


O1t-Vapor EVACUATIONS 


As in the Houdry fixed-bed unit air evacuations, the valve op- 
erations occurring in the oil-evacuation periods are all automati- 
cally controlled by a cycle timer. A typical sequence of valve 
operations during the oil-evacuation period is given in Table 3. 


TABLE 3 SEQUENCE OF VALVE OPERATIONS DURING OIL- 
EVACUATION PERIOD 


Time——____~ 
Minutes Seconds Valve operation 
Prior to start of oil evacuation Open steam to ejector valve 
0 0 Open reactor oil-evacuation valve 
0 12 Test open reactor oil-evacuation valve 
0 30 Open oil-vent valve 
0 42 Test open oil-vent valve 
1 20 Open steam-purge valve 
1 32 Test open steam-purge valve 
3 46 Close steam-purge valve 
3 50 Close reactor oil-evacuation valve 
3 58 Test close steam-purge valve 
4 02 Test close oil-evacuation valve 


The sequence table indicates the use of an “‘oil-vent” valve 
equipped with a manually operated by-pass valve, Fig. 12. The 
purpose of the latter valve is to provide a means of controlling 
the rate of release of oil vapors during venting, thereby preventing 
an excessive load on the barometric precondenser. When the 
pressure in the reactor has fallen to essentially atmospheric, 
the oil-vent valve is opened, permitting unobstructed flow of the 
evacuated material to the precondenser. An orifice could be em- 
ployed for this purpose but the gate valve has been chosen be- 
cause of the flexibility in control. In the operation of Houdry 
fixed-bed units, the on-stream pressure is adjusted to obtain 
varying degrees of catalytic-cracking severity, and the use of the 
gate valve permits adjustments to be made in the rate of venting 
to compenstate for changes in the on-stream pressure. 

Fig. 13 shows the actual rate of evacuation of oil vapors from 
a Houdry fixed-bed reactor. The pressures were measured at the 
inlet to the ejector assembly, and zero time was taken as 25 sec 
before the reactor oil-evacuation valve opened. Normally oil- 
evacuation time is measured from the instant the oil-evacuation 
valve opens, but for Fig. 13 earlier points were plotted in order 
to show “pre-evacuation” pressures in the ejector suction line. 
At 25 sec, which is approximately the time of oil-evacuation valve 
opening, the suction-line pressure was 5 in. of mercury absolute. 
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Then during the next 30 sec the reactor pressure was reduced 
from its on-stream value of 10 psig to atmospheric by venting 
through the manually set by-pass valve to the barometric pre- 
condenser. 

It is interesting to note that even during this rapid release of 
vapors the ejector suction pressure did not reach the atmospheric 
level. At 55 sec with the opening of the oil-vent valve, the 
evacuation portion of the oil-purge period began. The suction 
pressure was reduced quickly to 8 in. of mercury at 105 sec, at 
which time a flow of purge steam of approximately 8000 Ib per 
hr was started through the reactors and the evacuation equip- 
ment. Steam is admitted into the reactors at the end opposite 
the oil-evacuation valve and passes through the entire catalytic 
mass. This increased load caused a temporary decrease in the 
rate of pressure reduction but nevertheless the desired final pres- 
sure of 5 in. of mercury absolute was attained well before the end 
of the evacuation period of 255 sec. 

This curve is typical of the commercial operation of oil ejectors 
on Houdry fixed-bed units, and several years of satisfactory per- 
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formance indicate that the combination of evacuation plus steam 
purging removes practically all of the oil vapors and permits the 
reactors to be changed safely to the regenerative phase. Further- 
more, it has been demonstrated that the use of pre-evacuation, 
that is, the evacuation of the ejector suction lines prior to the 
venting period, results in a substantial increase in the rate of pres- 
sure reduction during the evacuation cycle. 

The design of an oil-evacuation ejector is performed by a 
series of calculations similar to those used for the air ejectors, 
but the quantity and composition of the evacuated material is 
more difficult to predict. At the end of the on-stream period the 
hydrocarbon vapor remaining in the reactors is composed of (a) 
charging stock not catalytically treated; (b) charging stock in 
contact with the catalyst; and (c) synthetic crude produced 
by contact with the catalyst. The composition of the mixture of 
these materials varies from the lightest gaseous hydrocarbons to 
the heaviest in the reactor charge, which, in many instances, 
represents material having a boiling point of 1000 F. A satisfac- 
tory approximation of the material to be evacuated has been made 
by analyzing samples of oil vapors leaving a pilot-plant reactor at 
the end of an on-stream period. 

As a basis for design of the oil ejectors, several simplifying 
assumptions are made: (1) That the initial hydrocarbon compo- 
sition persists throughout the oil-evacuation period, and (2), 
that a constant temperature will exist during the venting and 
evacuation periods. It follows, then, that the weight of hydro- 
carbons removed in equal intervals of pressure decrease will be 
constant as in the case of the air evacuator. To simplify the de- 
sign calculations further, it is assumed that the material to be 
evacuated comprises three hydrocarhon components, C4, Cs, and 
Cy, and that all of the Cx fraction and a considerable portion of 
the Cs fraction will be condensed in the precondenser at the pre- 
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vailing conditions, thereby reducing the ejector load. Finally, 
being of the direct-contact type, the precondenser adds a fourth 
component to the ejector load, namely, water vapor. 

The design of the entire assembly requires a determination of 
the portions of the evacuated material which must be handled 
by the precondenser, ejector, and aftercondenser, respectively. 
The first step is the preparation of an equilibrium curve of the 
hydrocarbon system in accordance with Henry’s law, which ap- 
plies reasonably well at the pressures encountered. The con- 
struction of this curve involves a trial-and-error solution where 
the hydrocarbon pressures are equal to the total pressure in the 


system less the partial water-vapor pressure. Fig. 14 shows a 
typical equilibrium curve in which the per cent by weight of non- 
condensable hydrocarbons is plotted versus absolute pressure. 
The molecular weight of the resulting noncondensable gases is 
also plotted to assist in applying Dalton’s law to determine the 
water-vapor concentration. 

Fig. 15 shows a typical Dalton’s law plot obtained by assuming 
reasonable precondenser off-take temperatures in determining the 
water-vapor pressure. The molecular weight of the hydro- 
carbon water-vapor system is also shown on this chart. 
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The duty of the precondenser may be defined as the heat re- 
moval required to cool and condense the hydrocarbons which are 
condensable at the existing pressure plus that required to cool 
the noncondensable gases from the inlet to the outlet tempera- 
ture. The precondenser and ejector selections are determined in 
much the same procedure as the air evacuator, i.e., small pressure 
intervals are chosen,.and the time required to condense or com- 
press the resulting load is computed. Table 4 illustrates the 
manner in which specifications of the precondenser are calculated 
and Table 5, the method of sizing the ejector. Note that below 
36 in. of mercury absolute pressure, actual precondenser perform- 
ance is limited by the capacity of the ejector. In other words, 
time values in Table 4 below the 36 in. of mercury pressure level 
indicate the ultimate precondenser capacity with an ejector of 
sufficient size to entrain vapor at the calculated rate. The after- 
condenser does not require involved calculations as its duty is 
merely the condensation of the ejector motive steam and as much 
as possible of the Cs fraction entrained by the ejector. Of course, 
the lower the tail-pipe temperature, the greater will be the quan- 
tity of Cs condensed. 

The basic formula for examining the condenser selections such 
as covered in Table 4 is 


Gpm = (W,)(2H)/(AT)(1000).............. [3] 
W, = (Gpm)(AT)(1000)/2H............ [3a] 
where 
Gpm = U.S. gallons per minute to the precondenser 
W, = weight of material condensed in pounds per hour 
H = heat removed in condensing 1 lb of condensables, Btu 
AT = temperature rise of cooling water supplied to con- 


denser 


In the use of the formulas it is customary to convert hydrocar- 
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TABLE 4 METHOD OF CALCULATING PRECONDENSER SPECIFICATIONS 


Outlet 
Average Equili- Inlet water Heat 
pressure brium water tempera- Heat removal 
Inlet for tempera- Terminal tempera- ature 4T Water removed rate, Time 
pressure, interval, ture, difference, ature, deg F water, flow, per interval, Btu/br per step, Elapsed 
in. Hgabs_ in. Hg abs deg F deg F deg F (tailpipe) deg F gpm Btu xX 10-6 min time, min 
90 2000 


90 237 147 2000 85200 147 0.035 
90 232 85400 142 0.036 
90 227 137 2000 85700 137 9.038 
86000 .040 
86350 122 0.048 


85 
75 
65 
55 
45 
35 


90 
90 
90 
90 


86800 112 0.047 


43600 


43620 
90 43900 
90 44130 


10 0.357 
7.5 149 5 90 144 54 2000 44400 54 0.049 


0 406 


TABLE 5 METHOD OF DETERMINING SIZE OF EJECTOR 


Pounds 
mixture 
Average removed Ejector 
Absolute pressure Pounds Pounds perstep capacity, Ejector Potal 
pressure, perstep, gas (HC) mixture’ corrected lb perhrfor capacity, Time etapsed 
in. Hg in. Hg removed removed for molecu- molecular lb per per step, time, 
abs abs per step per step lar weight weight 29 min min min 
36 0.000 
33 34.6 35.4 31.2 13000 217 0.144 
30 0. 
os 27.5 29.1 29.8 26.4 12100 202 0.131 0 
mi 22.5 29.4 30.4 27.0 11080 184 0.147 
0. 
. 19.0 11.9 12.4 11.0 10200 170 0.065 
0. 
17.0 12.0 12.5 9700 162 0.069 
0. 
15.0 12.1 13.7 11.3 9100 151 0.075 
13.0 12.3 13.0 11.6 8350 139 0.084 
0. 
* 11.0 12.5 13.4 11.9 7500 125 0.095 
0. 
‘ 9.5 6.4 6.9 6.2 6760 113 0.055 P 
8.5 6.5 7.1 6.4 6150 102 0.063 ne 
" 7.5 6.7 7.5 6.7 5430 91 0.074 =" 
: 6.5 + 6.9 7.8 7.0 4550 76 0.092 " 
5.5 7.2 8.4 7.6 3480 58 0.131 


bons to steam equivalent, using any standard reference such as ¥ 160 

the Bureau of Standards Booklet No. 93 and obtaining H from 5 

steam charts. In addition to condensing the hydrocarbons the 8 40 

precondenser must also handle a certain amount of purging steam a 

introduced during the oil-evacuation period to effect a more = 120 

nearly complete removal of oil vapors from the catalyst. z 
The general method of preparing Table 5 is similar to that for 100} 

Table 4. The problem is slightly complicated by the variable 

weights of noncondensable hydrocarbons and water vapor, but MOLECULAR WT OF SUBSTANCE COMPRESSED 

by using the curves shown in Fig. 14, and Fig. 15, the solution yg. 16 Correction in Esector Wetcut-Hanputna CapacitY 

is not difficult. In the calculations, reference is made to the data For Gasges Havine DirreRENT MotecutarR WEIGHTS 


developed from experiments of Work and Haedrich.* The results 

show that high-molecular-weight substances are more readily the simplified basic assumptions, one of the important factors 

compressed than gases with a lower molecular weight. From contributing to the variation between design and performance 

data contained in the article,* Fig. 16 has been prepared to show _ being the effect of the purging steam on the quantity and com- 

the correction in ejector weight-handling capacity which must __ position of the hydrocarbons removed from the reactors. 

be applied for gases having different molecular weights. The performance of installed oil-evacuation equipment may be 
Actual tests of the oil-evacuation equipment show some de- easily checked since the precondenser, ejector, and aftercon- 

parture from the design conditions. This is probably attribut- denser serve as measuring devices. The duty of each piece of 

able to the fact that actual conditions are not fully defined by equipment may be computed from the following observed data: 


3 “Performance of Ejectors,” by L. T. Work and B. W. Haedrich, (a) Barometric precondenser: 
Industrial and Engineering Chemistry, vol. 31, no. 4, April, 1939, pp. 
407-486. 


1 Inlet-water temperature, deg F. 


% 
* 
90 1.000 
80 0 035 
70 0.071 
254 27 ).109 
40 0.192 
220 18 202 112 2000 
30 0.239 
27.5 208 15 193 103 2000 103 0.025 
22.5 198 12 96 0.02% 
17.5 186 9 87 0.030 
0.3: 
12.5 171 7 0.036 
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Flow of condensing water, gpm. 
3 Peak outlet-water temperature as a result of oil venting, 


deg F. 

4 Peak outlet-water temperature as a result of steam purging, 
deg F. 

5 Outlet-water temperature just before oil-vent valve closes, 
deg F. 


(b) Barometric aftercondenser: 
1 Inlet-water temperature, deg F. 
2 Flow of condensing water, gpm. 
3 Outlet-water temperature with ejector pre-evacuating, deg 
F. 
Outlet-water temperature as a result of oil venting, deg F. 
Peak outlet-water temperature as a result of steam purging, 
deg F. 
6 Outlet-water temperature just before oil-vent valve closes, 
deg F. 
(c) Case oil ejector: 
1 Steam pressure at ejector nozzle, psig 
2 Barometric reading, in. Hg. 
3 Suction vacuum reading taken every 15 sec throughout 
evacuation period, in. Hg. 
4 Time and resulting vacuum at the following points: 
(a) Reactor oil-evacuation valve opens. 
(6) Maximum oil venting occurs. 
(c) Purge steam valve opens. 
d) Reactor oil-evacuation valve closes. 
(e) Ultimate vacuum reached after reactor oil-evacuation 
valve closes. 
5 Temperature of vapors to the ejector suction, deg F. 
6 Ejector discharge pressure, in. Hg. 


The ejector performance is analyzed by plotting a curve of ab- 
solute suction pressure against time. A typical curve of this 
type is shown in Fig. 13. It will be recalled that as long as th® 
back pressure does not exceed the maximum safe discharge pres- 
sure, the unit is operating stably and the suction pressure-capacity 
relationship is valid. Accordingly, data describing small pressure 
increments may be chosen from the curve and arranged for analy- 
sis in tabular form as presented in Table 6. 

When the total hydrocarbon molal percentages are known, the 
curves prepared for selection, such as Figs. 14 and 15, may be 
used but generally the variation in the ejector-suction tempera- 
ture requires the construction of a number of Henry’s and Dal- 
ton’s laws curves to cover the temperature range. For each aver- 
age pressure per step the corresponding ejector rate is read from 
the characteristic curve. These values are based on gases having 
a molecular weight of 30, and must be corrected for the actual 
molecular weight in accordance with the Work and Haedrich 
data,’ the actual molecular weight being taken from the Dalton’s 
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law curve. The mixture is then broken down into its water- 
vapor and hydrocarbon constituents in accordance with the lat- 
ter curve. Multiplying the weights of material thus obtained by 
the time gives the pounds entering the ejector for each incremen- 
tal period. A summation of the periods gives the total weight 
of hydrocarbons and water vapor handled during the evacua- 
tion. Reference to the Henry’s law curve permits the prediction 
of the total weight of hydrocarbons taken from the reactors. The 
difference between this total weight and the weight of noncon- 
densable hydrocarbons handled by the ejector indicates the load 
on the precondenser. 

The precondenser data are used to analyze the condensable 
component of the load. The basic heat-balance formula may be 
rewritten as follows 


W,H, + WeHo = 500 (Gpm)(AT)........... [36] 
where 


W, = W.H, + 


and subscripts, s and 0 refer to water vapor and oil, respectively. 
The peak tail-pipe temperature and corresponding maximum 
temperature differential, which are reached during the oil-venting 
period, are the result of the condensation of a pure hydrocarbon 
load and therefore Equations [3a] and [3b] may be reduced to 


= 500(Gpm)(AT)...............[8e] 
At 800 F, Ho equals approximately 500 Btu per Ib; therefore 
We = (Gpm)(AT)................. [3d] 


Fig. 13 indicates that the time-pressure curve for oil venting 
from zero time to maximum temperature is approximately a 
straight line. Thus the average rate of hydrocarbon condensa- 
tion for this interval is 


Wo avg = '/:(Gpm)(AT).............. [3e] 


W> avg divided by 3600 is the rate of condensation in pounds per 
second, and this rate multiplied by the time from oil-vent-valve 
opening to the peak temperature gives the toal pounds of hy- 
drocarbons removed to this point. 

The peak tail-pipe temperature and corresponding maximum 
temperature differential resulting from the introduction of purg- 
ing steam may be used to calculate precondenser duty at this 
portion of the evacuation in the following equations 


[(500) (Gpm)( 47) ] — [(1350)(W,) ] 


Wo = (3f] 
Wo = [(Gpm)(AT)] — [(2.65)(W;)]............ [3g] 

where 
W, = metered quantity of about 9000 lb per hr of steam 


& 


difference between enthalpy of steam at purge pressure 


TABLE 6 DATA DESCRIBING SMALL PRESSURE INCREMENTS FROM FIG. 13 


Capacity 
Absolute corrected Pounds Rate, Btu/per 
pressure Average for noncon- Pounds lb per hr, hr rate 
at ejector absolute Ejector molecular Capacity Total densable Total condensable condensable from con- 
suction, pressure, capacity, weight, corrected, Time per pounds hydro- hydro- ydro- hydro- densable 
in. Hg in. Hg lb perhr Ibperhr  Ibpersec _ step, sec removed carbons carbons, lb carbons carbons Cc x 10-5 
20.5 
17.75 9910 11200 3.110 21.5 66.9 64.5 270.0 205.5 34400 17.2 
15.0 
12.5 8150 9200 2.555 28.0 71.5 68.4 278.0 209.6 26900 13.45 
10. 
vp 9.5 6750 7590 2.105 8.5 17.9 16.8 66.4 49.6 21100 10.55 
9.0 
8.5 6150 6900 1.919 - 40.0 76.7 71.6 279.0 207.4 18650 9.325 
8. 
. 7.6 5450 6100 1.695 14.0 23.8 22.0 83.8 61.8 15900 7.950 
bao: 6.5 4550 5090 1.414 14.0 19.8 18.1 67.0 48.9 12580 6.290 
6.0 
5.5 3500 3900 1.083 100.0 108.3 98.0 349.0 251.0 9030 4.513 
5.0 
226.0 384.9 359.4 1393.2 1033.8 
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and temperature and enthalpy of water at tail-pipe 
temperature. (These quantities may be readily ob- 
tained from standard steam charts. An average 
value is 1350 Btu per lb of steam.) 
Wo rate of flow of condensable hydrocarbons, lb per hr 
Hy, = 500 Btu per lb as before 


The rate Wo, so obtained should check reasonably well the value 
of Wo obtained from the ejector analysis. 

In exactly the same manner Wo is determined at the end of 
steam purging just before the steam-purge valve closes. This 
value should also check the rate at the end-point pressure ob- 
tained from the ejector analysis. 

The after-condenser analysis further determines the nature of 
the hydrocarbon load. The water-outlet temperature obtained 
while the ejector is pre-evacuating the system is a check on the 
water flow because the heat load on the after-condenser is almost 
wholly the easily measured ejector steam, W;. A slight correc- 
tion due to saturation of the vapor in the precondenser may be 
made by the application of Dalton’s law, but with a partial vapor 
pressure of 1.5 in. of mercury, the moisture of saturation may 
safely be neglected without exceeding the limits of accuracy of 
the over-all calculations. Under the foregoing conditions, then, 
the flow formula assumes the form 


W,'H,’ = (500)(Gpm)(AT).............. [4] 
where 


H,’ = enthalpy of motive steam minus enthalpy of water at 
tail-pipe temperature 


Any increase in AT’ during oil venting, then, will be caused by 
additional condensable load which will consist of water vapor 
from the precondenser plus Cs hydrocarbon. The “steam equiva- 
lent” of this hydrocarbon load is found by solving the flow form- 
ula, expressed as follows 
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tor is achieved by means of a large number of specially designed, 
vertical finned tubes through which the salt flows. Each tube 
assembly comprises an insert tube through which salt enters and 
flows to the top elevation of the catalyst bed and an outer-finned 
tube which forms an annular duct through which salt flows down- 
ward and out of the reactor. Salt flow must be maintained uni- 
form among all the salt tubes of each reactor. 

Due to the flow characteristics of these tubes, a low-pressure, 
approximately 3 in. of mercury absolute, is maintained on the 
salt-outlet system of each reactor in order to insure uniform dis- 
tribution of salt among the many parallel tubes. This minimum 
pressure condition is satisfactorily maintained by steam-moti- 
vated ejectors. Ejectors which hold a constant system pressure, 
such as the Houdry salt-system units, are known as “holding 
ejectors.” 

The salt-system ejectors are generally of the two-stage type. 
The principal load on these units is the blanketing steam which is 
absorbed by the salt in the salt storage tank at atmospheric pres- 
sure and released in the salt return system wherein the salt is 
subjected to the ejector vacuum. Due to differences in operating 
technique and salt-system design, the load on the salt ejectors 
may vary over a considerable range from plant to plant, although 
for a given unit and type of operation the load on the ejector is 
substantially constant. 

Modern three-reactor Houdry plants use a single two-stage 
noncondensing ejector designed for a capacity of 175 lb per hr of 
dry air at a temperature of 850 F and a pressure of 1.5 in. of mer- 
cury absolute. Six-reactor plants use two of these two-stage 
units in parallel designed for a total capacity of 350 lb per hr of 
dry air at similar temperature and pressure conditions. The ac- 
tual load on these ejectors consists of two components: 


1 Blanketing steam absorbed and entrained by the salt in the 
salt storage tank, and steam which may leak into the system 
through stuffing boxes and seals on valves, ete. 

. 2 Small amounts of air absorbed and entrained by the salt 


W.’H,’ = [(500)(Gpm)(AT)] — [W,’H,’]....... [5] in the aalt storage tank. 
where 
Wy’ = ival f — Fig. 17 shows the salt-system ejector equipment. 
Blanketing steam is admitted into the storage tank through a 
enthalpy of steam at procondenser oltake tempora- 3/,-in. sharp-edged orifice equipped with a pressure gage on the 


ture minus enthalpy of water at after-condenser 
tail-pipe temperature 


The value of Wo’ so obtained may then be converted to weights 
of water vapor and Cs hydrocarbon by the application of Dalton’s 
and Henry’s laws at after-condenser conditions, and the load so 
determined may be checked against the value obtained from the 
ejector analysis. Table 7 shows a typical precondenser analysis. 


Saut-SysTEM EJECTORS 


In the Houdry fixed-bed process, excellent control of the gen- 
eral temperature level of the cracking and regenerative phases is 
maintained through the use of a continuously circulating heat- 
transfer medium. The heat-transfer medium, a molten mixture 
of sodium nitrite and potassium nitrate, is pumped from a central 
storage tank through each catalytic vessel and returns to the stor- 


upstream side. By maintaining a predetermined orifice upstream 
pressure, an adequate steam blanket is kept on the tank without 
exceeding the capacity of the ejectors. The steam and air ab- 
sorbed and entrained by the salt reach a temperature correspond- 
ing to that of the salt but on release, due to heat losses, arrive at 
the ejector suction at a considerably lower temperature (110 to 
500 F). 

Field tests have been conducted by connecting steam and 
vacuum gages to each ejector stage, installing a water column on 
the salt storage tank, and a calibrated pressure gage on the up- 
stream side of the */s-in-diameter orifice. At various pressure 
settings on the blanketing steam orifice the following readings 
were taken: 


1 Pressure on the */s-in-diam sharped-edged orifice, psig. 
2 Barometric pressure, in. Hg. 


4 0 
age tank by gravity flow. Heat exchange within each reac- 3 Temperature of load to ejector, deg F. 
TABLE 7 PRECONDENSER ANALYSIS : 
Temperature 
Tail-pipe temperatures, deg F —differentials, deg F- Water Water Maximum 
Maximum Maximum Tempera- Inlet Maximum Maximum Purge rate, rate, Average Woduring Average 
from from ture as water from from steam gpm gpm We during steam Wo at end 
Run steam oil oil evac. temp., steam oil rates, (purge (end of oil vent purge, of evac., 
no. purge vent closes deg F purge vent lb per br peak) evac.) Ib per hr® lb perhr® Ib per hr 
1 111 121 86 25 35 9000 1785 70000 26150 
2 108 118 cat 86 22 32 9000 2030 . oe 64000 20150 bf 
3 106.5 116 102 88 18.5 28 9000 2410 2500 56000 13150 4150 


® Assuming 2000-gpm water rate. 
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(Showing two 2-stage units piped in parallel 


4 Steam pressure on first stage, psig. 

5 Steam pressure on second stage, psig. 

6 Vacuum at first-stage suction, in. Hg. 

7 Vacuum at second-stage suction, in. Hg. 

8 System pressure at second-stage discharge, in. Hg. 
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predict column 8. It is to be noted that the nature of the un- 
measured load will affect the correction factors chosen. If the 
unmeasured load were all air, the correction would be less than if 
it were all steam. 

The data contained in Table 8 are from various field tests and 
show good correlation. In every case the unmeasured load is of 
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considerable magnitude and without the ejector to act as a meter, 
it is almost impossible to predict this quantity. If an after- 
condenser were placed at the second-stage discharge and an air 
meter installed in the condenser vent line, the total load could 


TABLE 8 DATA FROM EJECTOR FIELD TESTS 

Steam Blanket- Tempera- Capacity Un- 

pressure ing ture Pressure at Capacity corrected measured 

at #/s-in. steam vapors to ejector per Total for tem- ejector 

orifice, flow ejector, suction, element, capacity, perature load 

Plant psig lb per hr deg F in. Hgabs Ibperhr' perhr lb per hr 
A 85 483 350  f 390 7802 66 177 
A 7 539 370 2. 403 8062 67 136 
A 107 585 395 3. 440 8802 725 140 
A 107 585 395 3. 460 920¢ 760 175 
B 40.5 273 110 3. 452 4526 452 179 
B 34 241 110 3. 429 4296 429 188 
B 30 222 110 3 403 4036 403 181 
B 30 222 110 2. 397 397> 397 175 
B 25 197 110 3. 362 3625 362 165 
B 21 177 110 3. 330 3306 330 153 


* Two units in parallel. 
> One unit. 


These data are analyzed as shown in Table 8. 

Actual condensation tests were run on the 3/s-in. sharp-edged 
orifice using a shop setup approaching the actual field conditions. 
The resulting curve of flow versus upstream pressure is shown in 
Fig. 18, and is the basis for column 3 in Table 8. Column 6 is 
obtained from the first-stage capacity curve, stability being as- 
sured by a check of the interstage absolute pressure, making cer- 
tain that this is less than the maximum safe discharge value. 
Column 7 is corrected for temperature and the results are entered 
in column 8. The difference between column 8 and column 3 is 
the unmeasured load to the unit and represents the sum of all 
leakage into the system. 

Fig. 11 shows an approximate correction curve for the effect 
of temperature on suction capacity. As shown, superheated 
steam vapor is considerably more difficult to compress than air 
at the same temperature. Curves similar to Fig. 11 were used to 


be further reduced to its condensable and noncondensable com- 
ponents. 


CONCLUSION 


In view of the excellent performance records established on 
Houdry fixed-bed catalytic-cracking units it is concluded that 
steam-jet ejectors are capable of performing unusual evacuation 
services under extreme conditions of operation. Substantiation 
of this statement is supplied in a brief review of the data de- 
veloped in this paper. Houdry unit ejectors operate at tempera- 


tures from 100 F to 800 F, handle a variety of vapor loads in- 
cluding air, steam and air, and steam and hydrocarbon mix- 
tures, are required to operate in a cyclic pattern where evaucation 
rates must be timed to within a small fraction of a minute, and 


for the various applications, range in capacity from the equivalent 
of 175 to 12,000 lb of air per hr. 
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An analytical determination of the forming limits of 
metals requires knowledge of plastic flow, buckling 
characteristics, local plastic behavior, and fracture laws 
of metals under combined stresses. Although the plastic 
flow of work-hardenable metals is now a fairly well- 
developed subject, our information on the remaining 
topics is incomplete; there is a great need for additional 
data on the fracture of metals under combined stresses. 
This need was recognized by the Office of Production 
Research and Development, which sponsored the follow- 
ing investigation as part of its ‘‘Study of the Forming 
Properties of Aluminum Alloy Sheet.’”’ The data reported 
herein were selected exclusively from Part 19, OPRD. 
Report No. W-225, July 27, 1945, which has been released 
by the OPRD. In order to study the fractiire of metals 
under combined stresses thin-walled tubular specimens 
of aluminum alloys 24S-T, 24S-T80, and 24S-T81 were 
subjected to axial loads and internal pressures. The ratios 
of load to pressure were adjusted to give stress ratios 
covering the tension-tension and tension-compression 
fields of biaxial stress. Predictions based upon the “‘criti- 
cal normal stress law’”’ and the ‘“‘critical hydrostatic ten- 
sion stress law’’ were in serious disagreement with the 
experimental facts, while predictions based upon the 
“critical shear stress law’’ were in approximate agreement. 


INTRODUCTION 


N metal-forming operations the applied loads are usually of 

such a nature that a state of combined stress exists in the part 

during forming. It is therefore of interest to the part de- 
signer to have a knowledge of the response of 
metals to combined stresses and to have criteria 
for evaluating forming limits. 

In a number of forming operations the limits of 
useful deformation are given by the initiation of 
buckling or local instability (necking). In many 
others, however, fracture occurs without buck- 
ling or necking and the deformations which may be 
achieved are limited by the strains obtained at the 
instant of fracture. Fracture therefore is an im- 
portant criterion in evaluating the formability of 
metals in certain forming operations. 

Inasmuch as metals respond differently when 
subjected to combined stresses, as indicated by the limited ex- 
perimental data available, it has not been possible to formulate 
a universal criterion for fracture. Fracture under combined 
stresses therefore must be evaluated experimentally at present 
foreach new metal. It is the purpose of this report to shed ad- 
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Fracture of Some Aluminum Alloys 


Under Combined Stress 
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which tension load was applied to the specimen. 
applied directly on the 8-in. flanges of the specimen grips for tests 
in which the axial load was compression. Alignment was secured 


by checking and aligning the base and head of the testing machine 
preceding each test. 


ditional light on the laws of fracture and to give specific data on 
fracture under essentially biaxial stresses for the aluminum alloys 
24S-T, 248-T80, and 248-T81. 


EXPERIMENTAL EQUIPMENT 


Specimens ani Materials. The method selected to secure com- 
bined stresses in the current investigation consisted of applying 
internal pressure and axial tension or compression to tubular 
specimens. The tubular specimens of the three aluminum alloys 
24S-T, 24S-T80, and 24S-T81 were prepared from drawn tubes 
furnished by the Aluminum Company of America. These 
tubes were fabricated in lengths of 10 to 15 ft, with nominal out- 
side and inside diameters of 4.5 in. and 3.6 in., respectively. The 
specimens for the studies of combined stresses, as shown in Fig. 1, 
were carefully machined by boring the internal surface in a hori- 
zontal boring mill and by turning the outside surface on a lathe. 
Fine finishing cuts provided a smooth inside surface (toolmark 
depth was less than 0.001 in.). The outside surface of the re- 
duced section of the specimens was polished with 2/0 Clover 
emery paper after finish-turning, in order to provide freedom from 
toolmarks. 

Inasmuch as the outside surface was turned with the specimen 
mounted on a snugly fitting mandrel, the eccentricity was kept to 
a minimum. Measurements of wall thickness of the tubular 
specimens after machining revealed that the variation in wall 
thickness was less than + 0.0015 in. 

In order to correlate fracture strength of tubular specimens with 
those of solid bars, microtension specimens were prepared from 

the tube walls. The design of the specimens chosen is shown in 
Fig. 2. These specimens were taken at angles of 0 deg and 90 


_ 


‘al 
3 ° 
© 
| | 
|-------—- -|------ | 
/ 
POLISH _/ 
Fic. 1 Tusurar ALUMINUM SPECIMEN 


deg to the direction of the tube axis. Microcompression speci- 
mens, illustrated in the lower portion of Fig. 2, were also prepared 
from the tube walls in order to obtain the fracture strength in 


simple compression. 


Test Equipment. The tubular specimens were mounted in special 
grips designed to assure alignment and oiltightness during loading. 


The upper grip, with the specimen in place, is shown in section in 


Fig. 3. Self-aligning bolts with ball-and-socket grips were screwed 
into the threaded portion of the specimen grips in all tests in 


The load was 
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The testing machine employed was a 200,000-lb Tate-Emery 
hydraulic type having a 10,000-lb dial and a least scale division of 
10 lb. 

The internal pressure was obtained by means of a two-cylinder 
Bosch fuel-oil injection pump, in which the cams and valves were 
modified to provide steady pressures. The applied oil pressure 
was measured on three Bourdon-type oil gages having pressure 
ranges of 0-1000, 0-3000, and 0-5000 psi, with least scale divisions 
of 10, 25, and 100 psi, respectively. The gages were calibrated at 
frequent intervals with a dead-weight American gage tester and 
were found to give reproducible results. Initial pressure read- 
ings were always taken on the low-range gage and later switched 
to the next higher-ranged instrument as the pressure approached 
the maximum scale reading. A view of a tubular specimen ready 
for test is shown in Fig. 4. 
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The microcompression specimens, tested in the 200,000-Ib 
Tate-I-mery machine, were placed between parallel ground flat 
anvils attached to a die set and lubricated with an oil-graphite 
mixture in order to minimize barreling. 

All microtension specimens were tested in a special tensile test- 
ing machine which employed a carefully calibrated proving ring 
for determination of the loads. 

Measurement of Tube Before and After Fracture. 
side diameters of the tubular specimen were measured with a 
micrometer caliper at three positions along the reduced section of 
the specimen. Two measurements were taken at right angles to 
each other at each section. The initial wall thickness was meas- 
ured with a special thickness gage at I-in. spacings in circum- 
ference and axis throughout the gage section. The accuracy of 


The initial out- 
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Fic. 3) Section THrRovuGH TUBULAR SPECIMEN GRIPS 
the thickness gage was + 0.0002 
in. The diameter after fracture 
was measured indirectly with a 
diameter tape wrapped around 
the fractured specimen to an ac- 
curacy of + '/e, in. of the cir 
cumference or approximately 
+ (0.005 in. of diameter. 
Thickness measurements of 
the tube walls after fracture 
were made with a toolmaker’s 
microscope having a stage travel 
accurate to 0.0001 in. The meas- 
urements were performed on 
‘arefully removed sections 0! 
the fractured tube wall at 4 
point decided upon by careful 
examination to be the point 
where fracture started. 

Test Procedure. Internal 
sure and axial loads were applied 
to the tubular specimens in suc! 

a way that the ratio of average 
axial true stress to average 1100) 
true stress was approximately 
constant throughout any one °! 
the tests. In order to maintal! 
a constant stress ratio, howevel 
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it was necessary to change the ratio of applied axial load to in- 
ternal pressure constantly as the plastic deformation of the speci- 
men proceeded. In the early tests strains were determined by 
means of especially designed phosphor-bronze clip gages equipped 
with SR-4 strain gages for both axial and diametral strain meas- 
urements. Because of the time-consuming calibration and set- 
ting up of these gages it was later decided to replace them by 
mechanical gages. The mechanical gages consisted of an out- 
side reading micrometer caliper for measuring the outside diame- 
ters and a 0.001-in. dial indicator with fixture for measuring 
the axial elongations over 3-in. gage lengths which were indicated 
by prick punch marks. The axial elongation was measured over 
four successive 3-in. gage sections along the mid-section of the 
specimen. Two series of such readings were taken along the 
gage sections on opposite sides of the specimen. Diameter read- 
ings at 180 deg to each other were taken at mid-points of each 
3-in. axial gage length. 

The method of loading consisted of applying internal pressure 
and axial load to the specimen, such that the average true stress 
atio of axial stress to hoop stress remained constant until a pre- 
determined permanent deformation occurred. The loads were 
then released simultaneously to zero and the changes of dimen- 
sions observed at zero loads. Next the specimen was reloaded at 
constant ratio of internal pressure to axial load, taking into ac- 
count the changed dimensions of the tubular specimen, such that 
the average true stress ratio remained constant. This method of 
loading, unloading, and reloading with constantly changing load 
ratios between steps was continued until fracture occurred. The 
load path thus followed was a stepwise one, but very closely ap- 
proached a constant true stress ratio. 


EXPERIMENTAL RESULTS 


The stresses induced by axial loading simultaneous with in- 
ternal pressure loading of tubular specimens results in a triaxial 
‘tress system. Inasmuch as the radial stress is small in compari- 


son with the axial or hoop stress, it is justifiable to represent the 


iT FRACTURE AND aT Fig. 7 
INITIATION OF NECKING FOR 24S8-TSO ALLOY 


TRUE Stress aT FRACTURE AND AT 
INITIATION OF NECKING FOR 24S5-T81 ALLoy 


results on fracture by a biaxial stress system. Figs. 5, 6, and 7 
therefore give the results on fracture for alloys 24S-T, 24S-T80, 
and 248-TS81, in terms of the average axial true stress and average 


hoop true stress only. The specimens were loaded, such that the 
ratio of 


Te average axial true stress 


average hoop true stress 


remained approximately constant throughout the test, as ex- 

plained previously. These constant stress paths followed for 

each test are shown as fine lines in the illustrations and are 

passing through the stress origin with constant slopes. The 
Tez 4 Te 

stress ratios used varied from — = - to — = —-. Theaver- 
0 4. 

age stresses wete calculated from the well-known thin-wal! 

cylinder equations 


L + xPa? 


T22 = —} = Oat outer radius 
a(b? — a?) 


Pa 
T,, = —P at inner radius 


where L = axial load, lb 

P = internal pressure, psi 

a = inside diameter of tube, in. 
b = outside diameter of tube, in. 
t = thickness of tube wall, in. 


Tz; = axial true stress, psi 
t99 = hoop or tangential true stress, psi 
T,, = radial true stress, psi 


Axial compressive stresses.greater than °/, of the hoop-tension 
stress could not be employed because the specimens buckled be- 
fore they fractured. The true fracture stresses are plotted in 
Figs. 5, 6, and 7, as solid circles. 
stresses at necking are given as open circles. 


In addition to fracture, the 
Inasmuch as all 
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specimens fractured without an observable decrease in axial load 
or internal pressure, the fracture loads and pressures were used 
for computation of the stresses at the instant of necking. The 
necessary cross-sectional areas of the tubes were determined 
from measurements of the gage section at points sufficiently re- 
moved from the point of fracture where uniform deformations 
prevailed. 

In addition to the results obtained with combined loading of 
the tubular specimens, those for microtension specimens are in- 
cluded for comparison. Fracture stresses given as solid squares 
on the stress ordinate were obtained with microtension specimens 
prepared from the tube blanks with their axes coinciding with 
the tube axis. Those plotted on the abscissa were obtained 
with microtension specimens with their axes parallel to the hoop 


direction of the tubes. 
DiIscussION 


Fracture Stresses. Fracture of metals has been a subject of 
interest for many years. Inasmuch as early attempts at formu- 
lating criteria for fracture were primarily based on speculation 
rather than on adequate experimental evidence, no attempt will 
be made to review the available early literature on fracture. 
More recently some progress was made in assembling experi- 
mental data to permit some generalization on this subject. The 
problem, however, has not been exhaustively investigated, and 
many questions on fracture remain unanswered. 

All recent investigations seem to indicate that fracture de- 
pends primarily upon the state of stress, although other influenc- 
ing factors have been observed. Thomsen and Dorn (1)‘ have 
shown that for magnesium alloys the fracture stresses increased 
with increasing deformation prior to fracture. Holloman and 
Zener (2) have found that prestraining steels at atmospheric 
temperature prior to tensile testing at —190 C resulted in frac- 
ture stresses which increased with increasing prestraining. 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fic. 9 DraGcRamMMaTIc SKETCHES OF FRACTURE SURFACES FOR 
SEVERAL COMBINED STRESS CONDITIONS 


Disregarding such influencing factors as just mentioned, three 
fracture laws have been formulated from results with biaxial and 
limited triaxial stress studies. These fracture laws are based 


upon critical stresses, as follows: 


1 Critical normal stress law. 
2 Critical shear stress law. 
3 Critical hydrostatic tension law. 


The critical normal stress law has been formulated on the basis 
of Maier’s (3) results with brass, cast iron, and various steels 
under biaxial tension. Maier’s investigation was carried out 
with tubular specimens which were subjected to axial load and 
internal pressure, similar to the present method used in the in- 
vestigation on aluminum alloys. The stresses employed ranged 
from simple tension in the axial direction to simple tension in the 
hoop direction, thus exploring the tension-tension stress region. 
From these results it was concluded that fracture occurred when 
the normal stress exceeds a critical value. Inasmuch as Maier’s 
tube tests were carried out only in the tension-tension region of 
stress, doubt must be cast on the experimental proof of the 
critical normal stress law since the critical shear stress law pre- 
dicts identical results in this stress region. Furthermore, all 
metals tested by Maier, with the exception of cast iron, necked 
severely before fracture with a consequence that the average 
fracture stresses calculated from the applied load were not neces- 
sarily the true stresses. Similar studies have been reported by 
E. A. Davis (4) and by C. W. MacGregor and L. F. Coffin (5) 
with mild-steel tubular specimens under biaxial stress. As in the 
case of Maier’s investigations, only the tension-tension stress 
quadrant was explored, but the authors concluded that fracture 
occurred when the maximum shear stress exceeds a critical value. 
Another investigation on fracture under combined stresses for 
steels is that of Bridgman (6). Bridgman subjected solid cylin- 
drical specimens to high external pressures and calculated the 
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fracture stresses in the necked region by approximate methods. 
He concluded from his calculations that steels fracture when the 
hydrostatic tension exceeds a critical value. 

Thomsen and Dorn (1) have shown that by extending the 
biaxial-stress studies into the compression-tension region, a clear 
distinction among the afore-mentioned laws is possible, provided 
that the metal under investigation does not neck before fractur- 
ing. Under biaxial stresses magnesium alloys were found to 
fracture in substantial agreement with the critical shear stress 
law. Minor deviations that were noted were attributable to 
differences in the effective strain at fracture, indicating that the 
critical shear stress increases with the degree of work-hardening. 
This observation parallels that of Holloman and Zener (2) on 
steels, as described earlier. As more severe conditions of hydro- 
static tension are approached, however, some other law may 
become operative. It is evident therefore that fracture of metals 
has not been fully investigated, and a satisfactory law for fracture 


of metals under general conditions of stress as yet has not been 
proposed. 
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The results of the present biaxial-stress studies will be com- 


pared with the three proposed laws. Inasmuch as these frac- 
ture laws may be shown to represent limiting stress surfaces on a 
three-dimensional stress plot, they will reduce to limiting stress 
lines on a biaxial-stress plot. The lines merely represent the 
traces of these fracture surfaces on the particular stress plane 
selected, as shown in Fig. 8. The principal stress co-ordinate 
axes are parallel with and normal to the axis of the tubular 
specimen. Comparing the three fracture laws, it may be seen 
that the critical normal stress and the critical shear stress laws 
give identical results in the tension-tension stress quadrant. The 
critical hydrostatic tension law, on the other hand, predicts frac- 
ture stresses sufficiently at variance with the other two so that a 
clear distinction is possible in this stress quadrant. In the com- 
pression-tension quadrant all three laws deviate appreciably; 
fracture in simple compression is possible only when the critical 
shear stress law is operative. Comparing the results of the tube 
tests for all three alloys, as shown in Figs. 5, 6, and 7, it is evi- 
dent that only the critical shear stress law is in approximate 
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agreement with the experimental results. Differences, how- 
ever, are noted and may be ascribed to at least two causes: 


1 The stress system is, strictly speaking, not biaxial and 
therefore if the maximum shear stress is the critical stress the 


Tz 4 
limiting axial stress 7,2, for stress ratios of 4/0 > > ; should 


Tee 
decrease with increasing 799; the decrease is due to the fact that 
the maximum shear stress exists on planes at 45 deg to the 
direction of.the axial and radial stresses, respectively. 

2 The materials tested are not isotropic as is revealed by the 
tube results. It may be seen that the fracture stresses for all 
three alloys are higher in the axial direction than in the tangential 
tube direction. 


It is of interest to note that the fracture stresses obtained with 
microtension specimens aligned with the tube axis gave fracture 
stresses higher than those obtained in simple axial tension with 
tubes for alloy 24S-T, about equal for 248-T80, but lower for 
24S-T81. The fracture values for microtension specimens 
oriented with the hoop direction of the tubes gave higher fracture 
stresses than the tubes for all three alloys. This phenomenon 
has as yet not been explained but it appears that slight differ- 
ences in necking may account for the different observations. 
Fracture Planes. Fig. 9 shows diagrammatic sketches of 
macroscopic surfaces for magnesium-alloy tubular specimens, as 
obtained by Thomsen and Dorn (1). The fracture surfaces for 
all test conditions investigated agreed with the direction of the 
maximum shearing stress. Type A fracture was obtained with 
simple tension in the axial direction, and all other stress ratios 
employed where 7,, > ree. For the case where 7,2 = toe either 
type A or B was observed, and occasionally a combination of A 
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Fig. 13 Typicat Fracture ror 24S-T81 UnpER ComBINED STRESS 
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Fig. 14.) Typicat Fractures or 248-T Microrension SPECIMENS 


and B, i.e., split of the tube in the axial direction with a partial 
separation of the tube at right angles to the axis. Type B frac- 
ture was observed for stress ratios in which 79g > 7,, > 0. Type 
C fracture was obtained with microcompression specimens and 
with tubular specimens in which reg > 6 > 7,2, i.e., where the 
hoop stress was a positive tension stress and the axial stress was a 
negative tension or compression stress. 

Macroscopic fracture planes as observed with tubular 
aluminum-alloy specimens did not always agree with the direc- 
tion of the maximum shearing stress. Figs. 10 and 11 show 
fractured specimens of alloy 248-T. All fractures obtained with 
stress ratios in which the axial tension stress was greater than the 
hoop tension agreed with type A. A typical fracture is shown 
in Fig. 10. All other stress ratios, including those of axial com- 
pression with hoop tension, gave type B fractures for alloy 248-T, 
as shown in Fig. 11. These fractures were fairly smooth and 
occurred on planes at approximately 45 deg to the radial direc- 
tion. It is evident therefore that the fracture planes for the 
tubular specimens in the tension-tension stress quadrant agreed 
with the direction of the maximum shearing stress, but in the 
tension-compression stress quadrant the fracture plane no longer 
coincided with the plane of maximum shear stress. 

The fracture in 248-T80 and 24S-T81 differed from those ob- 
tained with 248-T. Typical fractures of these materials are 


ce 


illustrated in Figs. 12 and 13. The fracture surface is ragged, 
showing practically no reduction in thickness at the point of frae- 
ture for all ratios except simple axial tension. In axial tension 
local flow oecurred on a helix at about 45 deg to the specimen 
axis immediately preceding fracture. The fracture appears to 
have progressed for some distance along the helix and then 
branched off on planes perpendicular to the tube axis. Micro- 
structure investigations revealed that all of the observed fractures 
which were studied were transcrystalline. In the tension-tension 
quadrant and in pure compression the plane of fracture coincided 
with the direction of maximum shear stress. Tubes tested in the 
compression-tension quadrant, however, yielded fracture planes 
parallel with the tube axis but at 45 deg to the radial direec- 
tions. These results also are at variance with those suggested 
by the critical shear stress law. 

Fracture of microtension specimens for all three alloys occurred 
on a plane approximately at 45 deg to the specimen axis. A 
typical fracture is shown in Fig. 14. True fracture stresses are 
usually calculated from measurements of the projected fracture 
area on a plane at right angles to the specimen axis. Such 
measurements, however, may lead to incorrect results if fracture 
occurs in the necked region on planes other than at right angles 
to the specimen axis. Inasmuch as some necking occurred with 
all alloys in the present investigation, the projected fracture plane 
is not the minimum area in the neck. 

Flow curves obtained with microtension specimens revealed 
that the average true stress usually reached a maximum value 
prior to fracture, decreasing slightly before actual separation of 
the test bar occurred. The average true stress, based on the 
minimum area in the neck after fracture, however, was always 
below the maximum value prior to separation. From this it 
must be inferred that fracture occurred prior to separation and 
that fracture stresses based on areas after fracture may be in 
error. All fracture stresses of microtension test bars, shown in 
Figs. 5, 6, and 7, are those based on the highest maximum average 
true stress. 

All microcompression specimens fractured along planes which 
coincided with the direction of the maximum shearing stress. 
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CONCLUSIONS 


1 The critical shear stress law for fracture is in approximate 
agreement with experimental results for the range of biaxial 
stresses investigated. 

2 The planes of fracture did not always coincide with the 
direction of the maximum shear stress plane. 

3 The fracture planes for 24S-T80 and 24S-T81 were jagged 
for all stress conditions investigated; those of 24S-T in com- 
parison were smooth. 

4 All fractures were transcrystalline. 
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Airplane Quieting I—Measurement of 
Sound Levels in Flight 


By L. L. BERANEK? ann H. WAYNE RUDMOSE® 


This paper covers the types and use of equipment for the 
measurement of noise in aircraft and outlines procedures 
of measurement which will yield data of maximum value 
to the acoustical design engineer. The use of a standard 
sound reference level, of root-mean-square indicating 
meters, and of “flat’’? response-measuring equipment is 
urged. The three principal types of noise meters are de- 
scribed and their relative advantages discussed. The 
specifications which the individual components of the 
noise-measuring equipment should meet are discussed in 
a general way and extensive references are given for a 
more detailed study. Data are given showing the averag- 
ing characteristics of seventeen commercially available 
Finally, sug- 
gested procedures for analyzing noise in aircraft during 
flight are presented. 


audiofrequency indicating instruments. 


INTRODUCTION 


HIS paper is one of a series of four (1-3)* on sound control 

in airplanes prepared as a result of a research program 

requested by the Air Technical Service Command, Army 
Air Forces, and the Navy Bureau of Aeronautics, and financed 
by the Office of Scientific Research and Development (OSRD) 
during World War II. As a group these papers are intended to 
supersede an OSRD report® (now out of print), which was dis- 
tributed fairly generally in the aircraft industry. 

The purpose of the present paper is (1) to high-light the types 
and use of equipment for the measurement of noise in aircraft, 
(2) to list American standards and references in American 
journals applicable to the noise-measurement problem, and (3) 
to outline detailed procedures for localizing the sources of noise 
commonly found in aircraft in flight. 


Acoustic REFERENCE LEVEL AND CHARACTERISTICS OF THE EAR 


Two American standards have been written on acoustical 
terminology, reference level, and loudness (4). The several defi- 
nitions which follow were taken from them. 

The ‘“‘sound intensity” of a sound field in a specified direction 
at a point is defined as the sound energy transmitted per unit of 
time in the specified direction through a unit area normal to this 
direction at the point. The unit is the erg per second per square 


! This paper is based on work done for the Office of Scientific Re- 
search and Development under Contract OEMsr-658 with Harvard 
University. 

?Cruft Laboratory, Harvard University, Cambridge, Mass.; 
now at Massachusetts Institute of Technology, Cambridge, Mass. 

’Cruft Laboratory, Harvard University; now with Electro- 
Acoustic Consultants, Dallas, Tex. 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

5 “Principles of Sound Control in Airplanes,”” OSRD Report No. 
1543, 1944. 

Contributed by the Aviation Division, and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 17-20, 1946, of THz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


centimeter, but sound intensity is also commonly expressed in 
watts per square centimeter. 

There is no instrument today which is satisfactory for measur- 
ing sound intensity under field-service conditions. The quantity 
which is commonly measured is sound pressure, i.e., the varia- 
tion in pressure above or below atmospheric pressure due to the 
presence of asound wave. Under the very special conditions of a 
plane or spherical wave traveling in free space, the sound pres- 
sure can be related to the intensity by the formula 


I 
2.07 VI 


10 


p= 


where p is the effective or rms sound pressure, J is the intensity in 
watts per sq cm, H is the height of the barometer in em, and T 
is the absolute temperature. The special condition of a free- 
traveling wave is never satisfied in aircraft because of the pres- 
ence of reflecting surfaces. It is preferable, therefore, to deal 
with sound pressure rather than intensity. 

Aircraft noise is complex, that is, it is comprised of components 
having many frequencies; hence the sound-pressure meter used 
must sum these components in some manner. A suitable method 
of summation is one that yields the root-mean-squaresummation p, 
which can be related to intensity under actual or assumed free 
field conditions if desired (5) by Equation [1]. 

Because the ear is able to accommodate an over-all variation 
of sound pressure of the order of 10’, it is customary to specify 
sound levels in logarithmic units as follows 


L = 20 (p/po) (decibels)............ 


Where L is the sound pressure level in decibels, p is the sound 
pressure being specified, and p, is the reference sound pressure. 
The reference pressure po, now in common use, is 0.000200 dyne 
per sqem. Hence a sound pressure of 1 dyne per sq em corres- 
ponds to a sound pressure level of 74 decibels. 

Other reference levels have been used in the past with atten- 
dant confusion. One of these, the millibar, i-e., p) = 1073 dyne 
per sq em, gave a zero level 14 decibels higher than that yielded 
by Equation [2]; another, the bar (1 dyne per sq em) gave a 
level 74 decibels higher. It is strongly urged that the industry 
adhere to the A.S.A. reference level of 0.000200 dyne per sq cm, 
and employ measuring instruments which yield the rms sound- 
pressure level to avoid unnecessary and often costly confusion. 

The ear is a nonlinear mechanism which judges sounds of differ- 
ent frequencies, but having the same sound-pressure levels, to be 
different in loudness. At low sound levels low-frequency tones 
are many decibels less loud than medium-frequency tones of the 
same level. At high sound levels this difference almost dis- 
appears and all sounds of the same pressure level appear to be 
equally loud. 

' To correspond to the characteristics of the ear, most sound- 
level meters have three electrical “weighting” networks which 
can be switched into the circuit to discriminate against the low 
frequencies in various ways. The response of these networks 
and their tolerances are contained in an A.S.A. specification (6, 7). 


. It is intended that the user of a sound-level meter should employ 


the appropriate network which most closely corresponds to the 
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loudness response of the ear at the intensity of the noise which 
is being measured (8). For example, if a noise whose level, 
with the ‘‘flat”’ network, lies between 25-55 decibels is being mea- 
sured, the “A” or 40-decibel weighting network should be 
switched into the circuit; for 55-85 decibels the “B” or 70- 
decibel weighting network should be used; and for levels be- 
tween 85-140 decibels the ‘‘C’’ or flat-response network should 
be used. 

In the measurement of aircraft noises, an over-all sound level 
less than 85 decibels is almost never encountered. Further- 
more, in the calculation of speech intelligibility, discussed in 
reference (2), it is the noise levels as measured with a_ flat 
network that are needed. For these reasons, and to avoid 
confusion, it is recommended that all measurements of noise 
levels in aircraft be made with a flat weighting network. 
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Types or Norse METERS 
There are two general classes of noise meters: namely, those 
which measure the total sound-pressure level, using one of the 
weighting networks just described; and those which measure 
the sound-pressure levels in frequency bands of limited width. 
The latter types of meters are called “sound analyzers.” Sound 


analyzers in common use can be classified into three categories, as 


follows: 

1 Constant-band-width analyzers (see Fig. 1). 

2 Constant-percentage band-width analyzers. 

3 Octave-band analyzers (see Fig. 2). 

A constant-percentage band-width analyzer is one whose band 
width is always linearly proportional to the mid-frequency of the 
band. The octave-band analyzer is a special type of constant- 


Constant-BAND-WIpDTH FREQUENCY ANALYZER AND GRAPHIC-LEVEL RECORDER MANUFACTURED 
BY WESTERN ELEcTRIC COMPANY 


Fic. 2. Ocrave-Banp Sounp ANALYZER Graphic-LEveEL AND Batrrery Power SupPiy 
(See reference 14.) 


MErroc:ic 


two 
var 
leve 
whe 
don 
tone 
anal 
perr 
time 
freq 
pelle 
level 
to di 
fluet 
the | 
analy 
entir 
spect 

Th 
analy 
end ¢ 
the 


‘ 
Wits 
Ai 
Fr 
AN 
Gp 
E> 
BS 


BERANEK, RUDMOSE 


percentage band-width analyzer in that the band width is equal 
to the lower cutoff frequency, but a separate listing is made be- 
‘sause Type 2 is usually continuously variable as a function of fre- 
quency, while oetave- or half-oetave-band analyzers are usually 
operated stepwise. 

Constant-frequeney band analyzers currently sold either have 
band widths of 5, 20, 
which 


50, and 200 cycles per see or band widths 
are continuously adjustable over that range. 
especially valuable if operated automatically in conjunetion 
with a logarithmie graphie-level reeorder to yield a recording of 


They are 


sound level in decibels versus frequency over a wide frequency 
range. <A record of this type using a 6-cycle-wide filter band is 
shown in the upper part of Fig. 3. An oetave-band 


of the same noise is given in the lower part. 


analysis 
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Anove Is SHown a Typicat 
AND AN Octave-BaNp-WiptH ANALYSIS OF 
AIRPLANE NOISE 


Several things are immediately apparent on inspection of the 
two records in Fig. 3. The constant-band-width, continuously 
variable analysis yields detailed information about the relative 
levels of the engine, propeller, and exhaust noises, and shows 
whether in some parts of the spectrum a few single tones are 
dominant or whether, as at the higher frequencies, 
tones of approximately equal intensity are present. 


a great many 

The octave 
analysis yields much less information, but has the advantage of 
permitting the averaging of fluctuations of level as a function of 
time. The fluctuations are particularly noticeable at the low 
frequencies and are often caused by “beats” between the pro- 
pellers. When narrow-band analyses are made with the graphic- 
level recorder, the records should be repeated several times 
to determine the magnitude of the fluctuations, particularly the 
fluctuations of the amplitudes of the prominent components of 
the noise. Further and important advantages of octave-band 
analyzers are that only 9 datum points are needed to specify the 
entire spectrum of the noise, and the lower frequency end of the 
spectrum is expanded with respect to the higher end. 

The constant-percentage, continuously variable type of noise 
analyzer (9) has the combined advantages of expanding the lower 
end of the frequency scale and of yielding a detailed analysis of 
the noise. For various reasons, which include the lack of cer- 
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tain features such as an associated graphic-level recorder and 
an associated set of suitable octave band-pass filters, this type of 
analyzer as commercially available has been used less in the 
measurement of aircraft noise than has the constant-band-width 
type. In time, however, it may find greater use because it 
bridges the gap between constant-band-width and octave-band- 
width types of filters, each of which has certain advantages. 

The over-all noise level is of little value in judging the effect of 
noise on human comfort and on ability to converse. In reference 
(2), it is shown that a more meaningful number is the “‘speech- 
interference level,” defined as the arithmetic average of the levels 
(in decibels) in the 600-1200, 1200-2400, and 2400-4800-cyele per 
see octave bands. However, whenever possible the complete spec- 
trum should be determined, because one number yields insufficient 
information to permit the calculation of the effect of the noise 
in interfering with conversation. When limited data only are 
possible, the “speech-interference level’’ and the over-all level 
should be measured. In all eases, the 
ment should be clearly and fully stated. 


method of measure- 
CompoNnENT UNITs oF SouND-LEVEL METERS 


A sound-level meter is made up of the principal components 
shown in Fig. 4. A few of the more significant features of each of 
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the components will be mentioned here. Other references cover 
in greater detail the performance of noise-measuring systems. 
Huber (10) discusses the performance of various meters especially 
from the standpoint of relative calibrations, temperature, aging, 
battery-voltage changes, cable length, and induced-voltage 
pickup, and the reader is referred to his article. Tweedale (11) 
discusses some of the limitations of sound-level meters obtainable 
in 1941. 

In general, a sound-level meter should be so designed that it 
measures sound-pressure levels in various frequency bands within 
an accuracy of +2 decibels over the greater part of the frequency 
range, independent of vibration, reduced atmospheric pressures 
and temperatures, and moderate fluctuations in supply voltages. 
In addition, the microphone and indicating or recording instru- 
ments should be stable. These requirements are reasonably 
severe and are supplementary to the other requirements on each 
of the components which follow. 

Microphone Response. The response of the microphone should 
be as uniform as a function of frequency as possible. Irregular- 
ities in the response curve will produce distortions in the shape of 
the filter characteristics which will result in errors of measure- 
ment in excess of those expected from the average shift of level 
in the band alone. The microphone should respond as nearly 
equally as possible to sound striking it from various angles of 
incidence. For measurement of noise in aircraft, a calibration 
of the microphone for random incidence sound should be used 
because the response of most microphones is not the same for all 
angles of incidence. Typical response curves with the sound 
propagated parallel to the plane of the diaphragm for W. E. 630-A 
and 633-A dynamic microphones are shown in Fig. 5. Response 
curves at two angles and at random incidence for a General Radio 
crystal microphone are shown in Fig. 6. To convert the re- 
sponse of any 630-A and 633-A dynamic microphone measured at 
parallel incidence to its response at, random incidence, the curves 
in Fig. 7 should be used. 
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The curves in Fig. 5 show that individual calibration of each 
microphone is necessary and that point-by-point addition of 
the microphone response to the electrical response of the rest of the 
system must be made. Such sharp changes in response as are 
seen for several of the microphones at the higher frequencies may 
seriously increase or decrease the width of a particular filter band 
if the change in shape occurs at a frequency nearly coincident 
with the cutoff frequency of a filter. The resulting change in 
width of a filter band must be corrected for, in using the data ob- 
tained. 

The microphones should have as stable response as a function 

of temperature as possible. Huber (12) shows the temperature 
characteristics of a group of dynamic microphones at frequen- 
cies below 700 cycles per sec. 
’ Filters. The filters should have as steep cutoffs and as much 
attenuation in the nonpass regions as possible. For the octave 
filters, the response of the equipment at a frequency equal to 50 
per cent of the lower cutoff frequency should be at least 30 
decibels less than the response at the mid-frequency of the band. 
The attenuation on either side of the pass bands should not be 
less than 45 decibels. Because most aircraft spectra slope down- 
ward with increasing frequency, the requirements on the steep- 
ness of cutoff on the high side of the pass band can be relaxed 
somewhat. Usually, the response of the equipment can be as 
little as 32 decibels less at a frequency 3 times that of the upper 
cutoff frequency than the response is at the mid-frequency of the 
band. 

For narrow-band filters, the attenuation on either side of the 
pass band must be very high, preferably of the order of 70 deci- 
bels. It is believed that the narrow-band analysis in Fig. 3 
approaches an ultimate level of about 65 decibels because of in- 
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adequate attenuation on the lower side of the cutoff frequency, 
with the result that, for high-frequency measurement, the energy 
passed by the filter comes from the fundamental tones of the 
propeller. The electrical response of one sound-level meter 
with and without the filters inserted directly following the micro- 
phone is shown in Fig. 8. The method of obtaining this response 
is described in the next section of the paper, and the circuit used 
is shown in Fig. 9. The curves show the output-meter reading in 
decibels for a constant voltage e maintained in series with the 
microphone. The upper curve is for the filters disconnected 
completely; the second curve is for the filter set in the circuit but 
set to the “over-all” position; and the lower curves are for the 
various filter positions. 

The filters should be so designed and located in the amplifying 
circuit that they introduce a minimum of spurious meter indica- 
tions. If the filters are placed between the microphone and the 
first stage of the amplifier, hum, contact noises, ete., may be 
introduced. Putting the filter after one or more stages of am- 
plification frequently results in incorrect readings because dis- 
tortion components, produced in the vacuum tubes by intense 
low-frequency components of noise, introduce spurious readings 
in the high-frequency bands where the noise levels are small. 
A suitable balance between these two difficulties must be achieved 
in the equipment design. 

Meters and Recorders. As was mentioned previously, the 
indicating meter or recorder should integrate the total energy 
supplied to it on an energy basis so that it will read root-mean- 
square sound pressure and can be calibrated using single frequen- 
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Fig. 8 ExvectricaL Response Curves TAKEN ON APPARATUS OF 
Type SHOWN IN Fic. 2 
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Fic. 9 Crrevit D1AGRAM FOR OBTAINING ELECTRICAL RESPONSE OF 
Norse Meters Usinc Insert-Reststror Metuop or Test 


cies. Not all commercially available instruments indicate rms 
voltage, either because the intention of the manufacturers was 
otherwise or because the design was not sufficiently perfected. 

The additive characteristics of various commercially available 
meters were determined in the authors’ laboratory by means of 
the following measurements: Using a multitone oscillator, 
having ten nonharmonically related components, the amplitude 
of each component being equal, the readings of the meters were 
determined as the signal was made more and more complex by 
adding components. Table 1 shows the deviation of the meter 
readings, expressed in decibels, from theoretical root-mean-square 
law. The plus sign indicates that the meter reading is greater 
than the reading of a square-law device. The discrepancies of 
absolute differences in calibrations of the meters were eliminated 
by correcting all readings in accordance with their deflection 
when a single sine wave was used to actuate the meters. The fre- 
quencies of the ten oscillators were anharmonically related, and 
the highest frequency used was 5100 cycles per sec. 

More extensive tests have been conducted using other types of 
complex signals, and it is expected that these will be reported at a 
later date by the Acoustical Society of America. It should be 
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pointed out that in the case of the RCA Type 302-B noise meter, 

this particular instrument was found to represent essentially the 
extreme departure of this model of instrument from square law. 
Cursory tests with other meters of the same type showed some- 
what less deviation from square-law response. 

The purpose of such data is to assist in the over-all calibration 
of a sound-level meter. If the indicating circuit is square law, 
then the sensitivity of the amplifier can be adjusted correctly, 
as described later, using pure tones. However, if the indicating 
meter has a response, say, similar to that of the Daven VU meter, 
the gain of the amplifier should be adjusted approximately 1 
decibel greater when using pure tones to calibrate than would 
be called for from the calibration of the microphone. Similarly, 
when using graphic recorders, these recorders should be cali- 
brated using a complex signal, or else calibrated in accordance 
with Table 1, or similar data if pure tones are used. 

Vibration Pickup. An important source of spurious readings 
is sensitivity of the amplifying circuits to vibration. The 
structural ard air-borne vibration in many airplanes can produce 
meter readings in excess of those produced by air-borne sound 
striking the microphone, unless care is taken to vibration-insulate 
the apparatus and to select equipment which is inherently quiet to 
begin with. 


CALIBRATION OF EQUIPMENT 


Complete calibration of the equipment including the micro- 
phone, amplifier, meter, and the recorder is lengthy and should 
be repeated once or twice yearly, depending on the kind of 
handling the equipment receives. A satisfactory description 
of the procedure for calibration of noise-measuring equipment has 
been incorporated in an Army-Navy Aeronautical Specification 
which the reader is advised to study (13). 

One type of calibration should be repeated before every series 
of measurements to insure accurate results, namely, the one 
which determines the corrections to be added to the meter read- 
ings. The procedure is as follows (see Fig. 9): A resistance R 
whose value is less than 1 per cent of the sum of the microphone 
impedance and the input impedance of the associated amplifier or 
filters should be inserted in the ground leg of the microphone 
circuit. 

An accurately known voltage e adjustable in magnitude should 
be produced across the resistance R by means of an oscillator and 
attenuator. This voltage will cause deflection of the meter V in 
the same manner as if the microphone were excited by sound. 
To perform the test, the microphone is placed in a quiet location. 
Using the appropriate calibration curve (see Figs. 5 and 7 or 6) 
for the microphone, set e equal to the value of the voltage indi- 
cated on the ordinate of the graph at the particular frequency at 


2 READINGS IN DECIBELS FROM THEORETICAL SQUARE- 


LAW VALUE OF COMPLEX SIGNAL COMPOSED OF ANHARMONICALLY RELATED PURE 


I 
NES OF EQUAL AMPLITUDE 


Number of tones 2 3 4 5 6 7 8 9 10 
RCA Type 302-A noise meter +0.3 +0.7 +0.5 +0.4 +0.4 0.0 0.0 —0.1 —0.2 
Hewlett-Packard 400A meter —1.1 —1.0 —1.0 —1.0 —1.1 —1.1 —1.1 —1.1 —1.1 
Hewlett-Packard 401 peak meter 2.9 +4.8 +5.9 +6.1 +6.2 +6.5 +6.4 +6.8 +7.1 
General Radio 726-A peak meter 2.2 +40 +5.4 +6.2 +69 +7.3 +7.4 +7.8 +4+7.6 
Ballantine 300 meter —1.0 —0.7 —0.6 —0.8 —0.8 —0.8 —0.9 —0.9 —1.0 
Daven VU meter —1.0 —1.0 —0.9 —1.1 —1.0 —1.1 —1.2 —1.2 —1.3 
General Radio 727-A peak meter +1.8 +3.5 44.9 +5.7 +59 46.4 466 +68 47.1 
Daven D-180 output meter —1.5 —1.8 —1.8 —2.0 —1.9 —2.1 —2.1 —2.0 —2.0 
General Radio 483-A output meter —0.8 —0O.8 —1.3 —1.3 —1.4 —1.4 —1.5 —1.5 —1.5 
Sensitive Research thermocouple 
meter —0.1 0.0 0.0 +0.2 +0.1 +0.1 +01 40.1 +0.1 
Barber Lab VM-27 peak meter +2.7 +4.2 +5.8 +6.5 +7.3 +7.4 7.7 +8.0 +8.1 
General Radio 759B sound-level 
meter —0.7 —0.7 —0.5 —0.6 —0.7 —07 —06 —0.5 
ERP1 RA-277-F sound analyzer —0.2 —0.3 —0.2 —0.3 —0.3 —0.3 —0.3 —02 —0.3 
General Radio 783-A power out- 
put meter —1.3 —1.2 —1.1 —1.1 —1.1 —1.2 —1.2 —1.3 —1.4 
Sound Apparatus FR recorder +2 ae +3 +3 
ERP1 RA-246 recorder —2 —2 
RCA Type 302-B noise meter® +1.6 +2.3 +2.7 2.7 +2.8 +2.9 +3.0 +3.0 +3.0 


@ See text. 
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which the oscillator is set. The meter V should read 74 decibels. 
If V does not equal 74 decibels at all frequencies, a correction 
curve should be prepared and applied to all readings taken with 
the apparatus. 

This type of test, known as the insert-resistor test, determines 
the accuracy of calibration of the electrical and indicating circuit. 
If the calibration of the microphone is accurately known, the 
correction of the calibration of the over-all system can be deter- 
mined as accurately as the voltage e is known. By holding the 
insert voltage e constant, the electrical response of the system may 
be determined as a function of frequency (see Fig. 8). 


TECHNIQUES OF TAKING DaTa IN FLIGHT 


Time in flight is always at a premium. Asa result, the appara- 
tus used must be dependable and accurately calibrated. The 
equipment should be well insulated vibrationally to prevent the 
production of spurious readings. If possible, an automatic 
equipment (14) (see Figs. 1 and 2) should be utilized which, after 
being started, runs through a complete analysis and records the 
levels on a tape. This makes it possible for the operator to carry 
the microphone himself and make analyses at any position deemed 
desirable. Often, positions of interest are discovered during 
flight and automatic operation of equipment adapts itself readily 
to permit changes in measurement plans prepared before the 
flight. 

A complete schedule of measurements, including instructions 
to the flight crew, should be made out in advance of the flight. 
The schedule should include the following: 


(a) Continuous-Frequency Narrow-Band Analyses. At one 
position in each compartment for three flight conditions, namely, 
economical, normal, and maximum cruising speeds. This type of 
measurement determines the sources of the noise, and is useful in 
identifying propeller, exhaust, engine unbalance, and aerody- 
namic components. Ordinarily, such analyses should be per- 
formed only on each new design of plane. Each record should be 
rerun at least three times to more nearly determine the average of 
fluctuations of the principal components of noise than would be 
obtained for a single run. 
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(b) Octave-Band Analyses for a Constant Flight Condition. To 
determine the variation of sound levels with position in the plane. 
Typical contours of sound levels versus position are shown for 
one airplane in Fig. 10. The presence of standing waves on the 
flight deck of this plane can clearly be seen. The sound levels 
are higher near windows than near treated sections of the cabin 
walls. In the highest octave band the levels are greatest in the 
vicinity of the two sliding windows on either side of the pilots. 
The lack of proper gaskets caused wind-leak noise at the cracks. 
This type of analysis is useful in finding localized sources of noise, 
weak acoustical structures, and in determining conformance of 
the noise levels with specifications. 

(c) Octave-Band Analyses at One Position for Various Flight 
Conditions. This type of analysis yields fundamental data for 
the construction of charts such as that shown in Fig. 11. These 
data, when compared with data taken on other planes, (1) indicate 
the presence of unusual noise conditions such as might be con- 
tributed by a radically different propeller shape, or a new type of 
exhaust muffler, etc. 


CONCLUSION 


It is realized that it may not always be possible to obtain ex- 
tensive data of the three types just described, but a complete 
understanding of the noise problem is impossible without it. If 
only limited data can be obtained, emphasis should be placed 
on measuring the over-all level and the levels in the 600-1200, 
1200-2400, and 2400-4800-cycle per sec bands. 

For all measurements, at least the following data should be re- 
corded: Position and temperature of the microphone, manifold 
pressure, engine rpm, horsepower delivered to each propeller (if 
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known), indicated air speed, altitude, engine-propeller gear ratio, 
minimum propeller tip separation from the fuselage, propeller 
diameter, number of propeller blades, type of propeller, type of 
engine and exhausts, kind, weight, and distribution of absorbing 
material, type of plating, noise conditions in adjacent compart- 
ments, number of persons in the compartment, position and kind 
of all secondary sources of noise such as rattles, whistles, dyna- 
mos, ventilator outlets, ete. From these statistics, and the 
sound-level data themselves, the question of how to use acoustical 
materials to quiet the compartment under consideration can be 
intelligently considered(1). 
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A procedure for determining the effect of aircraft noise 
on the ability of passengers to converse during flight is pre- 
sented. Account is taken of the distance apart of the 
talker and listener, of the voice intensity (i.e., loud talk- 
ing, shouting, etc.), and of the character of the noise in 
the cabin. Experimental data are given to confirm the 
validity of the method. A ‘“‘speech-interference level” 
is defined as the arithmetic average of the levels in the 
three octave bands between 600 and 4800 cycles per sec. 
Maximum values of speech-interference levels for which 
satisfactory speech intelligibility is obtained are given. 


INTRODUCTION 


Airplane Quieting II—Specification of 
Acceptable Noise Levels 


By L. L. BERANEK,? CAMBRIDGE, MASS. 


2 Less subjective annoyance or feeling of fatigue. 


3 Considerably less temporary auditory impairment (tem- 
porary loss of hearing in the higher frequency ranges and ringing 
in the ears). 


It is beyond the scope of this paper to discuss the latter two 
points and furthermore, the problem of the effect of vibration on 
the human is not treated here. The studies of Stevens, et al. 
indicate that if an airplane is sufficiently quiet to permit con- 
versation at reasonable voice levels by persons seated within a few 
feet of each other, little subjective annoyance or impairment of 
hearing will result. It seems obvious that the passengers’ com- 


N a companion paper, (1)° 
a review was given of 
equipment and procedures 
for measuring sound levels in 
aircraft. The purpose of the 
present paper is to interpret 
the data obtained by the tech- 
niques herein and 
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sound levels in 
aircraft. 

Several extensive studies 
have been undertaken to de- 
termine the effect of aircraft 
noise on pilot efficiency and 
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passenger comfort (2, 3). The 
conclusions, as summarized by 
Stevens et al., are, “ 
plane noise, apart from the ee AVERAGE CURVE 


RMS. SOUND PRESSURE LEVELS DEVELOPED ONE 
METER IN FRONT OF TALKERS IN ANECHOIC CHAMBER 


SEVEN TALKERS AT SEA LEVEL 


other stresses to which an ~ 


= 


2 
aviator is subjected, has at 100 

worst only a slightly detri- 
mental effect upon functions 
involving motor co-ordination, 
reaction time, sensory percep- 
tions, and certain mental functions—even after exposures last- 
ing seven hours.” Their data do show, however, that three ad- 


vantages are to be gained by the use of acoustical treatment, as 
follows: 


Fic. 1 


1 Greater ease of conversation, both person-to-person and 
through communication systems. 


! This research, begun under the auspices of the Office of Scientific 
Research and Development, is continuing under contract with the 
U.S. Navy, Office of Research and Inventions. 

?Cruft Laboratory, Harvard University; now at Massachusetts 
Institute of Technology, Cambridge, Mass. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Aviation Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 17-20, 1946, of Tue AMERICAN 
Soctery or MECHANICAL ENGINEERS. 


Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


FREQUENCY IN CYCLES PER SECOND 


SPECTRUM OF SPEECH AS MEASURED ON SEVEN Typicat Mae SusJects 


(Curves are plotted as root-mean-square sound-pressure level in l-cycle-wide bands, expressed in decibels versus fre- 
quency in cycles per second. 


They are for loud talking, measured at distance of about 3 ft.) 


partment of an airplane should be designed to be quiet enough to 
permit conversation between near-by passengers at reasonable 
voice levels. If that condition is met, it appears from these 
earlier studies that- consideration of fatigue, annoyance, hearing 
impairment, etc., is obviated. 

In the remainder of this paper, a quantitative method for 
determining necessary sound levels and spectra to permit con- 
versation under the conditions just described is given. The 
method is the outgrowth of extensive researches of the Bell Tele- 
phone Laboratories (4) before World War II and the Electro- 


Acoustic and Psycho-Acoustic Laboratories of Harvard Uni- 
versity during the war (5). 


Factors GovERNING SPEECH INTELLIGIBILITY 


Speech is a succession of sounds which vary in composition 


and intensity. The average distribution of energy in speech as a 
function of frequency for seven male voices was measured in this 
laboratory (6), and the results are shown in Fig. 1. 


It is seen 
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that the strongest voice lies about 20 decibels above the weakest. 
An average curve has been drawn and will, in smoothed form, be 
used in the remainder of this paper. The average total root- 
mean-square speech level is seen to be 68 decibels. Because the 
ability of a listener to hear speech is not dependent upon the 
pauses between words, one decibel must be added to the average 
curve of Fig. 1 to remove the effect of the pauses. 

French and Steinberg (4) divided the audiofrequency spectrum 
into twenty bands of equal importance in producing intelligible 


speech. These bands are as given in Table 1. 
TABLE 1 FREQUENCY BANDS OF EQUAL CON gt TION TO 
ARTICULATION INDEX IN CYCLES PER SEC 
No. Limits Mean No. Limits Mean 
1 200- 330 270 ll 1660-1830 1740 
2 330— 430 380 12 1830-2020 1920 
3 430- 560 490 13 y 2130 
4 560-— 700 630 14 2370 
5 700— 840 770 15 y 2 2660 
6 840-1000 920 16 2820-3 200 3000 
7 1000-1150 1070 17 3200-3650 3400 
8 1150-1310 1230 18 3650-4250 3950 
9 1310-1480 1400 19 4250-5050 4650 
10 1480-1660 1570 2 5050-6100 5600 


In an earlier paper (5) it was shown, from data published by 
Dunn and White (7), that the total variation in level of sueces- 
sive syllables of speech in each of these bands is 30 decibels, and 
that the levels of the peaks of speech lie about 12 decibels above 
the average level; and the levels of the minimums of speech lie 
about 18 decibels below the average. 

The information of the previous two paragraphs is shown in 
combined form in Fig. 2. The abscissa of the graph is so drawn 
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MEAN FREQUENCIES OF BANDS OF EQUAL 
CONTRIBUTION TO ARTICULATION INDEX 


SOUND PRESSURE LEVEL IN DB PER CYCLE 


Fic. 2 Tora. AREA oF SPEECH Sounps Wuicu Must Be HEARD BY 
A LISTENER IF PERFECT SPEECH INTELLIGIBILITY IS TO BE OBTAINED 


(Percentage of this area which is not cov ered over by spectrum level of 
noise is called “‘articulation index.’’ Shaded area . located properly for 
loud talking at distance of 3 ft. 


that each of the twenty bands of equal contribution to the in- 
telligibility of speech is given equal width. The numbers along 
the abscissa are the mean frequencies of each of the bands. The 
shaded region shows the complete area of speech which the 
listener must hear if he is to understand 100 per cent of the sounds 
of speech. The curve of average level of speech was taken from 
Fig. 1, as just described. 

Noise acts as a mask to cover up part of the speech area. In 
Fig. 3 the noise produced in a DC-3B airplane in a front seat of 
the passenger compartment is shown plotted in terms of its 
spectrum level. ‘“‘Spectrum level’’ is defined as the sound level 
as a function of frequency in decibels which would be measured 
by a sound analyzer having a band width of 1 cycle. The area 
in Fig. 3, beneath the curve, is blackened to indicate that any 
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CRUISING, FRONT SEAT 
(Curve is plotted as sound-pressure level of noise in 1-cycle-wide bands, 
expressed in decibels versus frequency in cycles per second.) 


Fig. 3 


speech sounds falling below the spectrum level of the noise are 
not heard by the listener. Ordinarily, noise levels in aircraft 
are measured by means of analyzers with filters having a band 
width equal to an octave. To convert to spectrum level from 
octave-band level Table 2 is used. This table was derived 
from the following formula: 

Octave level minus spectrum level = 10 logy 
width). 
ing Ato Bor C to D, in Fig. 6. 


(octave band 
Examples of such conversions can be seen by compar- 


TABLE 2 CONVERSION OF OCTAVE LEVELS TO SPECTRUM 
LEVELS 
Number of decibels 
to be subtracted Plot at frequency, in 
from octave-band levels eycles per sec, below 


Octave band, 
cycles per sec 


37 75 16 52 
75- 150 19 110 
150- 300 22 210 
300— 600 25 420 
600-1200 28 850 
1200-2400 31 1700 
2400-4800 34 3400 
4800-9600 37 6800 


PROCEDURE FOR CALCULATING Errect oF NOISE ON SPEECH 
INTELLIGIBILITY 
To compute the effect of noise on speech intelligibility, the 
following procedure is used (5): 


1 Determine the spectrum levels of the noise from the octave 
levels using Table 2. Such a plot is shown in Fig. 3 for a DC-3B 
as measured at a fouw seat in the passenger compartment. 

2 Ona sheet of graph paper with a distorted frequency scale, 
such as that shown in Fig. 2, plot the data in Fig. 3. This curve 
will be called the “spectrum level of the noise” and must be meas- 
ured at the center of the listener’s head position before he comes 
to that position. 

3 To determine the level of the talker’s voice at the listen- 
er’s head position use is made of a chart shown in Fig. 4 and of the 
shaded region in Fig. 2. The shaded region in Fig. 2 was drawn 
for an average male voice engaged in loud talking (raised voice) 
with his lips at a distance of 3 ft from the ears of a listener. If 
the talker is located at other distances, or if he is speaking softly, 
very loudly, or shouting, the shaded region in Fig. 2 must be 
shifted downward or upward according to the contours in Fig. 4 
For example, if the talker is speaking very loudly at a distance 

of 12 in. from a listener, the shaded region in Fig. 2 should be 
shifted upward by 16 decibels. When the amount of the shift 
upward or downward is determined, the shaded speech region is 
plotted on the same graph as the spectrum noise level just deter- 
mined. 
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Expression “normal talking’ applies to the way a person would talk nor- 
means talking in a raised voice.) 


mally in a quiet_room 


4 The of the 
shaded area just plotted which 
is not covered up by the mask- 
ing noise is called the ‘‘articu- 
lation index.” If the articu- 
lation index is greater than 60 
per cent, the listener will be 
able to understand speech with 
If the articulation index 
is less than 30 per cent, the 
listener will have considerable 
difficulty in understanding 
speech. In this paper we shall 
draw the line between nonac- 


percentage 


euse. 


ceptable and acceptable spec- 
trum levels of noise at that 
spectrum level which leaves 
uncovered 40 per cent of the 
total articulation index. This 
level will permit fairly satisfac- 
tory conversation by most pas- 
sengers. 


To check the validity of this 
method for determining speech 
intelligibility in the presence 
of noise, a group of listeners 
were seated in a semicircle 8 ft 
from a talker in the presence 
of simulated airplane noise (2). 
The number of spoken words 
correctly understood by the 
listeners, known as the “per 
cent articulation,’ was deter- 
mined as the level of the noise 
was varied over a wide range. 
The results are shown for two 
types of noise in Fig. 5, and 
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the octave and spectrum levels of the noises used during the 
tests are shown in Fig. 6. The computed per cent articulation 
scores were determined by the method just outlined, using a rela- 
tion between articulation index and per cent word articulation 
presented in an earlier paper (5). The small deviation of the 
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measured points from the calculated curves was due to acoustic 
reverberation in the room in which the tests were made whereas 
the theory assumes a room free from reverberation. 


SPECIFICATION OF ACCEPTABLE NOISE LEVELS 


In the specification of noise levels in aircraft, the consumer 
should decide in effect, what talking level his passengers can be 
asked to maintain for the distance apart that they are seated. 
Then using Fig. 4, locate the shaded region in Fig. 2 correctly. 
The spectrum level of the noise at the listener's head position 
should be specified to be low enough so that it does not block out 
over 60 per cent of the total speech area. 

As an example, determine whether the noise levels in a front 
seat of a DC-3B are sufficiently low to permit satisfactory con- 
versation between two people seated 1 ft, apart, facing each 
other, and talking in a loud tone of voice. From Fig. 4 the 
shaded area in Fig. 2 should be shifted upward by 10 decibels. 
The spectrum level of the noise is added from Fig. 3. The re- 
sulting plot is shown in Fig. 7. The percentage articulation index 
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(Articulation index for this case is 44 per cent.) 


is about 44 per cent which means that satisfactory conversation 
is possible. It must be remembered that this assumes an aver- 
age voice. Loud voices will be able to talk over greater dis- 
tances, while weak ones will have difficulty at this distance. 
Often it is more convenient to specify acceptable sound levels 
by a single number rather than by the total spectrum. A fairly 
satisfactory way in which to specify the noise in an airplane in 
terms of its effect on speech intelligibility has been found to be 
the specification of the simple average of the octave-band levels 
(in decibels) in the three octave bands lying between 600 and 
4800 cycles per sec. A number obtained this way is called the 


“speech-interference level in decibels.”’ For the noises shown in 
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lig. 6 the speech-interference levels are 14 decibels different. 
This number is fairly close to the horizontal distance apart of the 
two articulation curves in Fig. 5, which fact may be interpreted 
as a validation of the use of the concept of speech-interference 
level as defined. 


CONCLUSION 


In summary, approximate values of speech-interference levels 
which will permit ready conversation between two persons 
with average voices at various distances apart and for three voice 
levels are given in Table 3. It is assumed that the noise spectrum 
has approximately the same shape as the speech spectrum and 
that not over 60 per cent of the speech region can be covered up 
by the spectrum of the masking noise. 


TABLE 3 MAXIMUM VALUES OF SPEECH-INTERFERENCE 
LEVELS OF NOISE FOR WHICH SATISFACTORY SPEECH IN- 
TELLIGIBILITY WILL BE OBTAINED FOR AVERAGE VOICES AND 


HEARING 


Voice level ———— 


Distance, in. Loud Extra Loud Shouting 

6 77 83 89 
12 71 77 88 
24 65 71 77 
36 61 67 73 
48 71 
60 57 69 
72 55 61 7 
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Terminal Velocity as 


Although the behavior of fine dusts in air or any other 
fluid and the ease with which they can be separated from 
an air stream, is often expressed in terms of particle diame- 
ters in microns, this relationship is based on Stokes’s 
law which assumes that the particles are spherical and of 
uniform density. Since most industrial dusts are a mix- 
ture of particles of irregular shapes and varying densities, 
this paper will show the importance of considering the 
effect of all particle characteristics, size, shape, and den- 
sity, upon its behavior in a fluid. It will also show that 
the terminal velocity of a dust particle is a measurement 
of the combined effect of all three particle characteristics 
as they affect its behavior. 


HE problems which necessitate the determination or 

measurement of dust-particle characteristics have increased 

manyfold in the last few years. Although dust collectors 
have been used for many years for nuisance elimination, the 
interests of the industrial hygienists and the public in general in 
this problem have greatly increased. Most states and munici- 
palities have codes regulating dust control and atmospheric pollu- 
tion. During the war, enforcement of these codes lagged because 
of shortages of equipment and manpower, but with the reorganiz- 
ing of the enforcement agencies many codes are being revised. 
The present interest in this problem is well illustrated by the 
work of the Model Smoke Law Committee of the Fuels Division 
under the chairmanship of J. F. Barkley (1).? 

The war has taught us a lesson in the value of salvaged ma- 
terials. Many of these can be salvaged only in the form of dust 
or powders. New methods used by the process industries, such 
as the preparation of powders by spray-drying, powder metal- 
lurgy, and the use of powdered catalysts by the petroleum and 
chemical industries, have all added to the need for a more general 
knowledge of particle characteristics. 

In all of these fields the material is handled in some fluid 
medium and the physical properties of the particles which affect 
their behavior in a fluid are size, shape, and weight. Although 
it has been a common practice to express the behavior or motion 
of particles in terms of their size or diameter, the effect of weight 
or density is quite evident. In these days of streamlining, the 
fact that shape influences the movement of any object in a-fluid is 
appreciated by everyone. 

Much has been written in the last few years regarding the many 
methods of measuring the physical characteristics of fine particles, 
and the results which can be obtained with their use (2, 3, 4, 5). 
It is not necessary, therefore, in this paper to discuss these various 
methods other than to enumerate them and point out those that 
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the Measure ot Dust- 


best measure the particle characteristics in which we as mechani- 
cal engineers are interested. 


oF PARTICLE-S1zE ANALYSIS 


Undoubtedly, the simplest and best known method of size 
analysis is by screening with standard sieves. The finest standard 
sieve, however, has 400 meshes per in., but many of the materials 
with which we deal consist principally of particles which will 
pass through this sieve. For example, 60 to 90 per cent: of a 
typical pulverized-fuel fly-ash sample passes a 400-mesh sieve. 
Moreover, it is generally these finer particles which have the 
most effect on any engineering calculations. 

The measurement of particle size by means of a microscopic 
examination constitutes one of the simplest methods for measur- 
ing subsieve-sized particles, but even under ideal conditions it is 
time-consuming and laborious when used for quantitative analysis. 
In many cases the difficulties involved in dispersing a truly typical 
sample within the small field which can be studied, and then 
determining the average linear dimension of irregular-shaped 
particles, make this method impractical for obtaining results of 
value for the applications in which we are interested. 

Both of the methods mentioned are a measure of only particle 
size. The size of dust particles, particularly those in the sub- 
sieve range which are measured by the microscopic method, is of 
considerable importance in determining their effect upon our 
health; thus the results obtained by this method of analysis 
are of great value in the field of industrial hygiene (5). However, 
the control of these dust particles, which is the job of the engineer, 
depends upon their behavior in air or some other fluid. There- 
fore it is important that we use a method which measures the 
effect of all three characteristics, namely, size, shape, and weight. 

Some of the more recently developed methods which are used 
for determining average particle size are dependent upon the 
surface area of the particles. Those which fall in this category 
are the photoelectric or turbidimetrie methods (6, 7, 8), the 
permeability method (9, 10), and the adsorption methods (11, 
12). The results obtained, although of value to the chemical 
engineer, do not measure the characteristics in which we are pri- 
marily interested. 

Fortunately, two of the methods used most frequently for 
analyzing dusts and granular materials depend upon their aero- 
dynamic characteristics, namely, the sedimentation and elutria- 
tion methods, each of which involves the determination of the 
terminal velocities ef the particles, that is, they measure the 
combined effect of all three of their physical properties upon their 
behavior in a fluid. 


MerasurineG “Terminat Vevociry” PARTICLES 


The terminal vélocity of a>particle is the ultimate velocity 
which it will obtain when falling through a given quiescent fluid. 
That is, it is the velocity at which the resistance of the fluid to the 
motion of the particle equals the gravitational force on it so that 
an equilibrium of forces is established, acceleration ceases, and the 
velocity becomes constant. The fine particles under considera- 
tion reach this velocity almost immediately after they start to 
fall. aunts the upward speed of a fluid column, which will 
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just sustain a particle so that it will neither rise nor fall, is equal 
to the terminal velocity which the particle would attain in free 
fall under gravitation in the same fluid. Since dusts are most 
frequently handled in air, the terminal velocity is generally ex- 
pressed in terms of the particle velocity in standard air at 70 F 
and atmospheric pressure of 14.7 psi. It can, however, be meas- 
ured in any suitable fluid and then calculated for standard air by 
correcting for the differences in density and viscosity. 

In the sedimentation methods the terminal velocity or rate of 
fall is measured in a quiescent fluid. In most cases the analysis 
is made by determining the percentage by weight of the sample 
which falls through a certain distance in various time intervals. 
The fluid used is generally a liquid, since in gases the fall of the 
larger particles is too rapid to measure and the fine particles tend 
to floeculate. There are several different types of apparatus 
which have been developed for making sedimentation analysis 
and the various techniques involved are well covered in the 
literature on this subject. Some of those most commonly used 
are the Palo-Travis particle-size apparatus (13), the Oden sedi- 
mentation balance (14), the Andreasen pipette method (15), the 
hydrometer methods (16, 17, 18), pressure methods (19, 20), 
and the decantation method (21). 


ELUTRIATION MrEtTHODS OF MBRASUREMENT 


Elutriation methods are the reverse of sedimentation but are 
based on the same laws and thus measure the same particle 
characteristics. In this case, the analysis is made by carrying 
upward in a fluid stream those particles which have a terminal 
velocity less than the upward velocity of the fluid. Elutriation 
has a definite advantage for many applications since the various 
fractions are collected separately in a form suitable for further 
study. Air and water are the fluids most commonly used since 
large volumes of the carrying medium are required. Although 
elutriation is the most suitable method for measuring the terminal 
velocities directly in air, it is more time-consuming than some of 
the sedimentation methods. 

Elutriation apparatus is of two general types: series, in which 
the fluid is passed at a constant rate through a series of verti- 
cal chambers of increasing diameter; and single, in which a 
single chamber is used to obtain a single fractionation which is 
recovered from the overflow. The Haultain ‘‘Infrasizer’’ (22) is 
typical of the series type of air elutriator, while the Roller analyzer 
(23) is the most widely used of the single types which use air as 
the medium. Dalla Valle (24) has designed a single-chamber 
air elutriator which uses a cyclonic action for dispersion. Liquid 
elutriators are not as commonly used but the one designed by 
Andrews (25) is typical of the series type. 

It is common practice at the present time to express the results 
of analyses, made by the sedimentation or elutriation methods, in 
terms of particle diameter in microns, instead of terminal velocity. 
(A micron is one thousandth of a millimeter, or approximately 
one twenty-five thousandth of an inch.) The transition from 
terminal velocity to particle size is, in most cases, based on 
Stokes’s law and evaluates the terminal velocity of fine particles 
by the following equation 


1] 


a 
where V,, = terminal velocity of the particle® 
d = diameter of particle 
p = density of particle 
p) = density of fluid medium 
u = viscosity of fluid medium 
g = acceleration due to gravity 


3 The symbols used are those of Dalla Valle (3). 
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a, = constant, depending upon shape of particle and is 
such that a,d* measures volume of particle 
constant which varies with particle shape and is 3x 


K 

for spheres 

When calculating the particle diameters corresponding to 
various terminal velocities, it is necessary to assume that all the 
particles are spheres and of a uniform density, in which case 
the equation for the particle diameter in microns when using cgs 
units is as follows 


X 10° 
g(p — py) 


It is unfortunate that this practice is so generally used, since in 
most cases the assumptions made are not correct. Very few dusts 
are spherical in shape and most industrial dusts are a heterogene- 
ous mixture of materials of different specific gravities. 

A chart giving the relationship between particle size and 
terminal velocity for solid spherical particles of various specific 
gravities is shown in Fig. 1. “Inches per minute’”’ has been chosen 
as the unit for expressing terminal velocity since engineers are 
most familiar with the English units for velocity. Also, in this 
unit the terminal velocities for particles, in the range in which we 
are interested, are Whole numbers from 1 to 350. 


GRAPHICAL REPRESENTATION OF Dust ANALYSIS 


It is often desirable to represent the analysis of a dust sample 
graphically for purposes of interpretation or interpolation between 
the points at which fractionations are made. Although there ar 
several forms which can be used for such a graphical represent a- 
tion, the one most frequently used for particle-size distribution is 
a cumulative plot on log-probability scales since this approxi- 
mates a straight line for most dusts (26). It has been noted by 
most authorities, however, that when this form is used for direct 
particle-size analysis, there is generally a deviation from the 
straight line at both extremes (27). The results from a larg: 
number of analyses made of various types of dusts with th 
Roller air elutriator show very little deviation from straight lines 
within the range of from 5 to 300 ipm, when terminal velocity is 
plotted against cumulative per cent by weight on the log-proba- 
bility form. Fig. 2 shows such plots for four typical dusts. A 
tabulation of the analyses of these samples, expressed in terms 0! 
terminal velocity, is given in Table 1. 

The group of photomicrographs in Fig. 3 illustrates the inac- 
curacy of expressing terminal velocity in terms of particle si « 
without regard to particle shape or density. All the samy ies 
photographed are fractionations of various materials taken a’ 
terminal velocities between 79 and 81 ipm. Photomicrogrs pli 
A, B, and C are all of materials which have approximately th 
same specific gravities and show the effect of particle shape 
Sample A is particularly illustrative of this since it contains bot! 
flat mica particles and the more regular rock particles. Note tl 
difference in size between the two in spite of the fact that tl 
specific gravity of the two materials is very similar. The ef 
of specific gravity is shown by a comparison of samples D ai: I 
Sample F is pulverized-fuel fly ash which is a good examp!'. of § 


heterogeneous dust. fic. 


Few natural or industrial dusts are strictly homogene« us | 
regard to particle shape and density. 
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dusts which are composed of several different materials of | vide! i 
varying densities and particle shapes. Table 2 lists the chemiciym ber 
components which are most frequently found in fly ash an] givéfity of, 


their specific gravities. The variations in density and shape | 
the carbon particles alone are considerable, since they may be! 
the form of unburned coal, porous coke, or soot. In addition, 
microscopic examination of pulverized-fuel fly ash reveals 4 lar 
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which analysis in terms of terminal velocity gives the most useful 
and applicable data. 


field of fuel handling and burning. 


The methods used for measuring the dustiness of coals, in the 
study of the effects of various treatments, are based upon the 


It will be of interest, however, to examine 
the application of this concept to a few typical examples from the 
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For example, many smoke-abatement codes limit the amount 
of fly ash which rests on a 325-mesh screen in order to control the 
amount of material that will fall within a limited distance from 
the stack. The fallacy of basing this on a screen analysis can be 
illustrated by a comparison of screen and terminal-velocity analy- 
ses of fly-ash samples. It is often customary to make an elu- 
triation or sedimentation analysis only on that portion of the 
sample which passes a 325- or 400-mesh screen. A _ spherical 
particle 44 microns in diam will just rest on a 325-mesh screen 
and the average specific gravity of typical pulverized-fuel fly ash 
is approximately 2. From Stokes’s law, Equation [2], the termi- 
nal velocity of such a particle would be 270 ipm. Elutriations of 
fly ash which remain on a 325-mesh screen, however, often show 
that more than one half of this material consists of particles 
which have lower terminal velocities. This is due to the light- 
weight and porous nature of many of the particles within this 
range. Similarly, elutriations show that some of the particles 
which pass this screen have terminal velocities higher than this 
calculated value. Because of this, it is advisable to make an elu- 
triation of the unscreened sample. Care must be taken when 
this procedure is followed, however, to use the lowest jet velocities 
which will produce deflocculation due to the friability of some of 
the coarser particles. 


oc 


AcTION OF CENTRIFUGAL COLLECTORS 
Ficg.4 OF TYPICAL SAMPLE OF PULVERIZED-FUEL 
Fiy AsH 


In all types of centrifugal fly-ash or dust collectors, it is again 
the terminal velocity rather than the size of the particle. which 
determines its separation efficiency. A comparison of the equa- 
tion for terminal velocity, Equation [1], with that for centrifugal 
settling velocity will confirm this. Centrifugal settling velocity 
is the outward or radial velocity of a dust particle in a centrifugal 
collector which causes its separation from the fluid medium. 
The equation for this is as follows 


(Large squares, 100 microns; small squares, 20 microns.) 


terminal velocities of the particles in still air. An example of 
this is the method described by Sherman and Pilcher (28). 

Proper and economical ventilation of coal-handling equipment 
depends upon the use of correct air velocities at the hoods and 
vents with respect to the particle velocities. The air which pro- 
vides the ventilation must be cleaned of its dust load and, re- ta a, a? 
gardless of the type of equipment used, the terminal velocities of ~~ 
the particles are of prime importance in determining the degree of 


= separation desired and obtainable. Tests reported by Mumford, V trifueal settli loci 
= = centrifugal settling velocity 
Markson, and Ravese (29) on cloth filters used in such systems, i 8 si & bn 
V, = tangential velocity of particle 
revealed the importance of considering the terminal velocity of ‘ é : 
R = radius of circular path of particle 
3 the fine particles in designing the residual-pressure-release mecha- 


nisms used during the shaking cycle. The relation between Substituting terminal velocity, V,,, for the terms which define 
terminal velocity and the separation efficiency of centrifugal it, Equation [1], this becomes 
collectors will be explained in detail later. 

The air velocities handled in the pulverizers, in the primary- | Py ee pee [4] 
air and coal pipes, in the centrifugal classifiers and separators, 
yes, and even the fuel distribution from the burner nozzles, are 
dependent upon the terminal velocities of the fuel particles. 


(Large squares, 


specific aravity 


As gis a constant and V, and R are both functions of the collector 
design and size, then, for a given dust collector, the centrifugal 
settling velocity is directly proportional to the terminal velocity 
of the particle. 


aa 


After the coal has been burned, there are still the problems of 
fly-ash elimination and ash disposal which involve the handling of 
fine particles. In any study of the fly-ash problem and its solu- . J 
tion, a knowledge of the particle characteristics, as measured by Dust-CotLection Errictency 
their terminal velocities, is of special value. It has been customary to show curves of collection efficiency 

Croft (30) has contributed valuable data concerning the travel in terms of particle size in microns and many specifications ex- 
of fly-ash particles from stacks at various wind velocities, based press efficiency in these terms. It is evident from the foregoing 
upon calculated values of particle terminal velocities. Several that if consideration is given to size,-weight, and shape of the 
tables and charts have been published since, expressing fly-ash particles, the only accurate relationship is between efficiency and 
travel in respect to particle size. If the sizes are the equivalent terminal velocity. 
particle size as determined by one of the analysis methods de- 


revit» 


per cent mica, 


dust, 


A typical collection efficiency curve for a 
particular centrifugal-type dust collector based upon this relation- 
pendent upon the terminal velocities of the particles, such data are ship is shown in Fig. 5. Since the effect of differences in design 
valid and useful. Too many times, however, these charts are can be determined by test and the effect of size is a well-es- 
used with analyses made by methods, such as screening or micro- _ tablished function of the mean radius of the particle path, similar 
scopic examination, which depend upon the particle size alone. curves can be plotted for any design or size of collector. 

Due to the dissimilarities which exist in the shape and density of Collection efficiencies for a large variety of dusts, calculated by 
equal-sized particles, such procedure results in considerable in- using the terminal-velocity analyses and efficiency curves such 
accuracy. as these, have in practically every case checked, within +1!/; 
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percentage points, the efficiencies obtained in actual field and 
laboratory tests. These differences are within the limits of 
test accuracy. 

CONCLUSIONS 


The analysis methods, which measure the physical characteris- 
tics of fine particles in terms of their terminal velocities, result in 
the most useful data for the majority of engineering problems in- 
volving dusts or powders. 

Expressing such analyses directly in terms of terminal velocity 
is more accurate than expressing them in terms of particle size 
since the effect of shape and density are the other properties which 
are measured, and these also affect the behavior of the particles in 
any fluid medium. 

The efficiency of centrifugal dust collectors is directly propor- 
tional to the terminal velocities of the particles to be collected 
but does not bear a direct relationship to particle size when shape 
and density are neglected. 

The logical unit of measurement to express terminal velocity 
is “inches per minute,” since most engineers are accustomed to 
thinking of velocities in terms of English units; and further- 
more, this unit results in convenient whole-number values of from 
1 to approximately 350 in the range most commonly considered. 

This unit of measure should be standardized and the analysis 
of fine dusts should be expressed in terms of terminal velocity in 
order to provide the engineer with data in their most useful form. 
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Discussion 


L. W. Briges.4 As the author points out, the so-called particle 
sizes are merely numbers obtained by calculation from the Stokes 
law formula. The calculated sizes of dust particles as obtained 
from measurements by the methods in common use are entirely 
fictitious. Asamatter of fact, the use of these particle-size desig- 
nations leads to confusion when cyclone performance is being 
considered, 

In the past, in order to define the performance of a particular 
cyclone, it has been necessary to plot a separate chart showing 
collection efficiency versus particle size for each type of dust and 
for a selected series of pressure-drop values. For each new dust 
sample actual tests must be made to determine the collection 
eficiency for guarantee purposes. 

If, on the other hand, the method suggested by the author is 
used; if the collection efficiency of a given cyclone versus ter- 
minal velocity is determined for a series of selected pressure-drop 
values, these discrepancies disappear. 

Generally speaking, it is the ‘fine’? material in a dust which 
makes the difference between the good or bad collection efficiency 
of a given cyclone. Thus for a given cyclone, a very useful set of 
curves is obtained if one plots collection efficiency versus the 
per cent of material having a terminal velocity less than 20 ipm. 
A set of curves for a selected series of pressure-drop values is 
obtained. However, these curves hold for dusts of widely differ- 
ent properties providing only that the dust sample has a normal 
particle-size distribution. 

In Equation [4] the author points out the relationship be- 
tween centrifugal settling velocity, tangential velocity, and the 
Separation factor of the cyclone. This suggests an idea. In 
regular practice results are plotted for a selected series of pres- 
sure-drop values; 2, 4, and 6 in. are values frequently used. 
Would it not be more useful to plot results in a given case, for 
instance, collection efficiency versus terminal velocity, for a se- 
lected series of separation factors? In each case the desired tan- 
gential velocity would be obtained by proper choice of pressure 
drop. However, such curves obtained for a series of cyclones 
Which are geometrically similar should reveal simple relationships. 

It is the writer’s conviction that the use of terminal velocities 
instead of particle size, in work of this type, is a big step forward. 


Ricuarp F.O’Mara.> The research and development group of 
the writer’s company has made similar investigations to those 
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outlined by the author, and has pointed out the desirability of 
using terminal velocity rather than some fictitious particle size. 
This is covered in a general ‘“Fly-Ash” bulletin of the company 
published in 1942, from which we quote as follows: 

“What does a particle size analysis mean? Too frequently the 
numbers that are derived from particle size measurements and 
labeled ‘particle size’ are taken to be the real and exact sizes of 
the particles in a fly-ash sample. It will be helpful to keep these 
facts in mind: 


“1 Particle size measuring methods measure directly only the 
rate of fall of particles, not their sizes, 

“2 These methods do not give a continuous curve of particle 
sizes, but give the fractions of a sample that fell within certain 
particle size ranges, for example, the ranges 0-10, 10-20, 20-44 
and +44 microns. 

“3 The uncertainty of results increases rapidly for the smaller 
particle sizes, and the human element plays a greater role in the 
tests. 

“4 Actual particle sizes are not obtained, but only the equiva- 
lent sizes of spheres of the average density that fall at the 
measured rate. Thus, a hollow fly-ash sphere of the same actual 
diameter as a solid fly-ash sphere would be reported as having a 
considerably smaller diameter. 

“5 This analysis tells why we do not advocate the use of 
fractional efficiencies for measuring collector performance. 

“6 The cinder collection problem requires, not an accurate 
knowledge of absolute particle sizes, but a knowledge of the rela- 
tive rates of fall of the several fractions of a particular cinder 
nuisance. In fact, some authorities urge that the use of micron 
sizes be abandoned entirely as misleading, and that dusts be 
characterized as having certain fractions that lie in given ranges 
of rate of fall.” 

Mr. Evald Anderson, our late research director, proposed a 
unit of measurement to be known as the ‘‘milsec,’’ which would 
be a particle that would have a rate of fall of one millimeter per 
second in air. On this basis all of the units would be in the 
metric system and could easily be translated into nominal micron 
sizes if desirable. However, this is a relative matter and the 
english standards as proposed by the author should be entirely 
acceptable. 

Table 3 of this discussion shows a series of tests using two 
materials having a wide difference in density. One of these, tube- 
mill fines, is essentially limestone, while the other, manganese 


TABLE 3 TERMINAL-VELOCITY TESTS ON BLENDED TUBE- 
MILL FINES AND MANGANESE DIOXIDE 


Per cent 
Calcu- 
lated 
Velocity average 
mm per sec 1 2 3 4 Average should be 

Test no, 1 (2 g sample of manganese dioxide; density 4.55) 

10 26.6 26.8 26.6 27.6 26.9 

40 13.1 12.3 12.8 12.5 + my 
160 12.1 12.1 12.6 12.0 12.2 
Residue 48.2 48.8 48.0 47.9 48.2 

Test no. 2 (2 g sample of tube-mill fines; density 2.71) 

10 96.9 96.6 96.2 95.3 96.3 

40 0.8 0.9 0.9 1.0 0.9 
160 0.9 0.7 1.0 1.4 1.0 
Residue 1.4 1.8 1.9 2.3 1.8 

Test no. 3 (1 g manganese dioxide, and 1 g tube-mill fines) 

10 62.3 62. 62.0 61.8 62.0 61.6 
40 6.2 5.9 6.0 5.9 6.0 6.8 
160 6.1 6.8 6.3 7.5 6.7 6.6 
Residue 25.4 25.2 25.7 24.8 25.3 25.0 
Test no. 4 (0.5 g manganese dioxide, and 1.5 g tube-mill fines) 

10 79.9 79.5 79.9 80.1 79.9 78.9 
40 3.8 3.6. 3.3 3.0 3.4 3.9 
160 3.1 3.6 3.4 3.5 3.4 3.8 
Residue 13.2 13.3 13.4 13.4 13.3 13.4 
Test no. 5 (1.5 g manganese dioxide, and 0.5 g tube-mill fines) 

10 45.2 45.2 45.7 45.5 45.4 44.3 
40 8.7 8.6 8.1 8.4 8.5 9.7 
160 8.2 8.1 8.6 8.5 8.4 9.4 
Residue 37.9 38.1 37.6 7.6 37.7 36.6 


4 
y 
” 
id 
~ 


108 TRANSACTIONS OF THE A.S.M.E. 


dioxide, is a manganese ore. Terminal velocities are shown in 
millimeters per second in a petroleum light-fraction dispersion. 

Five tests were made and the averages are shown. The first 
two tests were on the independent materials. The three re- 
maining tests on ratios of mixes of 50-50 manganese dioxide to 
tube-mill fines. Test 4 is in the ratio of 1 part manganese dioxide 
to 3 parts of tube-mill fines. Test 5 is the reverse; or 3 parts of 
manganese dioxide to 1 part of tube-mill fines. 

It is interesting to note that the average terminal velocities of 
the three separate mixtures check very well with the calculated 
average taken from the independent materials. 

It is apparent, as the author points out, that with data of this 
kind one efficiency curve could serve for centrifugal dust col- 
lectors and be independent of either particle sizes or density. 


C. M. WetnHEMER.’ To those who are constantly working 
with materials in the subsieve-size range, the limitations of the 
various methods of determining particle-size distribution are well 
known. The author has mentioned the various methods in his 
paper. His solution to the difficulties that can arise from express- 
ing particle size in terms of spheres of certain diameters is to 
express this measurement, not in terms of the dimensions of the 
particle, but rather in terms of how the particle performs under 
specified conditions. The engineer’s interest in dusts usually is 
limited to the following: 

1 How it affects human beings. 

2 How it affects the locality adjacent to the source of dust. 

3 What facilities are available for adequately handling and 
arresting the dust? 

Particle size is an important factor in evaluating the effect 
a dust will have on human beings. However, in attempts to 
judge the effect a dust will have on adjacent property, or the 
effectiveness of dust-handling and arresting equipment, it is not 
the size of the particle that is important but rather the behavior 
of the particle in air or a similar gas. 

As is mentioned in the paper, elutriation is one of the more 
common methods for determining subsieve-particle sizes. How- 
ever, this procedure actually measures terminal velocity or set- 
tling rate. For some reason, probably because particle sizes were 
originally determined by passing the materials through sieves, it 
was thought necessary to express the results of elutriation analysis 
in particle size, usually microns. This conversion is made by 
using Stokes’s law, which establishes a relationship between 
terminal velocity and particle size. Only with a homogeneous 
dust of spherical particles, however, is this conversion accurate. 

The results of a microscopic count made on a sample of fly ash, 
classified by air elutriation, show that of the 1302 particles in the 
0-10 micron fraction that were examined, 1135 or 87 per cent 
were correctly classified as to size. One hundred and fifty or 11.5 
per cent were in the 10-20 micron bracket, fifteen in the 20-30 
micron bracket, and two in the 30-40 micron bracket. If all these 
particles had the same density, the 1135 particles, that is those 
that are correctly classified as to size, would account for only 
approximately 15 per cent of the total weight of material in this 
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fraction. In contrast to this, the one hundred fifty 10-20 micron, 
fifteen 20-30 micron, and two 30-40 micron particles would ac- 
count for 52, 24, and 9 per cent, respectively, of the total weight of 
material in the 0-10 micron fraction. It is obvious that some other 
variable such as lower density or particle shape caused these 
other particles to be classified in the 0-10 fraction. Nevertheless, 
from the engineer’s point of view these other particles acted 
similarly to 0-10 micron particles, and most dust-handling and 
arresting equipment would handle these larger particles as such. 

From the foregoing discussion it is obvious that for the same 
dust different values for particle-size distribution can be obtained, 
depending upon the method used in making the analysis. It is 
important then for purchasers of dust-handling and arresting 
equipment to advise the vendor at the time of placing the order 
of the method that will be used in determining the particle-size 
distribution of any dust samples that may be obtained in connec- 
tion with any efficiency tests. 

Since the air-elutriation method determines directly the ter- 
minal velocity or settling rate which is a property of greater 
value to the engineer in solving his dust problems than the actual 
particle size, there does not seem to be any valid reason for not 
using this unit of measure as a real property of dust particles. 
If such a standard should be adopted in this country we would 
simply be using the same procedure as now used in England and 
some parts of Europe. 

This paper vividly presents certain facts that are well known 
to those familiar with the particle-size determination of fine 
dusts, but probably not so well known to the average mechanical 
engineer who has dust problems to solve. For this reason the 
author is to be particularly commended for presenting the paper 
before the A.S.M.E. 


AuTHOR’s CLOSURE 


The discussion contributed by Mr. Briggs regarding the ter- 
minal velocity of particles as applied to cyclone performance is an 
interesting addition to this subject. He has suggested that collec- 
tion efficiency versus terminal velocity might be plotted for a 
selected series of separation factors. Although theoretically the 
efficiency should always increase with the separation factor, ex- 
perimental data indicates that for a collector of a given size and 
design there is an optimum velocity above which there is prac- 
tically no increase in collection efficiency. 

It is gratifying to learn that work of others substantiates the 
reliability of the methods which are used to measure the terminal 
velocities of fine particles. This is well illustrated by the data 
given in Table 3 contributed by Mr. O’ Mara. 

The comparison of the microscopic count and the elutriation 
analysis given by Mr. Weinheimer is a very good example of the 
importance of considering the factors other than size alone when 
dealing with such dusts as fly ash. 

The support given by all of the discussers to this method of ex- 
pressing the analysis of particle characteristics is greatly appre- 
ciated. Although as they have pointed out, the idea is not origina! 
with the author, its general application should be of value to en- 
gineers dealing with dusts and powdered materials. 
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Latest Developments in Aircraft Controls 
and Instrumentation 


By R. A. BROWN,' NEW YORK, N. Y. 


As the complications of operation on modern aircraft 
have increased, the provision of automatic controls has 
become a necessity to relieve the pilot and other operating 
personnel of the strain of continual manual control 
throughout flight periods. Electrical, pneumatic and 
hydraulic devices have been developed to accomplish re- 
duction in manual functions but these must be controlled 
automatically by sensing elements which react to condi- 
tions encountered. Details of a basic control system 
having many and varied applications are cited in this 
paper. 


Basic NEED FoR CONTROL 


ECHANICAL devices are employed to perform opera- 
tions that would otherwise be tedious, difficult, or even 
impossible. An airplane transports us faster and more 

easily than we could perform the same journey on foot; trucks 
and traction machines move loads that would otherwise require 
the time and strength of many men; furnace stokers relieve us 
of the necessity of shoveling coal. The machine, however, does 
not think. The attendance of a human operator is required to 
direct the functioning of the machine. 

A further step in employing the convenience of machines can 
be attained if we establish some kind of automatic control to 
relieve us of the necessity of manual control. To accomplish 
this it is merely necessary to investigate the factors governing 
the activity of the human operator. Some change, such as a dis- 
placement, temperature variation, or deviation in motion will be 
observed to precede each new adjustment of the machine by the 
operator. The automatic-control designer will fashion a sensing 
element to react to the stimulus of the deviation under question, 
and translate it into an electric, pneumatic or hydraulic signal, 
which in turn will be used to actuate the machinery to produce 
the desired operation. In perfecting such a control it is desired 
that the minimum deviation be sensed, and yet precaution must 
be taken that the machine not overshoot the desired condition of 
operation. It should also be sufficiently economical to justify its 
application, and sufficiently reliable, lest the supervision required 
offset the advantages produced. 


AERONAUTICAL-CONTROL DesIGN PROBLEMS 


The most pronounced impression gained by the novice when 
viewing the cockpit of a large modern aircraft for the first time is 
the tremendous number of dials, meters, knubs, levers, switches, 
and lights. Reeent airplanes have become such complicated 
affairs that it requires extreme skill and arduous training to be 
able to operate them. The job of the automatic-control designer 
is to simplify the cockpit as much as possible; to relieve the pilot 
of many of the repetitive and monotonous adjustments that he 

' Minneapolis-Honeywell Regulator Company. 
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would otherwise have to make, so that he may give undivided 
attention to his basic job of taking-off and landing the plane, and 
can supervise the rest of the flight in comparative leisure. 

With this as an aim, the designer is confronted by factors in 
aircraft not encountered elsewhere. Reliability is of extreme 
concern, since failure of control in flight often endangers life. 
Weight is again important, since every pound of weight in the 
automatic-control system must be deducted from the pay 
load. 

Also, since a plane on the ground is a liability, maintenance must 
be kept to the absolute minimum. As if this were not enough, 
the designer must also contend with unusual vibratory conditions, 
and temperature and humidity variations not encountered in any 
other control problem. An example of this is the Army require- 
ment that all equipment be able to function in temperatures be- 
tween the extremes of —65 F and +160 F. 


Basic PRINCIPLES OF ELECTRICAL CONTROL SYSTEMS 


The control itself normally consists of the sensing device which 
reacts to the change of conditions encountered, the amplifier or 
power unit, and the actuator which does the actual controlling of 
the mechanism under consideration. One system that offers 
unique advantages is a Wheatstone-bridge circuit in a self- 
balancing arrangement. A variation with similar advantages 
may be found in the Wien bridge, with capacitive elements in 
place of resistors. 

The voltage relationships established in the Wheatstone bridge 
are the foundation for many of the aircraft controls of the 
author’s company. Consider the simple direct-current re- 
sistance bridge, Fig. 1. The resistors are connected in parallel, 


Fic. 1 Drrect-CurrENT RESISTANCE BRIDGE 


with a battery energizing the system from the points of common 
connection. If a voltmeter is then connected between the two 
potentiometer wipers, two things will be noted: (1) There is an 
innumerable number of points to which either potentiometer may 
be moved in relation to the other, and a voltage will appear be- 
tween the wipers; (2) for any position of one wiper, there will 
be a corresponding position of the second which will show no 
voltage. 

In Fig. 2 a small direct-current motor is substituted for the 
voltmeter between the two potentiometer wipers. Assume that 
the lower wiper is geared to the motor shaft. If the upper wiper 
is moved a voltage will appear across the motor, starting it to 
drive. The second wiper will thus be moved and the motor will 
stop automatically as soon as a balance of the bridge is reached, 
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Fic. 2) Direct-Current BripGe Motor in PLACE oF 
VOLTMETER 


thus reducing the motor voltage to zero. If the motor is capable 
of rotating in either direction the lower wiper may be made to 
follow the upper wiper automatically. 

To reach a practical application of this principle consider Fig. 
3. In this case alternating current is used on the bridge, and an 
amplifier is provided between the bridge wipers and the motor to 
provide greater torque. The motor is the two-phase induction 
type, with one phase energized by the line. By means of con- 
densers, and a discriminator circuit, the current in the second 
phase of the motor may be made either to lead or to lag the line- 
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REMOTE PosITIONER 


This system provides a satisfactory remote positioner. Accu- 
racy of positioning depends only upon linearity of potentiometers, 
sensitivity of amplifier, and torque-to-balance characteristics of 
the motor-amplifier arrangement. Since potentiometers can be 
wound with a high degree of accuracy, and amplifiers can easily 
be designed with sufficient power output up to the balance 
point, the only limitation of the system is the resultant hunt due 
to system overshoot when driving with full torque to balance. 
A novel method has been devised for utilizing full sensitivity 
and eliminating hunt. This results in dead-beat operations of 
the servomotor. On the shaft of the motor is provided an idling 
rotor. This is surrounded by an auxiliary set of field windings, 
one half of which are line-energized. The other half of the field 
is connected to the amplifier input to provide rotation voltage in 
opposition to amplifier input. For any voltage produced by other 
than a small potentiometer displacement this voltage is negligi- 
ble. As the motor approaches balance, however, the input from 
the bridge decreases to a point where the opposing voltage be- 
comes the greater of the two. This produces reverse torque, 
stopping the motor at the exact balance point. Since this oppos- 
ing voltage is produced by rotation it must always be less than 
bridge voltage under driving conditions, and thus the system will 
return to balance and utilize full sensitivity of amplifier with re- 
sultant narrowness of dead spot. 
A further refinement of this system is accomplished by the use 
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energized phase, and consequently the motor will run in either 
direction. The direction will be controlled by the displacement 
of the wiper A in respect to B. Therefore the movement of the 
upper wiper will cause motor operation and automatic rebalanc- 
ing of the bridge. 

It will be noted that in an alternating-current bridge, displace- 
ment of one wiper in respect to the balance point one way or the 
other will shift the voltage pickup 180 deg. If the plates of 
the discriminator tubes are energized through a center-tapped 
secondary of a transformer connected to the same supply which 
energizes the bridge, the tube which conducts current will de- 
pend upon the direction of unbalance of the bridge. 


SIMPLIFIED ALTERNATING-CURRENT BRIDGE WITH AMPLIFIER DISCRIMINATOR STAGE 


TWO PHASE 
MOTOR 


of a “round-and-round”’ potentiometer. This furnishes a remote 
positioner that is not limited in degrees of rotation that the 
actuator will follow the transmitter. 


AuTOMATIC PILoT 


In the M-H 6 autopilot the same basic bridge circuit is used ex- 
cept that for each control axis, instead of one bridge made up of 
two potentiometers, there are several simple bridges connected in 
series so that the signal from one bridge is passed to the next where 
it may be increased or decreased until a final resultant signal 
determines the operation of the motor. Of course, most of the 
potentiometer wipers are positioned automatically, see Fig. 4. 
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For example, the vertical-flight gyro automatically positions 
wipers on four different potentiometers to operate the three 
servos connected to the ailerons, rudder, and elevator, re- 
spectively, according to changes in the pitch and roll axes of the 
aircraft. To control the heading of the aircraft a second gyro is 
used known as the directional gyro. This gyro rotates with its 


axis parallel to the longitudinal axis of the airplane. Any devia- 


.4 Gyro Postriontnc PoTENTIOMETER IN ELEVATOR CIRCUIT 
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Fig. 5 Rupper BripGe Circuit ror AvuTOPILOT 


(1, Response ratio adjustment in junction box; 2, balancing potentiometer 
driven by servomotor; 3, automatic centering, motor-driven; 4, adjust- 
ment for signal from secondary rudder pickup in rate gyro; 5, secondary 
rudder pickup in rate gyro; 6, primary rudder pickup in directional gyro; 
7, switch for engaging automatic rudder trimmer; 8, automatic rudder 
trimmer, motor-driven by remote control from wind vane; 9, adjustment 
or centering automatic rudder trimmer; 10, ride control on pilot's control 
panel; 11, adjustment for co-ordination of rudder in turns; 12, secondary 
rudder co-ordinating pickup in vertical gyro; 13, turn control on pilot's 
control panel; 14, adjustment for co-ordination of turn control; 15, 
compass-controlled potentiometer; 16, switch for transferring from gyro 
control to compass control.) 


tion in heading is sensed by this gyro and the resulting signal sent 
to the amplifier to control the rudder and aileron servos. 

In Fig. 5 is shown a simplified bridge circuit for the rudder 
axis. It will be noted that provision is made to unbalance 
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Fic. 6 SeERvOMOTOR FOR AUTOPILOT 
manually the bridge to introduce a turn through the turn control. 
Another feature is to by-pass the gyro circuits and automatically 
trim the autopilot bridge according to the position of the control 
surfaces. This permits engaging the autopilot by merely press- 
ing a button, without the necessity of aligning pointers manually. 

The flexibility of such a system has numerous advantages. 
The use of single-phase current reduces the effect of voltage, fre- 
quency, and phase shifts to an absolute minimum. It then be- 
comes fairly simple to offer other features, such as emergency 
engage which permits the pilot to press a button at any position 
of the aircraft that might arise and have the autopilot return the 
plane to straight flight with a slight rate of climb depending on 
the power setting. Another feature is the compass tie-in by 
which the directional gyro is slaved to the compass heading; also 
a constant-altitude device which will maintain altitude within 
close limits. 

Something that is daily becoming more important is the use of 
blind-landing equipment. Numerous landings have already 
been made by coupling this pilot with the blind-landing system 
now in use. While undoubtedly much development work re- 
mains to be done in determining the final type of system to be 
used, this autopilot has been designed with such flexibility that 
it can be adapted to any system that may be chosen. 

The servomotor design for the autopilot presents some unusual 
problems. In the first place, it must be light. Then it must have 
considerable power, which dictates the use of direct current, in 
order that the weight of the alternating-current equipment that 
it would otherwise require will not be charged against the auto- 
pilot. To accomplish these, we have developed a servo weighing 
5°/, lb that is adequate to fly the largest multiengine aircraft, 
and at the same time operates on direct current. To provide 
the necessary modulating type of operation the components of the 
servo have been so constructed as to give a minimum step when 
the relay is closed of less than 0.01 in. cable travel. To give a 
decelerating action as the servo approaches balance an inverse 
feedback circuit is used to open intermittently the relay as the 
signal decreases in strength. The servo is shown in Fig. 6. 

One of the greatest contributions to formation flying that has 
come out of the war is a “formation stick.’”’? By this device sig- 
nals are introduced into the autopilot bridge circuit by the move- 


| an 
{ 
® ® 
(4) 
® 
H 
@ 
H 
: 
H 
ie 
\- 
al 


112 TRANSACTIONS OF THE A.S.M.E. 


40.000 onus | 


WASTE GATE MOTOR 
AAAAA 
BALANCING POT oren close 


< 
OVERSPEED 50,000 onms 
POT 
AAAAAA — 
DECREASE 


ACCELEROMETER POT 


BEAD SPOT 


INDUCTION SYSTEM | 
PRESSURETROL POT 


me 


ocercase weer 


CALIBRATING POT 


MABIFOLD PRESSURE SELECTOR POT] ImCREASE 


Fic. 7 SINGLE-ENGINE BripGE Circuit FoR TURBO- 
SUPERCHARGER 


FEBRUARY, 1947 


ment of a small pistol-grip stick. Thus the largest bomber can 
be manipulated accurately by the effortless displacement of the 
handle. Forward and backward movement operates the elevator 
to climb or glide the plane, while lateral movement of the stick 
produces co-ordinated aileron and rudder to bank the plane. 
With this form of remote positioner the tremendous fatigue 
factor of high-altitude formation flying has been greatly reduced. 


TURBOSUPERCHARGER REGULATOR 


Another application of the Wheatstone bridge in automatic 
aircraft controls can be seen in Fig. 7. This is the circuit for a 
turbosupercharger regulator. The turbosupercharger utilizes 
exhaust gases to drive a compressor to supply air for combustion 
at high altitudes, as shown in Fig. 8. The manifold pressure of 
the engine depends upon the volume of air from this compressor, 
and since excessive manifold pressures can destroy the engine 
in a matter of seconds, this control becomes very important. Air 
at the output of the compressor (at the carburetor deck), is 
measured for pressure by a bellows device linked to a potentiome- 
ter, and this signal is fed to an amplifier. The output of the am- 
plifier controls a motor which positions a waste gate in the stream 
of the exhaust gases. A turbo boost selector is provided for the 
pilot, by which he may select the turbo pressure desired, and 
the “‘pressuretrol’”’ will control to that point. A governor is 
added to the circuit which will limit the maximum speed at 
which the turbo will rotate. An accelerometer is provided to 
limit the acceleration of the turbo. This prevents overshoot of 
manifold pressure when the throttle is rapidly advanced. 


CaBIN TEMPERATURE CONTROL 


Designers of heating controls for aircraft are confronted with 
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many problems not common to home-heating-control design. 
Because of the speed at which the plane travels the temperature 
of the surrounding air can change almost instantaneously as the 
plane emerges from a warm front into a cold front, or vice versa. 
Changes in altitude can bring about changes in ambient tempera- 
tures of 100 deg F or more in a matter of minutes. 

Several methods of heating aircraft are employed. Exhaust 
heat may be utilized, either by a heat exchanger or a circulating 
steam system. Currently, the most common method is the in- 
ternal-combustion type of heater in which a fuel-air mixture is 
burned. Control is provided by cycling a fuel valve. Since 
airplanes are not insulated to the extent homes are, the fore- 
going ambient-temperature changes must be anticipated if the 
compartment temperatures are to remain constant. A series of 
compensators are used to accomplish this (see Fig. 9). The out- 
side-air compensator senses the ambient-air temperature changes 
and increases the heater output even before the change is observed 
in the cabin. This reduces the amount the inside-air tempera- 
ture will drop*before being sensed by the “‘cabinstat” and cor- 
rected by the heater. To prevent overshoot of temperature when 
the heater are operating at high level, a discharge-air compensator 
is placed in the heater duct. In combination with the other 
thermostats this reduces the heater output as the preselected 
temperature of the cabin is approached. 

The various thermostats with a temperature selector are shown 
in the bridge circuit, Fig. 10. It will be noted that this bridge 
circuit differs from those previously considered in that the tem- 
perature selector is a rheostat and the compensators are small 
resistance windings instead of potentiometers. The resistance 
of the windings is affected by ambient-temperature changes. 
A change of the resistance value of any one of these windings will 
change the voltage distribution in the bridge and result in an un- 
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balance of the bridge which closes a relay to operate the heater 
fuel valve, thereby controlling the output of the heaters. When 
the relay closes a center contact shunts the small winding at the 
bottom of the bridge circuit, creating a signal which will cause a 
more positive operation of the relay for small signals. In normal 
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operation this circuit operates the heaters in rapid intermittent 
steps, the lengths of which are varied to give a modulated flow of 


heat. 

More than one cabinstat and various compensators may be 
used, depending upon the size and type of aircraft. An air-ram 
switch and a fuel-pressure switch are additional elements fur- 
nished in the complete temperature-control system by the 
author’s company, but they are not a part of the bridge system. 
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ENGINE-TEMPERATURE CONTROL 


Another form of aircraft control is 
the engine-temperature-control system 
(see Fig. 11). This device relieves 
the pilot or flight engineer of the neces- 
sity of checking and regulating con- 
stantly the position of the cowl flaps. 
The bridge circuit in this system con- 
trols the cowl-flap actuator. A “con- 
trol-point selector” is used for select- 
ing the desired engine-operating tem- 
perature, and a resistance pickup 
mounted in the cylinder head, senses 
temperature changes and unbalances 
the bridge. The resultant signal auto- 
matically moves the cow] flaps further 
open or further closed, as required. 
This control system can be used on any 
airplane having either electric or hy- 
draulic cowl-flap actuators. 


FUEL GAGE 


Ancther recent outstanding develop- 
ment in aircraft controls is the elec- 
tronic gage for measuring fuel quan- 
tity. This gage differs from the con- 
ventional system in that there are no 
moving parts in the sensing elements. 
Instead of the usual float, the dielectric 
property of gasoline is utilized to vary 
the capacity of a condenser, and thus 
unbalance a bridge. 

The tank element, Fig. 12, is com- 
posed of three concentric cylinders. 
The outer cylinder is used for electrical 
and mechanical shielding, and the inner 
two tubes form the plates of a con- 
denser. The fuel is allowed to enter 
ports at the bottom of the element and 
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rise between the tubes, thus varying the dielectric between the 
The outstanding advantage of this type of measurement 
aries 


plates. 
is that the capacitance, and thus the final indication, 
more directly with the weight of fuel than with the level. 

To illustrate this consider Fig. 13. The effect of increase of 
temperature on gasoline is twofold: (1) It produces volumetric 
expansion. Every 100 deg increase in temperature increases the 
volume by about 61/2 per cent. (2) This temperature increase 
also decreases the dielectric constant of the fuel by approxi- 
mately the same ratio. Since these two factors oppose each 
other, the capacitance per unit weight of the fuel remains nearly 
constant over all temperature ranges encountered. Thus if a 
plane were to take off in the tropics where the temperature was 
around 140 F and climb to 30,000 ft where the temperature is 
about —40 F, the quantity of fuel will be reduced 12 per cent 
and will so be read by a float-type indicator. On a capacitance- 
type system this variation would be as much as 8 per cent less, 
which in 5000 gal would indicate closer to the actual weight of 
fuel by 400 gal, or about 1'/, tons. To this extent the available 
burnable fuel would be more accurately known, and the fuel to 
be carried may be reduced accordingly, with a resultant increased 
economy for the operator. 

In the wings several cells are connected in parallel to measure 
one tank. These units come in different lengths and by careful 
selection of location, the center of rotation of the fuel may be 
found. This will greatly reduce the error of measurement pro- 
duced by change of attitude of the aircraft. 

The bridge circuit of the electronic fuel gage is similar to that 
used in the autopilot and turbosupercharger regulator, except 
that condensers are used in two legs of the bridge instead of 
resistors. A simplified circuit is shown in Fig. 14. Across a 
source of alternating current are connected two condensers; one 
the tank element and the other a fixed capacitance. Point P 
and the center tap of the transformer will be at the same poten- 
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tial when the capacitances are equal. If a potentiometer is con- 

nected in series with the fixed condenser to vary the voltage 
applied, point ? may be kept at zero potential with respect to 
the center tap for any variation of the capacitance of the tank 
element, provided the potentiometer is varied in the right direc- 
tion and by the right amount. 

This is done by connecting a phase-sensitive amplifier between 
point P and the center tap, and using the output therefrom to 
drive the potentiometer wiper from a miniature two-phase motor. 
In this way any change in fuel level will change the capacity of 
the sensing element in the tank, and will thus produce a voltage 
at point P? (assuming a previous condition of balance). This will 
in turn be applied to the phase-sensitive amplifier, which will then 
drive the instrument motor to whose shaft are connected both 
the indicator pointer and the potentiometer wiper. As the 
potentiometer wiper moves the condition of balance is again 
approached, and the voltage at point P? accordingly disappears. 
In this way the bridge is always maintained in a condition of 
balance and the pointer affixed to the motor shaft may be cali- 
brated to give an indication of fuel quantity or weight. 

A definite advantage of this circuit over other bridge circuits 
used to measure fuel by capacitive means is the fact that it is 
maintained in a continual condition of balance. In such a condi- 
tion it will be noted that any distributed capacitance between 
point P and ground is of no significance since the voltage at 
that point is zero, and the adding or subtracting of capacitance 
will not change that condition. If, however, instead of using a 
self-balancing bridge, a fixed bridge is used, and the voltage of 
unbalance is used in the fuel measurement, then distributed 
capacitance will adversely affect the voltage at the point of 
Measurement, and thus the measurement itself correspondingly. 

Since the pointer is not spring-loaded to return to the empty 
position in the absence of power, this system will give an indica- 
tion of fuel on board at the time of power failure in the air. This 
is extremely desirable since operating personnel may not be ob- 
serving fuel-gage readings when power is lost. A further feature 
is provided in a test button which momentarily unbalances the 
bridge and causes the pointer to begin to move toward the 
“empty” portion of the scale. If the pointer returns to its previ- 
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ous setting as soon as the button is released it is known that the 
system is functioning properly. 


Oruer Destan DEVELOPMENTS 


Many other design developments have resulted from the re- 
search program of the author’s company in the field of aero- 
nautical controls. Vacuum tubes designed for radio receivers 
have long been known to be inadequate for aircraft use, where 
cost is of secondary importance and reliable operation is a pri- 
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mary requisite. It is likewise known that there are no moving 
parts in vacuum tubes, and.therefore the causes of failure can be 
simply determined and readily remedied. As a result of in- 
vestigation we have been able to obtain tubes whose filaments 
have 10 times the life expectancy of the normal tube, are far 
more reliable under vibration, will not arc-over at high altitudes, 
and have superior overload and cooling characteristics. We 
anticipate in the future the procurement of tubes to our specifica- 
tions which may be soldered into the circuit and will require no 
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more servicing or replacement than the other constants of elec- 
tronic circuits. 

We have departed from common amplifier construction to the 
extent that we are potting and hermetically sealing our trans- 
formers, and likewise potting and sealing our resistance and 
capacitance (RC) components in block construction. This has 
greatly eliminated the failure of resistors and condensers due to 
being suspended on their lead wires, and has also solved the prob- 
lem of failure due to fungus in the tropics. 

In this paper it will have been noted that the author’s company 
uses potentiometers almost exclusively in the sensing elements 
and follow-up mechanisms of automatic-control systems. While 
there are other ways of accomplishing a similar result, to date 
we have not found any equally reliable or flexible means of doing 
this. Potentiometers may be used to combine single-phase 
currents in an extremely varied number of ways, without 
fear of phase shift, or concern about wave form, frequency, or 
voltage. 

To increase the reliability of the device, however, we have car- 
ried on a long research program with the result that potentiometer 
failures are now practically unknown in our equipment. To 
accomplish this a flat-ribbon potentiometer is equipped with a 
triplicate finger wiper and the blades are set at an angle to the 
wiping path, Fig. 16. Each finger is separately spring-tensioned. 
A precious-metal alloy called “‘paliney” is used in contact with 
the nichrome wire which has the effect of self-lubrication. We 
have tested units of this type of potentiometer for 18,000,000 
cycles of operation, and at the completion of the tests the wear 
resulted in a reduction of the area of the wire of the order of 2 per 
cent. 

With the advent of larger aircraft with more and larger engines, 
capable of flying faster and at higher altitudes; with the advent 
also of all-weather flying by the air carriers, newer and more 
complex problems will arise that will further burden the operating 
personnel. Safe and economical operation will increasingly de- 
mand the application of automatic controls. 


Discussion 


P. T. Fiynn.? The writer heartily concurs with the author, 
in his statement that recent airplanes have become extremely 
complicated mechanisms. This is especially true of military 
aircraft. The military pilot of the future must become the exec- 
utive officer of a mechanical fighting machine rather than tacti- 
cal commander, pilot, flight engineer, and crew. As the demands 
upon his time, energy, and mental faculties increase, we must 
analyze and eliminate such of these demands as can be mathe- 
matically formulated or approximated. 

We find only too often that the human pilot is used as a com- 
puting and damping component in what is essentially a servo- 
mechanism. An excellent example of this use of the pilot occurs 

2? Head, Automatic Pilot and Gyro Instrument Section, Instru- 


ments and Navigation Branch, Bureau of Aeronautics, United 
States Navy, Washington, D.C. Deceased Aug. 5, 1946. 
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in instrument flying. The sensing element, the gyro horizon, 
transmits original error information visually to the pilot, who 
adds or subtracts, from experience, certain damping components 
and transmits the intelligence now amplified to the control sur- 
faces. Al) the essentials of a servomechanism, error detection, 
feedback of resultant amplified output, and the amplifier and 
servo are present. By measuring the original error electrically, 
introducing suitable amplifiers, servos, and feedback of the servo- 
output or aircraft angular-velocity signals, an automatic pilot is 
created. However, this automatic pilot relieves the pilot of one 
function only. 

The functions of the pilot that have not as yet been accom- 
plished automatically, with the exception of certain experimental 
airplanes, are quite numerous. Navigation, including celestial 
observation, radio homing, dead reckoning, plotting, etc., power- 
plant control, aircraft control from unusual positions and through 
unusual maneuvers are not as yet reliable, service-tested, auto- 
matie processes. Automatic control gear to perform these and 
similar functions is now under development by naval aviation. 
As the state of the automatic-control art progresses, even more 
ambitious problems will be undertaken. 

That such problems must be solved is agreed. Experience has 
shown that automatie control not only has relieved the human 
pilot of routine duties, but also has resulted in more accurate 
control of the aircraft and airborne equipment. This has led 
to greater efficiency of the aircraft, greater tactical usefulness, 
greater flexibility, longer range, and greater striking power. In- 
deed, the broad field of pilotless aircraft depends upon the suc- 
cessful development of automatic-control equipment. 

The author has given an excellent résumé of the accomplish- 
ments of a successful automatic-control program. It is believed 
that these accomplishments, and those of other organizations in 
the same field, constitute a broad foundation upon which to 
build the automatic controls for the truly modern aircraft. 


Ek. S. THompson.? The author is to be congratulated on so 
clearly describing the many intricate types of controls and 
instruments developed during the war by his company. These 
devices enable a pilot to operate his aircraft with maximum 
efficiency without his having to apply engineering experience to 
the manipulation of the many control levers, buttons, and de- 
vices which have increased in direct proportion to the degree 
with which the airplane and power-plant designers have improved 
airplane performance by the addition of equipment such as 
turbosuperchargers and the like. 

The engineering has been done once. It has been built into 
a “box” which will perform the proper function with greater 
accuracy than can be done by the pilot or flight engineer. Al- 
though the addition of automatic-control devices increases 
vulnerability in the event of failure, all the well-designed systems, 
such as those described, are so arranged that manual control can 
override them if required. 


3 Engineer, Aviation Division, General Electric Company, West 
Lynn, Mass. Mem. A.S.M.E. 
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Influence on Tool Life and Power of Nose 


Radius, Chamfer, and Peripheral-Cutting- 
Edge Angle When Face-Milling a 


The object of these tests is to outline the results ob- 
tained in studying the effect on tool life, nature of tool 
wear, and power requirements when varying successively 
the nose radius, width of chamfer at 45 deg from the cut- 


ter face, and the peripheral-cutting-edge angle in face- 
milling cast iron. 


OR the tests reported in the paper, a 40,000-psi Meehanite 
Bs: “C”’ cast iron having a Brinell hardness of 190 was cast 

in bars of 2!/, in. X 43/s in. X 36 in. This cast-iron bar 
was held in a fixture mounted on the milling-machine table. It 
was face-milled with a carbide-tipped single-tooth 9.06-in. ef- 
fective diameter cutter. The teeth were tipped with sintered 
carbide of a type ‘““K2S,” and were ground on a 180-grit diamond 
wheel. Cutting speeds were varied from 375 fpm to 1265 fpm. 
The depth of cut in all cases was maintained at 0.100 in. and the 
feed was held at 0.010 in. per tooth. The 43/s in. high X 36 in. 
long surface of the test bar being face-milled had been descaled. 
The horizontal center line of the face of the bar was on the same 
line as the center of the cutter. The surface being face-milled 
had been descaled; the edges and end of the bar had not. 

A new Kearney and Trecker 5HM plain horizontal milling ma- 
chine was used. A flywheel “‘A’’ weighing 215 lb was mounted 
on the spindle face. The cutter body holding the single cutting 
tool was attached to the face of the flywheel. 


Nose-Rapu Tests 


The nose radius was varied through 0, '/32, 1/16, '/s, and !/, in., 
and, for each of these radii, a number of cutting tools were failed 
at several cutting speeds. The tool life 7'y,, was obtained as the 
machine cutting time required to cause a wear of 0.030 in. on the 
nose flank. The time was started when the power feed caused 
the cutter to engage the work and ended when the cutter emerged 
from the work. This machining time was the actual time that 
the cutter was rotating while the tooth was engaging the work. 

Each cutting tooth was ground, as shown in Fig. 1, in which the 
axial rake was +7 deg; the radial rake, +4 deg; the peripheral 
relief, 6 deg; the face relief, 6 deg; the peripheral-cutting-edge 
angle, 0 deg; the face-cutting-edge angle, 2 deg; and the nose 
radius, the variable ranging from 0 to '/, in. 

The cutters were ground with a 6-deg peripheral relief angle, as 
shown on the tool with the cylindrical type of nose flank in Fig. 2. 


1 Professor of Metal Processing and Chairman of Department of 
Metal Processing, University of Michigan. Fellow A.S.M.E. 

2 Associate Professor of Metal Processing. Mem. A.S.M.E. 

Contributed by the Research Committees on Metal Cutting Data 
and Bibliography and on Cutting Fluids, and the Production Engi- 
neering Division, and presented at the Semi-Annual Meeting, Detroit, 
Mich., June 17-20, 1946, of Tue American Society or MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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The front view shows that the peripheral relief angle normal to the 
peripheral cutting edge is 6 deg. The side view shows that the 
face relief angle is also 6 deg. The normal relief around the nose 
radius varies from 6 deg at the periphery to 8'/; deg normal, or 
working relief angle at an angle of 45 deg, as shown by view A-A. 
The peripheral relief angle as shown by view B-B is greater than 
6 deg, depending upon the location of the section. 

Tool Life. Tool-wear is illustrated for the tools of various radii 
as shown in Fig. 3. The view of the 0-in-radius tool indicates 
early wear and some chipping on the corner, combined with uni- 
form cratering, as indicated by the cup on the tooth face running 
parallel to, but back of, the peripheral cutting edge. As the nose 
radius is increased, the chipping is reduced and a more pronounced 
flank abrasion is noticeable. The '/,-in-nose-radius tool was re- 
moving a very thin and long chip. In previous tests it was noted 
that very low feeds caused relatively early tool failure because of 
crumbling of the cutting edge. 

The total machining time 7'y, to produce 0.030 in. flank wear 
versus the cutting speed in feet per minute is shown in Fig. 4. 
The 0-in-nose-radius tool is shown to have the shortest tool life at 
all speeds, while the '/,-in-radius tool has the longest tool life 
at cutting speeds above 800 fpm, but because of the crumbling of 
the cutting edge caused by the thin chip cross section, the !/,-in- 
radius tool failed by excessive flank wear when cutting at low 
speeds. This caused a steeper slope of its cutting-speed tool-life 
line. The '/s-in-radius tool was the best at all cutting speeds 
below 800 fpm. Hence for general cutting practice, the '/,-in. 
tool is the best of the group when facing the descaled face. The 
slopes of all lines (except that for the '/,-in. nose radius) are nearly 
the same varying from —0.38 for the 0-in. nose radius to —0.37 
for the '/s-in. nose radius. The line for the '/,-in. nose radius is 
somewhat steeper with a slope of —0.44. 
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In Fig. 4, at 1200 fpm the tool life was increased from 2.3 min 
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for the 0-in-radius tool to 6.6 min, or 2.87 times, for the !/,-in- A recording wattmeter was attached to the terminals of the 
radius tool. At 400 fpm, the tool life 7, for the 0-in-radius tool 20-hp spindle motor to measure the gross horsepower, hp,, and 
was 40 min but increased to 112 min, or 2.8 times, for the '/s-in- the tare horsepower, hp,. From these the net horsepower, hp,, 


radius tool. 

The cubic inches per tool grind, and the length of 
bar cut are plotted versus the cutting speed as indi- 
cated in Fig. 5. As the nose radius was increased 
from 0 in. to !/, in. at a cutting speed of 1200 fpm, 
the cubic inches of metal removed per tool grind in- 
creased from 4.4 to 14.5 or 3.3 times. As the radius 
was increased from 0 in. to '/s in. at 400 fpm cutting 
speed, the cubic inches of metal removed per tool 
grind increased from 27!/; to 81 or 3 times. The same 
per cent increase holds also for the length of bar cut. 

The cubic inches of metal removed versus the cut- 
ting speed for values of tool life 7’, of 10, 60, and 
120 min is indicated in Fig. 6. A nose-radius increase 
from 0 in. to !/sin. for a tool life of 10 min increased 
the metal removed per tool grind from 11.8 to 18 or 
1.53 times. For a 60-min tool life and the same in- 
crease in radius, the cubic inches of metal removed 
increased from 37 to 58 or 1.57 times, and for 120- 
min tool life from 57 to 88 or 1.55 times. For all 
practical cutting speeds, a nose radius of !/g in. is 
desirable; however, the smallest nose radius produced 
the least end thrust. Large nose radii caused high 
end thrust tending to deflect the work and reduce the 
depth of cut. 
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(The depth of cut was 0.100 in., the feed 0.010 in. per tooth for the single-tooth 9.06- 
in-diam face mill when milling 40,000-psi Meehanite cast iron having a face 43/5 in. 
wide. The tools were tipped with K2S sintered carbide, and the tooth shape was 8 
shown in Fig. 1.) 
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was determined. The net motor horsepower, hp,, times the 
mechanical efficiency of the machine gave the net cutter horse- 
power, hp,. 

The horsepower at the cutter, hp,, and the horsepower at the 
motor, hp,, are shown plotted versus the cutting speed in Fig. 7. 
Extreme accuracy is not possible when determining power on a 
recording wattmeter when using a single-tooth cutter because of 
the vibration of the recording stylus. The results are indicative 
and interesting and agree quite well with those of previous tests 
with multiple-tooth cutters. The hp, increased directly with the 
cutting speed. The slopes of all hp, lines on log-log charts are 
1.00, indicating that as the cutting speed was doubled the hp, re- 
quired was also doubled. A radius increase from 0 to !/ in. raised 
the hp, by 15 per cent. The hp, is varied by machine operating 
conditions and is not a reliable indicator of the cutting-tool per- 
formance. It remained practically the same as the nose radius 
was increased from 0 in. to !/gin. 

Fig. 8 shows the unit hp, versus the cutting speed. The '/,in- 
and the '/,in-radius tools required 17 per cent more unit hp, 
than the 0-in-radius tool. Straight lines have been drawn through 
the points of each radius so a change in cutting speed shows no 
appreciable effect on the unit hp,. The lines are drawn parallel 
and have a slope of zero. 

Unit hp, values for the various nose radii are plotted again 
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on a larger scale in Fig. 9. The unit hp, increased 15 to 22 per cent 
as the nose radius was increased from 0 in. to !/g in. 


VARIABLE-WIDTH-OF-CHAMFER TESTS 


Face-milling cutter teeth, having chamfer widths of 0 in., 
0.010 in., 0.040 in., 0.070 in., and 0.150 in. were tested for tool 
life and power. The peripheral-cutting-edge angle was held 
at 0 deg and other angles were as shown in Figs. 1 and 10. The 
chamfer was ground at a 45-deg angle measured from the face of 
the milling cutter as shown in Fig. 10. A parallel-edged flank 
type of chamfer was used so that the width of the chamfer along 
the flank was the same at the face and heel of the tooth as shown 
in the “chamfer view,” Fig. 11. A 6-deg relief angle was pro- 
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(Meehanite type C 40,000-psi cast iron, Bhn 190, was face-milled. Width of 

cut was 43/,in., depth of cut 0.100 in., and feed per tooth, 0.010 in. The 

43/s-in, face was on the same center line as the cutter. Tool was vo with 

K2S sintered carbide and had a shape of +7, +4, 6, 6, 2, variable chamfer at 
45 deg from face.) 


vided on the peripheral cutting edge and the face cutting edge. 
A normal or working relief angle on the chamfer of 8'/, deg (view 
A-A) gave the parallel-edged chamfer flank. This gave a pe 
ripheral relief angle of 12 deg on the chamfer as measured in 
the direction of feed (view B-B). 

Tool Life. The condition of wear for various chamfers may be 
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seen in Fig. 12. The sharp-cornered tool with 0-in. chamfer 
had an early wear on the sharp corner and a good uniform cup on 
the face back of the peripheral cutting edge. It did not chip, 
and therefore had a longer life than the tools with 0.010- and 
0.040-in. chamfers. These tools show chipping along the periph- 
eral cutting edges. The tools having the 0.070-in. and the 
0.150-in. chamfer did not chip, and therefore had longer lives. 


In Fig. 13 the machine cutting time 7’ y, is plotted against the © 


cutting speed in rpm and fpm. The longest length of chamfer, 
0.150 in., gave the longest tool life for all speeds. When the width 
of chamfer was equal to 0.150 in., all of the cutting was done on the 
45-deg-chamfer cutting edge and none of the cutting was done 
on the 0-deg peripheral cutting edge. This is equivalent to 
using a tool with a 45-deg-peripheral-cutting-edge angle which 
would have a relief perpendicular to the cutting edge of 8'/; deg 
as shown in Fig. 11. The second longest chamfer, 0.070 in., gave 
the second longest life, slightly less than that for the 0.150-in. 
chamfer. The 0 chamfer did not give as long a tool life as the 
0.010-in. and 0.040-in. chamfer when cutting at the higher cutting 
speed. Observation of the tools ground to the 0.010-in. and 
0.040-in. chamfer showed that failure was caused by thermal 
cracks perpendicular to the cutting edges. This caused chipping 
of the cutting edges at the sharp junction of the peripheral cutting 
edge and the chamfer cutting edge. 

At cutting speeds of about 400 fpm or 168 rpm, Fig. 13, there 
was little difference in life between the 0, 0.010 and 0.040-in- 
chamfer tools as there was less chipping at these lower speeds. 
It would therefore seem that if chamfer is to improve tool life, 
more than 0.040-in. chamfer width should be used. The chamfer 
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width of 0.070 in. seemed very satisfactory and produced less 
thrust against the work than when the chamfer had a width of 
0.150 in. Table 1 shows that the tool life was extended from 10 to 
37.5 min by changing the width of chamfer from 0 to 0.150 in. 
The 0.150-in-width chamfer permits the whole depth of cut to be 
removed by the chamfer which becomes the peripheral cutting 
edge. 


TABLE 1 EXTENSION OF TOOL LIFE BY INCREASING 
CHAMFER WIDTH 


Rpm for a Rpm fora Tool life, Tm, 
Chamfer width, tool life tool life at 250 rpm 
inches of 10 min of 60 min (592 fpm) 
280 (672 fpm) 140 (332 fpm) 13.3 
0.010 250 (592 fpm) 140 (332 fpm) 10 
0.040 250 (592 fpm) 140 (332 fpm) 10 
0.070 360 (852 fpm 198 (470 fpm) 29.5 
0.150 388 (920 fpm) 213 (504 fpm) 37.5 
Power. When the tools were sharp there was little difference 


between power requirements for the 0-in-chamfer tools and the 
0.150-in-chamfer tools, inclusive, although the largest chamfer 
did require slightly more hp, power (approximately 18 per cent) 
than the smallest. When the tools became dull, the largest power 
at the spindle, hp,, was required by the tools having the longest 
length of cutting edge; therefore the 0.150-in. chamfer required 
considerably more power than the 0-in-chamfer tools. The 
0.150-in-chamfer tools required 40 per cent more hp, than the 
0-in-chamfer tools when the tools were dull. Although the hp, 
at the spindle varies from 18 per cent (sharp cutters) to 40 per 
cent (dull cutters), the hp, to the motor is not affected to as great 
an extent. At 500 fpm, the hp, to the motor varied from 2.85 to 
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3.15 for the sharp tools. The lowest power was required for the 
0-in-chamfer tools, and the highest power for the 0.150-in- 
chamfer tools. When the tools were dull, the power at 500 fpm 
varied from 3.1 to 3.5 hp, (approximately 12 percent). It is seen 
therefore that the width of chamfer has but little effect on the 
hp, applied to the motor, although the largest width of chamfer 
does require slightly more power. 

The axial force of a cutter against the work, tending to de- 
crease the depth of cut, was greater for dull tools than for sharp 
tools. The least force was exerted by the tools having a 0-in. 
width of chamfér and the greatest force was exerted by tools 
having the 0.150-in. chamfer (a 45-deg peripheral-cutting-edge 
angle). This axial force caused considerable deflection of the 
work and gave an uneven work surface. The ends of the bars 
being faced had an overhang of 6 in. at each end of the fixture. 
This unsupported length would bend approximately 0.030 to 
0.040 in. under the pressure of the dull 0.150-in-chamfer tool. 
The 0-in. chamfer width caused practically no deflection of the 
work even when dull; therefore if accuracy of size is important 
and sections are weak, the tool having a small chamfer or no 
chamfer at all would be desirable. 

The unit power requirements in terms of hp, per cu in. per 
min is shown for the various tools in Fig. 14. The tests were er- 
ratic, particularly at the low speeds but, in general, the smallest 
width of chamfer gave the most efficient or lowest hp, per cu in. 
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WipTH 
per min. An increase in cutting speed gave a slight decrease in 
unit power for the sharp tools and a decided decrease in unit 
power for the dull tools. At a cutting speed of 300 fpm, the 
hp, per cu in. per min varied from 0.47 to 0.53 (13 per cent) when 
increasing the chamfer width of sharp tools from 0 to 0.150 in. 
When the tools were dull, the hp, per cu in. per min at the same 


speed varied from 0.77 to 1.05 (36 per cent) when increasing the 
chamfer width from 0 to 0.150 in. 
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° Cutting conditions are described in Fig. 10.) 


PERIPHERAL-CUTTING-EDGE-ANGLE TESTS 

Tools with variable peripheral-cutting-edge angles were first 
tested when using a 6-deg peripheral relief angle (measured in the 
direction of feed). The relief angles normal to the cutting edge 
for the 0, 15, 30, 45, and 60-deg pcea were 6, 5.8, 5.2, 4.2, and 3 
deg, respectively. Later, tools with 30- and 60-deg peripheral- 
cutting-edge angles were retested when ground with 6-deg normal 
relief. 

The tooth shape was +7, +4, 6, 6, 2, A deg, where A consti- 
tuted the peripheral-cutting-edge angle, as shown in * ig. 15. 
The tools were otherwise ground to a sharp point having no 
nose radius. The depth of cut and the feed per tooth remained 
constant at 0.100 in. and 0.010 in., respectively. A cutting tool 
was considered failed when it had a flank wear of 0.030 in. 

Tool Wear. The tool wear was of fairly uniform character for 
the 0, 15, and the 30-deg peea tools, while for the 45- and 60-deg 
tools less uniformity existed. For these angles the chip thick- 
ness had decreased from 0.010 in. to 0.007 and 0.005 in., respec- 
tively. For this reason the crater on the face of the cutter back 
was shallower and narrower in size. The face flank wear re- 
mained practically the same while the peripheral flank wear in- 
creased with an increase in peripheral-cutting-edge angle. At 45 
and 60 deg peea, the normal reliefs were only 4.2 and 3 deg, respec- 
tively; the length of the cutting edges was increased to 0.141 and 
0.200 in., respectively, which resulted in much higher axial thrusts 
causing the work to be deflected. The low normal reliefs com- 
bined with the higher axial thrusts caused back-dragging of 
the tooth which resulted in a more severe flank abrasion. 

All tools failed primarily on the peripheral flank. At higher 
cutting speeds all tools had thermal cracks, and chipping on 
the cutting edges became more frequent. 

Tool Life. Tool-life curves are shown in Fig. 16 where the 
cutting speed was plotted versus the tool life or total machining 
time, 7'y, to produce a flank wear of 0.030 in. on the cutting tool. 
For the tools with 6-deg peripheral relief angle, the slopes of the 
curves were approximately equal, varying from —0.33 for the 
15-deg pcea to —0.37 for the 60-deg pcea. The tool-life equations 
for the two cases were V7°-33 = 1400 for the 15-deg pcea, and 
VT°-7 = 1300 for the 60-deg pcea. The 0, 15, 30, and 45-deg 
peea curves fell closely together for cutting speeds of 300 to 550 
fpm. The 60-deg pcea tool showed values of cutting speeds, for 
any given tool life, of 15 to 30 per cent lower than the rest of the 
group which were nearly equal. 

At a cutting speed of 400 fpm, the tool life for the 60-deg pcea 
was 23.5 min, while the other tools gave about 41 min, a decrease 
of 43 per cent for the 60-deg pcea tool. At a cutting speed of 800 
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Fie. 15 Toorn SHarpe With ANGLES AND DIMENSIONS USED IN 
Tests iN WHICH PERIPHERAL-CUTIING-EDGE ANGLE Was VARIED 


(The tooth was tipped with K2S sintered carbide, the milling cutter had an 

effective diameter of 9.06 in., the depth of cut was 0.100 in., the feed per tooth 

was 0.010 in., and 44/s-in- wide face of 40,000 Psi Meehanite cast iron was 
on center line of cutter. A 215-Ib fly wheel ‘‘A’’ was used on spindle.) 


fpm, the greatest variation existed between the 60-deg and the 
30-deg peea, giving values of 3.6 and 7.2 min, respectively, a de- 
crease of 50 per cent for the 60-deg pcea tool. The poor perform- 
ance of the 60-deg pcea cutter was due mainly to the lack of rigid- 
ity of the test bar. The 36-in-long bar overhung the fixture 6 in. 
on both ends. The axial force caused by the 60-deg pcea deflected 
the 4%/s-in-wide’ X 2!/,-in-thick bar so that excessive rubbing 
occurred on the tool flank and caused a shorter tool life. 

Tests were made later using a 6-deg normal relief but only a 
slight improvement in tool life was observed. When the bar was 
rigidly supported, the tool life at 505 fpm increased from 16.5 
to 84 min, as shown in Fig. 16. This large increase in tool life 
shows the necessity of having rigid work-holding fixtures. 


SumMMARY OF CONCLUSIONS 


Variable Nose Radius. The '/¢ and the 1/s-in-nose-radius 
cutting tools showed the best performance. The !/,-in-nose- 
radius tool was superior in the speed range above 800 fpm, while 
below a cutting speed of 800 fpm the !/;-in-radius tool was the best 
of all. For practical purposes, therefore, the '/s-in-radius tool 
should be used, since commercial cutting speeds require values of 
tool life of more than 20 min. 

The cubic inches of metal removed per tool grind is also the 
highest for the tool having the !/s-in-nose radius for values of 
tool life beyond 20 min. 
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Fic. 16 Speep Piorrep Versus ToTaL MACHINING TIME To Propuce 0.030-In. FLANK WEAR, 


Tm, FoR Each oF SEVERAL VALUES oF PERIPH 


ERAL-CuTTING-EpGE ANGLE WHEN Face-MILLING 


MEEHANITE Cast Iron as DescRIBED IN Fic. 15 
(The lower group of five lines used a cutter having 6-deg peripheral relief, whereas the two u aed lines are for 


cutters of 60-deg and 30-deg peripheral-cutting-edge angle “O- a 6-deg normal relief angle an 
support. 


The horsepower at the cutter, hp,, increased about 15 per cent 
as the nose radius was increased from 0 to '/s in., while the horse- 
power at the motor, hp,, was practically unchanged. 

Variable Chamfer Widths. Under the conditions of test as out- 
lined with a single-tooth cutter, the tip having the longest chamfer 
gave the longest tool life to produce 0.030-in. flank wear for a given 
cutting speed. The sharp corner or 0-in-wide chamfer gave the 
lowest values of tool life for each cutting speed except when 
chipping occurred on chamfers of intermediate width as shown 
in Fig. 13. 

The longest chamfer in this test was such that the whole depth 
of cut was taken on the chamfer so that the chamfer became the 
peripheral cutting edge. When the chamfer was less, so that part 
of the cut came on the 0-deg peripheral cutting edge and part on 
the chamfer, the life of the cutter became less as the width of 
chamfer became less. 

The greatest number of cubic inches per tool grind was obtained 
at a given speed by the tip having the longest chamfer, except 
where chipping occurred as on the 0.010 and 0.040-in-wide- 
chamfer tools. This chipping shortened the life of these tools 
even below that of the 0-in-wide-chamfer tool. 

The 0-in-wide-chamfer tool gave slightly less hp, than tools 
with wider chamfers. The widest chamfer gave the highest value 

of hp,. When the tools were sharp, the difference between values 
of hp, for the zero chamfer and the largest chamfer was only 18 
per cent while for the dull cutters it was 40 per cent. 
Variable Peripheral-Cutting-Edge Angles. The series of tools 
having various peripheral-cutting-edge angles (pcea) with 6-deg 
peripheral relief angle showed that high peripheral-cutting-edge 


a more rigid bar 


angles required more rigidity of the work and larger relief angles 
if tool life was to be increased. Since the peripheral relief was kept 
constant, the normal relief decreased with increasing peripheral- 
cutting-edge angles. This decrease in relief angle caused a 
shortening of the tool life for the high values of pcea. Instead of 
the tool life increasing as the pcea increased, there actually was no 
significant change except for the 60-deg pcea which had approxi- 
mately 50 per cent less tool life due to excessive rubbing on the 
peripheral flank as a result of having only 3-deg normal relief. 

The length of the peripheral cutting edge for a 60-deg pcea tool 
was twice the length of that of a 0-deg tool, the chip was one half 
as thick, while the normal relief angle as measured perpendicular 
to the cutting edge amounted to only 3 deg. The axial thrust 
during the cutting increased considerably and caused deflection of 
the material cut particularly at its unsupported ends. This de- 
flection along with the low 3-deg normal relief angle caused a 
heavy back-dragging and excessive flank-rubbing of the tool, 
which in turn accelerated the rate of tool failure and caused an 
undesirable surface roughness. 

When the normal relief on the 60-deg pcea tool was increased 
from 3 deg to 6 deg, there was only a slight increase in tool life. 
When the rigidity of the work was improved by eliminating the 
6-in. overhang on the ends of the test bar, then a great improve- 
ment in tool life was obtained. 

Changing the peripheral-cutting-edge angle from 0 to 60 deg, 
using a 6-deg peripheral relief angle, reduced the unit horsepower 
(unit hp,) about 10 per cent when cutting at high speeds, and had 
very little influence on the gross horsepower, hp,. 
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Fic. 1 A 10-IN. X 36-IN. CYLINDRICAL GRINDER 


(This grinder is provided with direct-current motors on the wheel spindle, the work spindle, and on the feed tra- 


verse, the speeds of which are controlled by field-type rheostats. 


A standard test specimen of S.A.E. 52100 steel 


is mounted on centers.) 


Results of an Investigation of the Removal 
of Metals by the Process of Grinding 


This paper presents the results of an investigation to 
determine the influence of grinding wheels, grinding com- 
pounds, and other pertinent factors that may affect the 
process of cylindrical grinding. 


No. 2 cylindrical grinder with a 10-in. swing and 36 in. 

between centers. It is the conventional production type 
of machine and for the purposes of this investigation it was pow- 
ered with direct-current motors, the speeds of which were con- 
trolled with field-type rheostats. 

The wheel-spindle motor, shown at A, Fig. 1, is a 5-hp direct- 
current motor mounted on the spindle base of the machine. It 
drives the wheel spindle by three V-belts, This motor is con- 
trolled by a field rheostat, so that the spindle speeds may be ad- 
justed to compensate for the diminishing diameter of the grind- 
ing wheel, in order that a constant grinding speed may be main- 
tained at all times. 


r NHE machine used in this investigation was a Cincinnati 
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A wide range of table feeds is secured by a rheostat-controlled 
2'/,-hp direct-current motor, shown at B in Fig. 1. This motor 
drives the feed mechanism of the machine and, in conjunction 
with six geared feeds and the '/;-hp direct-current work-spindle 
motor, provides all the necessary table feeds in inches per revolu- 
tion of the work spindle. The work-spindle motor is shown at C 
and its controls, along with those of the feed motor, are shown at 
the panel in the lower left of the illustration. The field-type- 
rheostat control for the wheel-spindle motor is shown at the 
lower right of the figure. 

The grinding compound is supplied by means of a sump pump 
placed in a 30-gal drum, shown in Fig. 2. This pump delivers 
the liquid to the wheel-work contact area at the rate of 5 gpm. 


This rate of supply is maintained by line valves. 


Cut 


§.A.E. 52100 steel, a product of an electric furnace, was used 
in this investigation. The standard specifications of this material 
call for approximately 1.2 to 1.5 per cent chromium and 0.95 to 
1.10 per cent carbon. It was purchased as a spheroidized an- 
nealed material and was machined to a bar stock size of 2 in. 
diam and 12%/, in. length, with a shoulder 17/s in. diam and 23/, 
in. length, so that a cylindrical surface 2 in. diam and 10 in. in 
length is exposed to the traverse cut of the wheel. 

The steel specimens were heat-treated in an electric furnace, 
cooled by an oil quench, and drawn to a hardness of 62 to 64 
Rockwell C. This state of hardness has a tensile strength of 
approximately 320,000 psi. The specimen is shown mounted 
between the centers of the machine in Fig. 1. 
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(The profilometer is shown top right, the 
ometer, a 14-in. special micrometer left foreground with a 


Fic. 2. Enp View or CYLINDRICAL GRINDER, SHOWING A 30-GaAL 
Drum WitH Sump-TYPE Curtine-FLuip Pump To DetiverR FLUID AT 
5 aT WHEEL 
(The feed traverse motor is shown in the foreground at the base.) 


MEASURING EQUIPMENT 


Some of the measuring equipment used during the tests is 
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Accessories Usep tN CARRYING OuT TESTS 
cutmeter left background, standard work specimen in front of profil 


standard 0.0001-in. micrometer, « driving dog, anda 


reading glass.) 


Frc. 4. View or Direct-Current Recorpinc-Type WaTTMeTER 
Usep To Measure Gross, TARE, AND Net Power AT WHEEL 
(Cabinet below contains multipliers and 50-amp shunt.) 


shown in Figs. 3 and 4. The large black case in the rear, Fig. 3, 
contains the profilometer used in measuring the ground-surface 
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finishes in microinches root mean square (rms). Immediately 
in front of this is a standard workpiece of S.A.E. 52100 steel of 
62-64 Rockwell C hardness. At the left rear may be seen the 
tachometer used in checking spindle speeds, and in the lower left 
is the 14-in. micrometer caliper used in measuring the diameter 
of the grinding wheel in 0.0001 in. before and after each test to 
determine wheel wear. Other equipment, such as the workpiece 
micrometer caliper measuring in 0.0001 in., the driving dog that 
turns the workpiece, and the reading glass used in making fine 
measurements, are shown on the front of the table in Fig. 3. 

In Fig. 4 may be seen the recording-type direct-current watt- 
meter in its cabinet. This wattmeter was connected in series 
with and across the power lines to the wheel-spindle motor. This 
instrument was used in measuring and recording the amount of 
power input to the wheel motor for a complete record of the power 
throughout each test. Below the wattmeter is a cabinet con- 
taining multipliers and a 50-amp shunt. 

TESTING PROCEDURES 

In testing a grinding wheel, grinding compound, or a combi- 
nation of both, all details of operating conditions were kept con- 
stant. Wheel-spindle speeds were checked by means of a tachome- 
ter, so that a constant velocity of 6500 sfpm was maintained on 
the periphery of the grinding wheel. Work-spindle speeds were 
checked by means of a tachometer, and a constant rpm was main- 
tained throughout each test. The rate of table traverse was 
calibrated and checked by a stop watch in 1/100 min. 
mained constant during each test. 

The actual test involved making 60 table traverses past the 
wheel face with an in-feed of the wheel of 0.001 in. per pass, giving 
a total in-feed of 0.060 in. in 60 passes.* Initial measurements of 
the diameters of the wheel and workpiece were recorded in 0.0001 
in. prior to the actual test run. 


This re- 


Fig. 5 shows the position of the 


GRINDING WHEEL 


DIRECTION - WORK TRAVERSE 
Fie. 5 RELATIONSHIP BETWEEN GRINDING WHEEL AND STANDARD 
Work SPECIMEN 


(Work specimen shown in full lines is in position farthest left; that in dashed 
lines farthest right; the two extreme ends of the work traverse.) 


REC. 


_ PROFILE AT END OF TEST 


DIAMOND -TRUED PERIPHERY 


Fig. 6 Cross-SecTionaL View or Face or GRINDING WHEEL, 
SHow1ne Irs Contour ForMED BY CorREcT GRINDING CoNDITIONS 
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wheel in relation to the work with a depth of cut of 0.001 in. or 
0.002 in. on the diameter of the workpiece. In making a tra- 
verse cut such as shown by the arrows, whee! wear progresses at 
the beginning from each edge toward the center of the face of the 
wheel. This is in evidence by the crowned condition shown in 
Fig. 6, giving actual measurements of a contour that was recorded 
at the end of a prescribed run. These measurements were made 
in 0.0001 in. with a dial indicator attached to the worktable as 
it traversed the wheel face. The profile will vary considerably 
from that shown if the grinding conditions become unsatisfac- 
tory. After the first 20 traverses (10 reciprocating cycles) of the 
work past the grinding wheel, the machine was stopped and 
measurements were made on the diameter of the workpiece. 
This procedure was followed at the end of 40 traverses, and again 
at the end of the test of 60 traverses. By this means the actual 
amount of metal removed was calculated in cubic inches for each 
one third of the test. At the end of the test diameter measure- 
ments were made of the wheel, so that the volume in cubic inches 
of wheel wear could be computed for the entire test. 


DEFINITION OF TERMS 


Volume Ratio. By volume ratio is meant the ratio of the 
amount of actual metal removed from the workpiece to the amount 
of wheel wear, both expressed in cubic inches. Volume ratio 
(V,) = volume of metal removed (V,,), divided by volume of 
wheel wear (V,); thus 


Vim 
Ve 
Horsepower. Horsepower in this case represents the gross 
horsepower (hp,) minus the tare horsepower (hp,) or the net horse- 
power (hp,,) at the wheel, required to make an actual cut. This 
net power is a direct function of the tangential cutting force on 
the wheel face. 


hp, — hp, = hp, 


Characteristic. The grinding characteristic takes into consid- 
eration the volume ratio and the net horsepower. Some wheels 
may create a certain volume ratio with a low net-horsepower re- 
quirement, while other wheels, used under the same test condi- 
tions, may create the same volume ratio with a higher horse- 
power requirement. As a result of these conditions, it is neces- 
sary to make a distinction in the two types of ratios; thus 


volume ratio V, 


Characteristic = =x 
net horsepower 


Horsepower per Cubic Inch per Minute. This term designates 
power consumption based on a time element, and the volume of 
metal removed. The horsepower is net power (hp,), the time 
element is actual cutting time (¢), and the volume is the actual 
cubic inches of metal removed from the workpiece; thus 

Vin 
hp, per cu in per min = (hp,) = hp, + a, 

Percentage Increase (hp, per cu in per min). This term indi- 
cates the increase in the (hp, per cu in per min) factor from the 
beginning to the end of the test. It is computed by dividing the 


amount of increase in (hp, per cu in per min) by the initial unit 
net power; thus 


hp, per cu in per min (final) — hp, per cu in per min (initial) 
hp, per cu in per min (initial) 


This term provides an index to the dulling of the grain in the 
wheel or the self-dressing action of the wheel. Theoretically, the 
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Fic. 7 CuHarr SHowrnc ComparaTIVE Data ReEsuLTING From 
Tests in WuHicH aN 80-Grit aNnD A 150-GriT WHEEL WeRE USED 


dulling action of a grain in the wheel face as a result of abrasion 
may present a wider cutting edge on a coarse grain than on a fine 
grain and thus require more input horsepower to remove a metal 
chip or to burnish the exposed metal surface. Thus this percent- 
age increase in power aids in evaluating grinding wheels as to 
their dressing or dulling action. 


PERFORMANCE OF GRINDING WHEELS 


Fig. 7 shows a chart comparing the analyses of the performance 
of two grinding wheels. The two Carborundum Company 
wheels used were designated as A80J6V10 and A150J6V10, re- 
spectively. The power chart at the left shows the power for each 
of the 60 traverses of the work past the A80J6V10 wheel, as re- 
corded by the wattmeter. The power chart at the right shows 
the recorded power required by the A150J6V10 wheel. The 
machine and test conditions are given on the chart and indicate 
that all factors except the wheels remained constant. Under the 
heading “Test Results” may be observed the relative performances 
of the wheels based on terms previously defined. The volume 
ratio of 70.5 for the ASOJ6V 10 wheel is somewhat higher than that 
of 52.6 for the A150J6V10 wheel. This variation is caused by 
only a few ten thousandths of an inch wheel wear. The net 
horsepower requirement for the 80J wheel is 2.84 and for the 150J 
wheel 1.85. The grinding characteristic favors the 150J wheel 
in that it required legs power input than did the 80J wheel, and 
thus shows a factor of 28.4 for the 150J wheel and 24.8 for the 80J 
wheel. The (hp per cu in per min) factor is much lower for 
the 150J wheel than it is for the 80J wheel. The volume of metal 
removed for each one third of each test remained nearly the same 
in all cases, and the time was constant for each of the tests, but 
the net-horsepower requirement was much higher for the 80J 
than for the 150J wheel. Thus considerable difference is shown. 
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The percentage increase in (hp per cu in per min) of the 80J 
wheel is much higher than for the 150J wheel, as shown by the 
greater increase in power requirement. The 80J wheel required 
2.6 gross kw on the first table traverse but increased to 3.7 gross 
kw on the last traverse. The 150J wheel required 2.4 gross kw 
on the first traverse, but increased only to 2.7 gross kw on the 
last traverse. The former case shows how the power input can 
increase on successive passes in traverse-grinding if the wheel is 
not self-dressing properly, and the latter shows the more nearly 
correct type of grinding for this set of conditions. 


TEMPERATURE MEASUREMENTS 


Next in the analysis of these two wheels is shown the tempera- 
ture increase (AT) in degrees F as measured on the peripheral 
surface of the work with an Alnor Pyrocon thermocouple. These 
measurements indicate that the A80J6V10 wheel caused slightly 
more heat than did the A150J6V10 wheel. The increases were 
18and 12 deg F respectively. These increases were determined by 
measuring the temperatures of the work surface at the beginning 
of each test, and again at the end of each test. 

The surface finishes recorded at the bottom of the figure show 
that there was very little difference as measured by a profil- 
ometer in microinches rms. These readings are the averages of 
three made on the periphery of the workpiece parallel to the 
longitudinal axis. These values represent the surface of the 
work under actual cut conditions with no spark-out allowance at 
the end of the test. Spark-out would improve the surface-finish 
readings in either case, but for the purposes of this investigation 
the surface quality represents the finish left by the wheel after 
the last full in-feed pass as specified for the test. There may be 
two reasons for the close proximity of these surface-finish read- 
ings. The A80J6V10 wheel used in this test was a combination 
grit wheel whereas the Al150J6V10 wheel was a straight-grain 
wheel. Also, a variance in the dulling action on the grain or the 
normal dressing action of the wheel might explain such slight 
variations in surface finishes. 


Tests With STANDARD GRINDING WHEEL 


Fig. 8 shows some results obtained by grinding S.A.E. 52100 
steel with a standard 38A120K8BE-Norton Companywheel. The 
test conditions remain the same as specified in Fig. 6, with the 
exception that the table feed in inches per revolution (ipr) is 
varied as shown by the abscissas, which are 0.081, 0.112, 0.162, 
and 0.238 ipr, respectively, as shown from left to right on the 
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graph. For the lowest rate of table feed in inches per revolution 
of 0.081 in., the tests gave a volume ratio (V,) of 64., a net horse- 
power (hp,) of 1.50, a grinding characteristic (V,/hp,) of 42.7 
and a (hp, per cu in per min) of 12.8. As the table feed is in- 
creased from 0.081 ipr to 0.112 ipr, an increase of 0.031 (1/32) 
ipr, the volume ratio drops to 31.2, the net horsepower increases 
to 1.57 hp,, the characteristic drops to 19.9, and the (hp per cu 
in per min) drops to 9.9. With a further increase in feed to 0.162 
ipr, an increase of 0.081 ipr above the lowest feed of 0.081 ipr, 
the volume ratio drops to 15.6, the net horsepower increases to 
2.05 hp,, the characteristic drops to 7.6, and the (hp per cu in 
per min) is 9.4. With the highest feed of 0.238 ipr, an increase 
of 0.157 (5/32) ipr above the slow feed of 0.081 ipr, the volume 
ratio is lowest at 2.3, the net horsepower is highest with 2.2 hp,, 
the grinding characteristic is lowest with 1, and the (hp per cu 
in per min) is lowest with 8.3. 


129 


This figure shows that an increase in table-traverse feed in 
inches per revolution of the work spindle reduces volume ratio 
and grinding characteristic, increases net horsepower require- 
ments, and reduces the (hp per cu in per min). By increasing 
the table feed beyond a certain maximum for these grinding con- 
ditions, less metal is removed and more wheel wear occurs during 
the test. It appears that beyond a certain maximum the vol-— 
ume of wheel wear will exceed the volume of metal removed, be- 
cause the singular grains in the grinding wheel are broken out or 
separated from the bond post. 
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Beginning with the cutting fluids that were commonly 
employed 50 or 40 years ago, such as lard oil, straight min- 
eral oil, soda water, and soap water, the author traces the 
development of cutting fluids through the mineral-lard 
oils, the sulphurized mineral oils, the sulphurized fat 
bases, the various chlorinated additives to the synthetic 
additives of the present day. This paper deals with the 
influence that various metals have upon the types of cut- 
ting fluids which are used, and especially on the role 
played by the hardness and cutting qualities of metals. 
Some attention is given to the various groups of cutting 
tools, and how the selection of cutting fluids is governed 
to a large extent by the duties they perform. The part 
that is played by the design of machine tools is also dis- 
cussed. Consideration is given to the new nonpetroleum 
grinding compounds which are beginning to make their 
appearance. 


HIRTY-five or forty years ago the cutting fluids com- 
"Es employed in the machining of metals comprised 

straight lard oil for threading, straight mineral oil or 
mineral-lard mixtures for certain less critical operations, and mix- 
tures of soda ash and water, or soap and water, for the general 
run of work. In those days these seem to have satisfied the re- 
quirements of the industry. 

The growth of the automotive industry, however, introduced 
a demand for stronger tougher steels. Moreover, the need for 
interchangeable parts necessitated closer tolerances and_ finer 
finishes. The trend toward mass production resulted in stepping 
up speeds and feeds. These conditions were met eventually by 
new cutting fluids containing sulphur, sulphurized fats, chlorine, 
etc. These materials made it possible for cutting fluids to fune- 
tion under heavier loads without the development of excessive 
heat, and with correspondingly longer tool life, closer tolerances, 
and better finish at the higher speeds and heavier feeds that were 
employed. When these materials were first introduced, however, 
little was known of the limits of their behavior. 

It was not until 1935, or thereabouts, that more careful study 
of the action of cutting fluids began to throw some light ou the 
functions of these various ingredients, and upon how they acted 
in various metal-cutting operations and on various types of 
metals. In these studies the marketers of cutting fluids were 
not the only interested parties. The research of certain builders 
of machine tools, certain manufacturers of steel, and other inves- 
tigators did much to point the way toward the development and 
application of the products that are in use today. 

The purpose of this paper is not to set down any formulas, nor 
to draw any final conclusions. Too many gaps still remain in the 
picture. Much work still needs to be done. The purpose there- 
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fore is to present factual data which form the basis today for 
choosing suitable cutting fluids for machining operations. A 
second but important purpose is to invite discussion which may 
throw additional light on the behavior of cutting fluids in metal- 
cutting work. 


Larp Ort Versus SULPHURIZED MINERAL OIL 


Perhaps the first important step was taken when study was 
directed toward the difference in performance of lard oil, a mix- 
ture of mineral oil and lard oil, and sulphurized mineral oil. A 
carefully controlled test was run in threading hardened S.A.E 
3140 steel (280 Bhn). This is a medium-carbon nickel-chromium 
steel. At this degree of hardness it is relatively clean-cutting, 
although the cutting pressures are considerably higher than in 
the unhardened state; so high, in fact, that the sulphurized 
mineral oil out-performed the lard oil and the mineral-lard mix- 
ture in terms of longer chaser life, better finish, and lower chaser 
wear, as shown in Table 1. The condition of the chasers when 


TABLE1 RELATIVE EFFECTIVENESS OF LARD OIL, MINERAL- 

LARD-OIL MIXTURE AND SULPHURIZED MINERAL OIL IN 

THREADING 8.A.F, 3140 STEEL HARDENED TO 280 BHN AT 25 

SFM WITH HIGH-SPEED-STE : CHASERS OF TANGENTIAL 


» E 


E 


Mineral-lard Sulphurized 
Item Lard oil oil mineral oil 
Viscosity (S.8.U. at 100 F - 195 151 156 
Sulphur, total per cent 3.16 
Lard oil, per cent 100 40 oc 
...  Passable Passable Fair 
Chaser wear, in. per chaser pe 
28.2 X 107? 18.5 X 107? 2.7 xX 1073 


lard oil was used is shown in Fig. 1. The lack of active sulphur 
permitted the chip actually to weld to the chasers. In all cases, 
the figures for tool life are unusually low because the threading was 
done continuously over a 36-in. length of bar stock. However, 
this does not affect the relationship between the oils with respect 
to their relative effectiveness. 

In the early stages of the development of sulphurized and 
allied cutting fluids, however, too much reliance was placed on 
chemical analyses. For example, attempts were commonly made 
to duplicate the performance of one cutting oil by producing 
another oil having the same percentage of sulphur. Sometimes 
these attempts were successful, but almost as often they were 
doomed to failure. It is now apparent that these failures 
were due largely to the fact that the attempted duplication was 
based on the total sulphur content. No effort was made to dis- 
tinguish between the inactive natural sulphur that was present 
in the mineral oil itself, the very active sulphur that was added in 
the sulphurizing process, and* the less-active sulphur that was 
present when a sulphurized fat had been incorporated in the 
blend. 


Active Sutpaur Versus [Nactive SULPHUR 


This is illustrated by comparing the performance of a straight 
mineral oil, containing a high percentage of natural sulphur, with 
the performance of a sulphurized mineral oil, and also with the 
performance of a blend of straight mineral oil and sulphurized 
fat. This was the next important step in the evaluation of cutting 
fluids. 
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(A) 


(B) 


Fig. 1 Resvutt oF ATTEMPTING TO THREAD HarpENED S.A.E,. 
3140 Sree. or 280 BHN Minerat-Larp O1L BLEND CONTAIN- 
Inc 20 Per Cent Larp at 25 Srm WitH 
CHASERS OF TANGENTIAL TYPE 
(Chips were actually welded to the chasers.) 


It is obvious from Table 2 that the straight mineral oil contain- 
ing a high percentage of natural sulphur is really not a cutting 
oil at all. From the very beginning of the cut, this oil produced 
a very poor finish in threading hardened S.A.E. 3140 steel. The 
fact that the same rough finish could be maintained for an ex- 
tended time seems to indicate fairly long chaser life. However, 
it must be borne in mind that the threads were not acceptable 
from the very start. 


TABLE 2 RELATIVE EFFECTIVENESS OF SULPHUR CONTENT 
IN STRAIGHT MINERAL OIL, SULPHURIZED MINERAL OIL, AND 
BLEND OF STRAIGHT MINERAL AND SULPHU FAT 


THREADING §&.A.E. 3140 STEEL HARDENED TO 280 BHN AT 2 
SFM WITH HIGH-SPEED- eee OF TANGENTIAL 
Straight 
mineral Blend of 
oil con- straight 
taining high mineral 
percentage Sulphurized oil and 
of natural mineral sulphurized 
Item sulphur oil fat 
Viscosity (S.S.U. at 100 F)...... 155 156 169 
Sulphur, total per cent.......... 2.43 3.16 1.49 
Sulphurized fat, per cent........ 6 


Chaser wear in. per chaser per min. 


Poor Fair Good 
9.0X 107% 1.3 X10-* 1.5 X 1073 
On the other hand, the sulphurized mineral oil, containing very 
little additional total sulphur, gave a better finish and less chaser 
wear, although the tools did not maintain this better finish for as 
long a time. 
Neither of these oils, however, can be compared to the perform- 
ance of the blend of straight mineral oil and sulphurized fat in 
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this same operation. Although this oil contained much less total 
sulphur than either of the other two, the finish was greatly im- 
proved, tool life was materially extended, and the chaser wear 
was minimized. 

If it had been possible to assign the same relative effectiveness 
to these oils in the machining of hot-rolled low-carbon steels, the 
problem confronting the makers and users of cutting fluids, 
would have been greatly simplified. These steels are draggy, 
have a tendency to tear, and are difficult to finish. All this was 
known of course before the advent of sulphurized oils. What 
was not known with any degree of certainty, was the relative ef- 
fectiveness of different types of sulphur in machining this group 
of steels. The third step in the evaluation of cutting fluids 
therefore comprised carefully controlled tests of a sulphurized 
mineral oil, and a blend of straight mineral oil and sulphurized fat 
in the threading of hot-rolled S.A.E. 1020 bar stock. 

Table 3 shows that the effectiveness of the sulphurized mineral 
oil and the blend of straight mineral oil and sulphurized fat was 
reversed, as compared with the effectiveness of these same oils 
in threading hardened S.A.E. 3140 steel. Although the chasers 


TABLE 3_ RELATIVE EFFECTIVENESS OF SULPHUR CONTENT 
IN SULPHURIZED MINERAL OIL AND BLEND OF STRAIGHT 
MINERAL OIL AND SULPHURIZED FAT IN THREADING HOT- 
ROLLED §.A.E. 1020 BAR STOCK OF 120 BHN AT 25 SFM WITH 
HIGH-SPEED-STEEL CHASERS OF TANGENTIAL TYPE 


Blend of 
straight mineral 

oil and Sulphurized 
Item sulphurized fat mineral oil 
Viscosity (S.S.U. at 100 F)....... 169 156 
Sulphur, total per cent........... 1.49 3.16 
Sulphuriszed fat, per cent......... 6 
Thread Just passable Good 
Chaser wear in. per chaser per min. 0.6 X 1078 0.5 X 1078 


appear to have lasted longer when threading the hot-rolled S.A.E. 
1020 with the sulphurized-fat blend, the finish of the threads was 
below standard, and the wear of the chasers was somewhat in- 
creased. On the other hand, the finish secured with the sul- 
phurized mineral oil was fairly good, and the wear of the chasers 
was slightly reduced. 


Errect or AcTIvVE SULPHUR 


The results of these tests indicate that the machining of clean- 


cutting steels is done most efficiently without too much active 
sulphur and with a considerable amount of extreme-pressure char- 
acteristics. These requirements were met with the blend of 
straight mineral oil and sulphurized fat. This would apply also 
to most of the high-Brinell steels, the cold-drawn low-carbon 
steels, the free-cutting manganese steels, and the high-sulphur 
screw stocks. 

The reason for this seems to lie in the effect that active sulphur 
has upon the behavior of the built-up edge. For example, in the 
machining of steels that cut cleanly there is almost no accumula- 
tion of build-up at the cutting edge of a tool, Fig. 2. The result 
is that the rubbing action of the chip is localized very close to the 
cutting edge. When too much active sulphur is present, this ac- 
cumulation of build-up becomes so mobile that it is rapidly carried 
away with the chip. This action leaves the cutting edge un- 
protected, and the tool breaks down quickly. The moderately 
active sulphur in sulphurized fat is sufficient to prevent the 
build-up from actually welding to the tool, yet not active enough 
to leave the cutting edge entirely unprotected. 

On the other hand, the results of these tests indicate that the 
machining of draggy steels is done most efficiently with a high 
percentage of active sulphur. This requirement was met by the 
sulphurized mineral oil. This would apply also to the most ef- 
ficient machining of hot-rolled low-carbon steels, and most 
medium-carbon steels (perhaps up to 250 Bhn). 
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Fie. 2 Turnep From 8S.A.E. X1314 Steet 

SpeEpD-STEEL Too. Bit, Havine 7-Dea Rake 6-DeG CLEAR- 

ANCE AT A SPEED OF 106 SFM AND A FEED OF V.008 IN. Per Revouv- 
TION 


(Since this is a clean-cutting steel, it was necessary to resort to dry cutting 
in order to show built-up edge on underside of chip. With suitable cutting 
fluid, this build-up would be practically nonexistent.) 


The reason for this also seems to lie in the effect that active 
sulphur has upon the behavior of the built-up edge. For example, 
in the machining of draggy steels the accumulation of build- 
up at the cutting edge of a tool is excessive. When this build-up 
accumulates so rapidly that the chip cannot possibly carry it 
away, Fig. 3, the high cutting pressures squeeze it down between 
the tool and the workpiece. This produces a rough finish. 

If this reasoning is correct, then there is obviously an optimum 
amount of active sulphur for best results in any machining opera- 
tion. In other words, there should be enough active sulphur in 
the cutting fluid to prevent an excessive accumulation of build- 
up, but not so much as to render the build-up so mobile that the 
cutting edge of the tool is left entirely unprotected. 


Fic. 3. or TurRNED From §8.A.E. 
1020 Stree. Too. Bit, Using 
IZED CHLORINATED CUTTING OIL 


(Note periodically spaced evidences of build-up adhering to chip and being 

carried away with it. The activity of sulphur and chlorine prevented weld- 

ing between chip and tool, rendered build-up mobile, and prevented cutting 

pressures from squeezing it down betwes tool and work and thus marring 
nish. 


It would seem therefore that the amount of active sulphur 
which should be present. would depend chiefly on the cutting quali- 
ties of the metal, that is, whether the chips break cleanly from 
the workpiece, or whether they have to be literally torn away. 
The ductility of the metal is an indication of this cutting quality 
and is a guide to the amount of active sulphur that a suitable 
cutting fluid should contain. However, since the metals that are 
commonly machined in any shop are likely to vary considerably 
in their cutting qualities and, since the use of a single oil for all 
operations is usually desirable, the active sulphur content of the 
oil must necessarily be a compromise. Adjustments of cutting 
angles, however, can go a long way to compensate for this. 


BEARD—TRENDS IN DEVELOPMENT AND APPLICATION OF CUTTING FLUIDS 


EFFEcT OF CHLORINE IN THREADING 


One of the important steps in the development of cutting 
fluids was the addition of chlorinated material. Although the 
reasons for the behavior of chlorine are not too clearly understood, 
nevertheless the results obtained from the use of chlorine are 
quite well known. For example, Hans Ernst? found that when 
carbon tetrachloride was applied in the machining of aluminum, 
microscopic deposits of aluminum chloride could be identified on 
the underside of the chips. Doubtless these deposits were suffi- 
cient to prevent actual metallic contact. Thus they tended to 
reduce friction and the development of frictional heat. More- 
over, field experience indicates that chlorine is especially advan- 
tageous in the machining of aluminum. ‘ 

The Eastern Machine Screw Company uses carbon tetrachlo- 
ride as a standard by which is evaluated the effectiveness of vari- 
ous commercial cutting fluids in the threading of Type 303 stain- 
less steel. Strange as it may seem, no cutting fluid has been 
found to equal the threads produced by carbon tetrachloride, 
although some have come very close. 

Various reasons, which follow, have been advanced for the effec- 
tiveness of chlorine in machining operations: 


1 It is said that chlorine provides exceptionally high film 
strength. This would seem to be the case in the threading of 
Type 303 stainless steel with carbon tetrachloride. 

2 Itissaid that chlorine becomes chemically active at lower 
temperatures than sulphur. This would seem to be borne out by 
the effectiveness of chlorine in many threading operations, since 
these are performed at much lower speeds than those used in 
turning. 

3 Itis said that chlorine seems to activate the sulphur. This 
may be true, since it has been demonstrated that the presence of 
chlorinated material in straight mineral oil is much less effective 
than the presence of active sulphur, and far less effective than the 
presence of active sulphur and chlorine. 


Unfortunately, carbon tetrachloride is not available for use in 
cutting fluids. This is due to the several following reasons: (1) It 
is toxic, and this is most important. (2) It is volatile, and must 
be replaced frequently. (3) It is expensive. Nevertheless, 
many other chlorinated materials are available. Some of these 
are more effective than others. 

The addition of the available nontoxic chlorinated materials, 
however, does not seem to improve the performance of blends of 
sulphurized mineral oil and sulphurized fat in certain operations. 
In the threading of draggy steels, such as hot-rolled S.A.E. 1020 
(120 Bhn), the performance of the cutting fluid is actually im- 


TABLE 4 RELATIVE EFFECTIVENESS OF ADDING SULPHUR- 
IZED FAT AND CHLORINE TO SULPHURIZED MINERAL OIL 
IN THREADING HOT-ROLLED S.A.E. 1020 BAR STOCK (120 BHN) 
AND HARDENED S&.A.E. 3140 STEEL (280 BHN) AT 25 SFM WITH 
HIGH-SPEED-STEEL CHASERS OF TANGENTIAL TYPE 


Blend of 
Blend of sulphurized 
sulphurized mineral 
mineral oil and 
Sulphurized oil and sulphurized 
mineral sulphurized at and 
Item oil fat chlorine 
Viscosity (S.S.U. at 100 F)...... 156 173 162 
Sulphur (total per cent)......... 3.16 4.30 2.92 
Sulphurized fat, per cent........ ... 6 2 
Tool life, min 
ni 
Good Very good Good 
Chaser wear, in. per chaser per 
min 
0.5 xX 0.3 0.8 xX 10-8 
2.7107? 2.5X 107% 2.8 X 10-8 


? Research Director, Cincinnati Milling Machine Company, Cin- 
cinnati, Ohio. 
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paired; while in the threading of clean-cutting steels, such as 
§.A.E. 3140 (280 Bhn), there seems to be no improvement at 
all, as shown in Table 4. 

On the other hand, the addition of chlorine to a blend of straight 
mineral oil and sulphurized fat seems to improve its performance 
in threading hot-rolled S.A.E. 1020 steel (120 Bhn), but actually 
impairs its performance in threading hardened 8.A.E. 3140 steel 
(280 Bhn) as shown in Table 5. 


TABLE 5 EFFECTIVENESS OF ADDING CHLORINE TO BLEND 
OF STRAIGHT MINERAL OIL AND SULPHURIZED FAT _ IN 
THREADING 58&.A.E. 1020 HOT-ROLLED BAR STOCK (120 BHN) 
AND HARDENED S.A.E. 3140 STEEL (280 BHN) AT 25 SFM WITH 
HIGH-SPEED-STEEL CHASERS OF TANGENTIAL TYPE 


Blend of Blend of straight 
straight mineral mineral oil and 
oil and sulphurized fat 
Item sulphurized fat and chlorine 
Viscosity (S.S.U. at 100 F)....... 169 165 
Sulphur (total per cent).......... 1.49 61 
Sulphurized fat, per cent......... 6 2 
Chlorine, per cent... .... 1 50 
Tool life, min 
Finish 
Chaser wear, in. per chaser per min 
0.6 10°3 0.3 10-3 


Thus the effectiveness of chlorine in threading operations 


seems to be questionable. It is realized of course that such a 


(A) 
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statement will provoke considerable discussion, and it is hoped 
that such discussion will be supported by factual data. In pre- 
senting such data, it should be borne in mind that the finish of the 
threads is not the only consideration. The life and wear of 
the chasers or dies is equally important. 

Although these carefully controlled tests do not indicate that 
chlorine has any particular merit in threading operations, other 
tests seem to indicate that chlorine is distinctly beneficial in 
other operations. 

Errect oF OILINEss AGENTS 

The oiliness agents that have been most common] used in cut- 
ting fluids comprise lard oil, sperm oil, ete. These materials have 
no special pressure-resisting properties, and have very little merit 
i? resisting the rubbing action of a chip on the cutting face 
of a tool. This area of the tool is, indeed, an extreme-pressure 
area, Where the cutting pressures may well exceed 100,000 psi. 
The rubbing action of the chip wipes away the merely oily films. 
Only the durable sulphide films, which are produced when a 
sulphurized mineral oil is used, can resist this tremendous rub- 
bing. 

On the other hand, the merely oily films do give a considerable 
measure of protection to the so-called “boundary area” of a tool. 
This is the area on the clearance face immediately below the cut- 
ting edge. It is the area that is most subject to wear during the 
machining of clean-cutting metals. 


(B) 


Fig. 4 Comparison OF CHASER WEAR IN THREADING 8.A.E. 3140 Steet or 280 Bun CHASERS 
OF TANGENTIAL TYPE AT SPEED OF 25 Sr 


(Sulphurized mineral oil used with chaser shown in A lacked oiliness properties necessary to protect boundary area. 


ridges of chasers and threads soon ran oversize. 


There was excessive wear on 


Sulphurized mineral oil used with chaser shown in B contained 20 per cent lard oil. This 


oiliness gave greater protection to boundary area of chasers.) 
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Therefore, blended with a mineral oil containing the optimum 
amount of active sulphur, lard oil, or sperm oil, provides a cutting 
fluid which protects not only the extreme-pressure area of a cut- 
ting tool, but also the boundary area. In practice, this protec- 
tion has usually provided not only an acceptable finish, but also 
has made it possible for the cutting fluid to maintain the re- 
quired tolerances of the machined parts, Fig. 4. The effective- 
ness of oiliness agents, however, has been more evident on hard 
clean-cutting steels than on softer draggier stocks. 

Sulphurized fat has also been used as an oiliness agent. This 
material has the additional advantage of having exceptional ex- 


TABLE 6 RELATIVE EFFECTIVENESS OF ADDING STRAIGHT 
LAR D OIL, SULPHURIZED FAT, AND SPECIAL OILINESS AGENT 
TO SULPHURIZED MINERAL OIL Ae THREADING HOT-ROLLED 
8. AE. 1020 BAR STOCK (120 BHN) *25 8FM WITH HIGH-SPEED 
STEEL CHASERS OF TANGENTIAL TYPE 
Blend of 
Blend of sulphurized 
Blend of sulphurized mineral 
sulphurized mineral oil and 
Sulphurized mineral oil and special 
mineral oil and sulphurized oiliness 
Item oil lard oil fat agent 
Viscosity (S.S.U. at 
100 F). ‘ . 156 155 173 160 
Sulphur (total per 
3.16 2.50 4.30 3.0 
Lard oil, per cent.. ... 10 
Sulphurized fat, per 
Special oiliness agent, 
per cent 1.0 
Color (A'S T. ). max max Very dark 4 max 
red 
. None Lard oil Distinct None 
sulphur 
Tool life, min..... 55 64 79 7 
Finish... .. Good Fair Very good Very good 
Chaser wear, in. per 
chaser per min 0.5 xX 0.64 0.3 10-3 0.4 x 10 


Fig. 5 THREADING SAME STEEL UNDER SAME ConpiTIONS ASIN 
4, Bur Usina SutpHurizep MINERAL O1L ConxTaINING NEW 
SYNTHETIC OILINESS AGENT 


(Far greater protection was afforded to boundary area of chasers, and it was 
possible to hold size of thread within allowable tolerances for a much longer 
time.) 
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treme-pressure properties. Blended with sulphurized mineral 
oil, it has been more effective in machining operations than cor- 
responding blends with lard oil, as shown by the carefully con- 
trolled tests in Table 6. 

The most effective oiliness agents, however, are those syn- 
thetic materials that have been developed within the past 2 or 3 
years. Blended with sulphurized mineral oil, their performance is 
practically equal to the performance of the sulphurized fat 
blends, Figs. 5 and 6. However, their outstanding characteris- 
tic is their light color and total absence of the objectionable odor 
of the lard-oil blends or the sulphurized-fat blends. 


Errect oF CHLORINE IN DRILLING, Etc. 

The effectiveness of chlorine in threading operations has al- 
ready been questioned. This apparent lack of effectiveness is 
further confirmed by the tapping and chasing efficiencies of a 
blend of sulphurized mineral oil and a special oiliness agent to 
which chlorine has been added, as shown in Table 7 
TABLE 7 EFFECTIVENESS OF CHLORINE ON TAPPING AND 
CHASING EFFICIENCIES OF BLEND OF SULPHURIZED ahi te 


OIL AND SPECIAL OILINESS AGENT IN THREADING §8.4.E. 1020 
STEEL (120 BHN) at 25SFM WITH HIGH-SPEED-STEEL TAPS AND 


TANGENTIAL CHASERS 
Blend of 
Blend of sulphurized 
sulphurized mineral oil 


mineral oil 
and special 
Item oiliness agent 


and special 
oiliness agent 
and chlorine 


Viscosity (S.S.U. at 100 F)......... 155 160 
Sulphur (total per cent)..... ews s 3.0 2.9 
Chlorine, per cent........... 1.2 
Tapping efficiency, per cent......... 99 102 
Threading efficiency, per cent....... 102 103 


In drilling hardened N.E. 8640 steel, however, chlorine appears 


Fic. 6 Reuative ErrecrivENess OF SuLPHURIZED MINERAL OIL 
CONTAINING 20 PER CENT Larp O11, Same Tyre or ConTAINING 
10 Per Cent Larp O1L; anp AGAIN, Same Type or ConTain- 
ING New SynTHETIC OILINESS ADDITIVE IN TURNING HARDENED 
S.A.E. 3140 Street or 280 Bun Witn HiGH-Speep-STeet 

Bits aT SurRFACE SPEEDS 


(Note greater boundary wear with lard-oil blends as com — with slight 
boundary wear when new additive was use 
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to have a distinct advantage. The results obtained with a blend 
of sulphurized mineral oil and a special oiliness agent, as com- 
pared with a blend of sulphurized mineral oil and a special oiliness 
agent and chlorine, are shown in Table 8. 


TABLE 8 EFFECTIVENESS OF CHLORINE ON DRILLING EF- 

FICIENCY OF BLEND OF SULPHURIZED MINERAL OIL AND 

SPECIAL OILINESS AGENT IN DRILLING 4/-IN. HOLES IN 

sammie N.E. 8640 STEEL PLATES (265 BHN, §/s IN. THICK) 
T 75 SFM WITH HIGH-SPEED-STEEL DRILLS 


Blend of 
Blend of sulphurized 
sulphurized mineral oil 
mineral oil and special 
and special oiliness agent 
Item oiliness agent and chlorine 
Viscosity (S.S.U. at 100 155 160 
Sulphur (total cent).. 3.0 2.9 
Tool life seth of holes drilled). 102 141 
Falex wear test (loss of weight of 
2.3 2.5 


Results in the field seem to confirm this effectiveness. As a 
matter of fact, chlorine seems to be especially beneficial in those 
machining operations where tools are subjected to a continuous 
heavy in-feed, such as drilling, reaming, forming, grooving, cut- 
ting off, ete. 


SoLuBLE O1Ls AND CoMpouNDsS 


Soluble oils may be divided into the following two broad classi- 
fications: 

The conventional soluble oils are composed principally of 
straight mineral oils and emulsifying agents. In metal-cutting 
operations, these blends are emulsified with water, and serve 
chiefly as coolants. They have practically no extreme-pressure or 
lubricity properties. 

For many years these were the only types of soluble oils availa- 
ble. Their use was necessarily confined therefore to the 
lighter-duty operations where cooling was the essential require- 
ment. 

The heavy-duty soluble oils contain extreme-pressure ingredi- 
ents, or oiliness additives, or both. Emulsified with water, they 
perform some of the functions of a nonsoluble cutting oil, al- 
though not to so marked a'degree. Their water content, how- 
ever, renders them better coolants. Prior to the recent war, 
.therefore, the heavy-duty types began to make their appearance 
on more difficult jobs, and even for threading and broaching. 

In their early development, the. chief problems encountered 
in the use of emulsions of both types of soluble oils were as fol- 
lows: ‘ 


Emulsification with all kinds of hard water. 
Rusting of the machined or ground parts. 
Gumming of the machines. 

Loading of grinding wheels. 

Development of rancidity in the emulsions. 
Development of offensive odor. 

Instability of the unemulsified oil in storage. 


NSO of 


These difficulties were due to the extremely complex structure 
of soluble oils. Ready emulsification in hard water, however, has 
been made possible by proper adjustments in formulas. Sta- 
bility in storage has been obtained by accurate control of manu- 
facture. Rusting of machined parts has been practically elimi- 
nated by incorporating suitable inhibitors. Gumming of ma- 
chines and loading of wheels have been controlled to a large ex- 
tent by the selection of proper emulsifiers, and by the incorpora- 
tion of water conditioners. Rancidity and the development of 
offensive odors have been eliminated by the use of suitable germi- 
cides. The soluble oils that are now available are more or less 
free from these early objections. 


Soluble compounds are nonpetroleum products. Until re- 
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cently, they comprised what are known as soluble pastes and con- 
sisted essentially of mixtures of soap, fatty material, and water. 
Their oiliness characteristics were sometimes enhanced by in- 
corporating the extreme-pressure properties of sulphurized fat. 
In service they are diluted with additional quantities of water. 
Their use seems to have been somewhat limited by the additional 
labor that is required in order to prepare them for use in the 
machines. 

Recently other types of soluble compounds have made their 
appearance. These newer products comprise water solutions of 
lubricity materials, rust inhibitors, germicides, etc. They mix 
with additional quantities of water more readily than soluble 
pastes, and just as readily as the available soluble oils. 

Too little is known, as yet, concerning the range of service and 
the limitations of these newer soluble compounds. Reports from 
the field seem to indicate that their service is more limited than 
the service of soluble oils. However, they seem to keep the ma- 
chines and wheels cleaner than the soluble oils and other com- 
pounds. In some cases difficulty has been experienced from in- 
stability in storage. There is a trend, however, toward the 
further evaluation of this type of product in the future. 

Because of the lower cost of emulsions of soluble oil and soluble 
compounds, as compared with nonsoluble cutting oils, there has 
been a distinct trend toward the use of these cheaper coolants. 
This trend has been hampered, however, by the following: 


1 The design of certain machines, particularly automatic 
screw machines, is such that there is leakage frequently between 
the cutting-fluid system and the lubrication system. Since the 
leakage of an emulsion into the lubrication system is definitely 
objectionable, the use of soluble-oil emulsions in automatics is 
not approved by many builders. Recognizing the desire to use 
soluble oils, however, a few builders have, at the request of their 
customers, supplied effective seals that make it possible to keep 
the two systems separate and independent; and it is possible 
that other builders may eventually follow. 

2 Even the heavy-duty soluble oils that are now available 
are not adequate cutting fluids where a good finish is required on 
very draggy metals, such as hot-rolled S.A.E. 1020 steel, low- 
carbon nickel steels, and many of the stainless steels. Nor are 
they adequate cutting fluids for those operations where excep- 
tional finish and close tolerances must be maintained, such as the 
operations on gear shapers, gear generators, gear shavers, thread 
millers, ete. Neither have they been found equal to nonsoluble 
cutting oils for thread-grinding and form-grinding. 


Therefore, in spite of this trend toward the use of soluble oils 
and soluble compounds, a survey made at the beginning of the 
recent war showed that the consumption of soluble oils and 
soluble compounds for machining operations did not exceed more 
than 20 to 25 per cent of the total consumption of cutting fluids. 


PRESENT TRENDS 


1 There is a distinct trend toward the use of light-colored, 
transparent, odorless cutting oils; both corrosive and noncorro- 
sive. 

2 Greater attention is being directed toward exploring new 
and synthetic materials which impart greater extreme-pressure 
and oiliness properties to light-colored odorless cutting oils with- 
out impairing their color or odor characteristics. 

3 There is a definite trend toward the greater use of soluble 
oils and soluble compounds, especially in machining operations. 

4 Builders of machine tools are beginning to recognize the 
importance of sealing effectively the cutting-fluid and lubrica- 
tion systems of machine tools so that soluble oils and compounds 
can be used for cutting operations if desired. 

5 There is a growing tendency on the part of users of cutting 
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fluids to ask for a noncorrosive cutting oil in both cutting-fluid 
and lubrication systems, especially in automatics where leakage 
is encountered. Builders in general, however, seem reluctant to 
approve this practice. 

6 The maintenance of uniform cutting-oil temperatures by 
means of refrigeration equipment is receiving considerable at- 
tention on the part of builders and users of machine tools, es- 
pecially in precision-grinding operations. 

7 The introduction of new nonpetroleum soluble compounds 
has been accompanied by concerted efforts to evaluate their 
range of service and to determine, if possible, their limitations. 

8 Builders of machine tools, manufacturers of metals, and 
marketers of cutting fluids are taking greater interest in the fac- 
tors that affect the machinability of metals, and particularly those 
physical, mechanical, and metallurgical factors that influence 
the selection of suitable cutting fluids. 


CONCLUSION 


Although a great deal has been accomplished in the develop- 
ment and application of cutting fluids during the past 10 years, 
much remains still to be done. Those who sell and service 
cutting fluids need to learn more about the mechanical and 
metallurgical factors which affect cutting-tool performance. 
Buyers of cutting fluids need to know more about the dependence 
that can be placed upon mere specifications. Users of cutting 
fluids need to appreciate, to a greater degree, the effect that cut- 
ting fluids can have on production. The men who pay the bills 
need to know more about the influence that cutting fluids can have 
on the major production costs. 

In so far as production is concerned, a good start tow ard these 
ends was made during the recent war. During the postwar era, 
however, attention will be focused not only on production but, 
equally important, on ultimate production costs. 


Discussion 


F. W. Smrra.? Mr. Beard has presented a very difficult sub- 
ject in a manner which undoubtedly answers many questions of 
daily interest and he is to be congratulated upon his presentation. 
It is hoped that the paper will provoke true engineering considera- 
tion of a production phase which is chiefly conducted on a ma- 
chine operator level despite its importance. It is possible to 
nullify much of the care, thought, and expense connected with 
machine-tool and small-tool design and production through im- 
proper selection and application of the cutting fluid. 

We must disagree entirely with one thought in the paper. 
Since there are many millions of gallons of dark-colored cutting 
oils used with very satisfactory results each year, it is felt that 
the thought that they are being “‘abandoned” is somewhat con- 
trary to fact. The paper indicates that there is a trend toward 
transparent or light-colored cutting oils. We have not observed 
any results tending to indicate that improved performance justi- 
fies the adoption of any oil on the basis of color. Some of the 
indicated preference for light-colored oils is undoubtedly due to 
the fact that machine operators feel that the oils are cleaner with 
respect to their hands or clothing. The fact is, however, that 
oils of any color can be manufactured to the same degree of 
cleanliness. Superior production results should not be sacrificed 
to the operator’s personal preference in colors. In referring 
to transparency of a cutting fluid, judgment must be based 
upon transparency on the machine rather than in the sample 
bottle. 

At this time, when increased production is a factor in inflation 


’ New England Manager, D. A. Stuart Oil Co., Ltd., Boston, 
Mass. Mem.A.S.M.E. 


‘color. 


control and in meeting ever-increasing competition for low costs 
the future trends in cutting fluids must be in the direction indi- 
cated by engineering research facts, not personal preferences. 
During the war, one shop proved that the use of cutting oil on two 
tapping machines saved nearly two hundred dollars a day in tap 
breakage and rejected parts, over the use of a water-mix oil of the 
same manufacture. But the cutting oil could not be used because 
of operator objections, despite the fact that the oil was of the 
transparent type and had no objectionable odor. In another 
shop the possibility of a 25 per cent increase in production on an 
important grinding operation was rejected because the operators 
objected to dipping the finished part in kerosene. The purpose of 
the dip was to min mize the fouling of a vapor degreasing unit 
which was employed subsequent to grinding. A water-mix 
grinding coolant, in the use of which the cleaning dip was deemed 
unnecessary, had previously been used. Such personal pre- 
ferences should not be permitted to influence the trend in the 
application of cutting fluids. 

Mr. Beard’s subject is worthy of important engineering re- 
search. Laboratory investigation as reported in technical papers 
is of great help and fundamental importance but engineering re- 
search in the shop has not met the general high standards expected 
of our profession. It is hoped that this paper will encourage shop 
research. 


AuTHoR’s CLOSURE 


I quite agree with Mr. Smith that many millions of gallons of 
dark-colored cutting oils are still in use with satisfactory results 
each year, and I have tried, without success, to locate the para- 
graph and line in my paper in which I made the statement that 
such oils are being ‘‘abandoned.”’ 

The fact remains, however, that there is a distinct and growing 
trend toward the use of light-colored, transparent, odorless cut- 
ting oils in preference to the dark-colored oils, not only because 
of their dark color, but also because of their usually objectionable 
odor. 

I quite agree, also, that dark-colored oils can be clean cutting 
oils. Nevertheless, we have to take a realistic view of this matter 
of color. It is difficult, if not impossible, to convince operators 
and shop people that an oil is clean when they think it looks dirty. 
The light-colored oil looks clean to them, while the dark-colored 
oil does not. As far as they are concerned, therefore, the dark- 
colored oil is dirty. 

Then there is the question of odor. Nearly all dark-colored 
cutting oils have a distinct sulphur odor, and odor is something 
that operators complain about even more than they do about 
Their wives complain about the odor that they bring home 
with them. Therefore, they will always prefer an odorless cutting 
oil as long as the oil will do as good a job. 

I admit that these are personal preferences, but if Mr. Smith 
had said “future trends in cutting fluids must be in the direction 
indicated by engineering research facts and personal preferences” 
instead of ‘‘.... not personal preferences,” I would agree heart- 
ily. But marketers of all products, petroleum or otherwise, must 
recognize the demands of the market. In the case of cutting oils, 
it is maximum cutting efficiency coupled with — that have 
the greatest acceptance in the trade. 

Light-colored, transparent, odorless cutting ils. can be made 
just as efficient as the best dark-colored oils with one or two ex- 
ceptions. These exceptions involve the threading or broaching 
of very draggy iron or steel. This is a question of the relative 
contents of active sulphur in each type, and it won’t be long before 
ways will be found to increase the active sulphur content of light- 
colored odorless oils without darkening their color or impairing 
their odor. For the great majority of machining operations, 
however, the present light-colored, transparent, odorless oils are 
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at least equal, and in many cases superior, to the best dark- 
colored oils on the market. 

Therefore, the statement that ‘there is a distinct trend toward 
the use of light-colored, transparent, odorless cutting oils’ is 


correct, and although I have been unable to locate the paragraph 
and line in my paper where I said that the dark-colored oils are 
being abandoned, I firmly believe that the trend in that direction 
is very strong. 
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In the drawing of tubular parts over a mandrel, several 
dies in tandem are often used to perform greater total re- 
ductions. The results of the investigation reported in 
this paper demonstrate the importance of a sufficiently 
large spacing when drawing tubular parts with a tandem- 
die arrangement. The total reductions achievable with 
a given spacing are a maximum if the first reduction is as 
close as possible to the maximum reduction obtainable 
with a single die. A spacing close to 3 times the diameter 
of the drawpiece will give substantially the same total 
reduction as two single draws for any tubular part having 
an initial wall thickness of less than 10 per cent of its 
diameter. For tubular parts having a very thin wall, the 
required spacing might even be smaller than 3 times the 
diameter. 


INTRODUCTION 


N drawing tubular parts, two dies in tandem, Fig. 1, are 
often used. It appears that such a die arrangement per- 
mits greater reductions (in cross-sectional area) than a 

single die. This of course is obvious for a die spacing S exceed- 
ing the length of the part, which consequently is subjected only 
to plastic flow within a single die at any time during the opera- 

tion, Fig. 1(A). 


However, considerably increased reductions 


A Jo) C 
Fig. 1 Tanpem-Dikt ARRANGEMENT 
(A, Infinite spacing, S =~; B, regular spacing, S; C, zero spacing, S = 0.) 


(or reduced breakage) have been found to occur also under con- 
ditions where the part was simultaneously reduced in both dies, 
Fig. 1(B). 

Some observations indicated, furthermore, that the (maxi- 
mum) reductions performable in a tandem-die arrangement were 
dependent upon the spacing of the two dies. The spacing S, 

1 This paper summarizes some results of experimentation con- 
ducted at Case School of Applied Science, Cleveland, Ohio, as part 
of an investigation sponsored by Frankferd Arsenal, Philadelphia, 
Pa. This work has been re-evaluated under the auspices of the 
A.S.M.E. Research Committee on Plastic Flow of Metals and assisted 
by a grant-in-aid from the Engineering Foundation. 

2 Department of Metallurgical Engineering, Case School of Applied 
Science. Mem. A.S.M.E. 

8’ Department of Metallurgical Engineering, Case School of Ap- 
plied Science. 

Contributed by the Metals Engineering Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of THe 
AMERICAN SocieETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fig. 1(B), is hereby defined as the axial distance between the 
circle of contact at the exit of the larger or first die and the circle 
of contact at the entrance of the smaller or second die. 

The reductions to be used as criteria in this investigation are 
defined as follows: Let Fy be the initial cross-sectional area of 
the (cylindrical) cup and F; the area after passing through the 
first arbitrarily selected die. The area Fo is defined as that area, 
after drawing through the second die, which would yield 50 per 
cent successful draws and 50 per cent breakage. Thus the first 
reduction will be the independent variable 


= ——— =1—= [1] 


and the total reduction 


R=A+(1—A)B=A+B—AB 


will be functions of both the spacing S and the first reduction A. 

If a drawing process, such as the drawing of a wire or the sink- 
ing of a tube be considered,‘ no improvement can be expected 
from replacing a single die by a tandem die. In such a process, 
the force required for the total reduction has to be transported 
through the metal and a reduction requires, as a rule, a higher 
total force if performed in two dies than if performed in a single 
die. 

However, when a tubular part is pulled or pushed with a mov- 
ing mandrel (or punch) through a die, such as in drawing car- 
tridge cases and shell bodies, the force required to perform the 
reduction of the wall is partially transported by tension on the 
metal at the die exit, and partially by shear on the contact area 
between metal and mandrel. Therefore an increase of this 
area of contact may permit the transfer of an increased portion 
of the force by shear; and this should correspondingly relieve the 
tension load which may cause the metal to break. 

It follows that for a very large spacing, S = , the reduction 
B., performable on drawing a cup through tandem dies should 
be the same as that for a cup drawn in a second operation subse- 
quent to the first draw. Because of the strain-hardening of the 
metal, Bo may be still dependent upon A; it should vary from 
the value of the annealed metal for A = 0 to a value equal 
to the maximum possible reduction of the hard metal, R2, which 
had been previously subjected to the reduction R,, after anneal- 
4“Practical Metallurgy,’’ by George Sachs and K. R. Van Horn, 
American Society for Metals, 1940, pp. 380-398. 

5 “Drawing Thin-Walled Tubing With a Moving Mandrel Through 
a Single Stationary Die,’’ by George Sachs, J. D. Lubahn, and D. P. 
Tracy, Trans. A.S.M.E., vol. 66, 1944, p. A-199. 


0 
However, the second reduction 
or 
| 
NE 
eet 
= 


140 TRANSACTIONS OF THE A.S.M.E. 


ing. The total reduction Equation [3], then varies between 
the limits 


A= 0, B= R, 
and 


A=R, Re =R, + (1—R)Ry..... [40] 


If the spacing is zero, S = 0, Fig. 1(C), the two dies actually 
actasasingledie. The reductions, A and Bo, for this condition 
are then correlated by the relation that the total reduction is con- 
stant and equal to that of the soft metal 


Consequently, the individual reductions are related by Equation 
[3] 
A By = R, 


or 


To determine the second reduction for various values of spac- 
ing and first reduction, a considerable number of tests were made. 
In each series the spacing was kept constant, within plus or 
minus 0.1 in., the first reduction set to a given value, and the 
second reduction varied to determine the reduction where not 
more than 50 per cent breakage occurred. Then, by varying the 
first reduction and repeating this procedure, a curve of B versus 
A for a given spacing was obtained. 
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If the previously discussed relations are valid, such test results 
must determine B versus A curves, Fig. 2, and R versus A curves, 
Fig. 3, within certain limits. The lower limit for S = 0, is that 
given by the reduction for a single draw, Equation [6] 


_R—A 


| and Ry = R, 


The upper limit is that given by the maximum possible reduction 
in a separate second draw, Equations [4a] and [4b] 


Ri>B.,>R: and =A+(1—A)B, 


Because the graphs showing B as a function of A are of higher 
sensitivity, Fig. 2, they have been selected to represent the in- 
dividual test results, Figs. 4 through 9. 


FEBRUARY, 1947 


[ea Draws 
© arte” Draws | 
aa Different Spacing | 


| + 
Cup Series I 
0.592" 0D 4 
0053" Wall Th 


Second Reduction (B), Per Cent 


60 SO 
First Reauction (A), Per Cent 


S 
nN 


Fic.4 Possinte Repvuctions in TANDEM-Die ARRANGEMENT WITH 
0.6-IN. SPACING 


| 
§ 
& 
! 
§ | | 
8 
Cupserest | \ I | 
0.053" Wal! Th \l | 
ol 
fa) n 40 80 


Ly 
Pr, A } > 
first Reouction (A}, Per Cent 


Fic. 5 Posstpte Repuctions In TANDEM-D1ie ARRANGEMENT WITH 
0.8-IN. SPACING 


Spacing 10° 
| 
| 
ry hs, | 
| 


8 


H a 
Cup Series I \ 
|. Atl 
0 083" / 
0 20 490 60 &0 


first Reauction (4), Per Gent 


Fic.6 Posstsre Repuctions In TANDEM-Die ARRANGEMENT WITH 
1-IN. SPACING 


MATERIAL AND PROCEDURE 


The material for this investigation was spheroidized S,A.F. 
1035 steel, It was received in the form of flat strips, 1'/, in. x 
0.037 in. X 8 ft, with a bright surface. The Rockwell B 
hardness values ranged from 68 to 72. The chemical analysis 
was 0.34 per cent C, 0.024 per cent P, 0.036 per cent S, 0.16 per 
cent Si, and 0.72 per cent Mn. 

Two series of experimental cups were processed by cupping 
and drawing from this sheet. The cups, series I, had an outside 
diameter of 0.592 in., and a wall thickness of 0.020 in. 

After the final draw, the cups were given a spheroidizing proc- 
ess-anneal at 1260 F for 30 min, pickled, washed, and dried. Be- 
fore testing they were kept at room temperature for 1 day. This 
processing left the metal with a very thin coating of rust, giving 
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the cups a tan appearance which was considered as standard 
for the experimental work. The reductions were mark« dly lower 
and less consistent if the cups were tested immediately after dry- 
ing. 

The tools consisted of sixteen different dies of diameters be- 
tween 0.480 and 0.540 in., and nine different punches of diameters 
between 0.435 and 0.490 in. All the punches and most of the 
dies were of polished steel, several additional dies being of ce- 
mented-carbide ‘‘Graph-Tung”’ steel and chromium-plated steel. 
The punches were all cylindrical with 0.060-in. tip radii. The 
steel dies had straight tapers of 7 deg half-angle (14 deg included 
angle) and approximately !/s in. of land.® 

The lubricant used was a commercial type composed of soap 
and fat in the ratio of 1:6 and contained no filler. In use, this 
lubricant was diluted with water to 14 per cent by weight of soap 
plus fat. A few of the thin-walled cups were drawn with this 
lubricant, diluted to 7 per cent by weight of soap plus fat, and 
gave, within experimental error, the same results as the 14 per 
cent lubricant. These results are included with the others. 

The drawing was done in an experimental die set and a 60,000- 
lb Olsen hydraulic testing machine, operated at a speed of 2'/, 
ipm,? 

Since a small variation in tool dimensions made considerable 
difference in the percentage reductions obtained (particularly for 
the thin-walled specimens of series II), the reductions were all 
calculated from actual measurements of the wall thickness which 
are estimated to be accurate within plus or minus 0.0002 in. 
These values were averages of eight individual measurements. 
Four measurements were taken along one length of the cup and 
four were taken on another length at 180 deg to the first group. 
The eccentricity or differences in wall thickness of the cup varied 
anywhere from zero to 0.002 in. for the thin-walled series IT, and 
from zero to 0.004 in. for the thick-walled series I. The results 
of the tests, within their limits of accuracy, apparently were not 
significantly affected by this amount of eccentricity. 

The outside-diameter reductions performed in these tests were 
between 8 and 13 per cent for the first draw, and between 3 and 
11 per cent for the second draw. These variations in diameter 
reductions had no significant effect upon the maximum reductions 
obtained. 

The results of the tests are assembled in Figs. 4 to 8, and Fig. 
11, for different spacings. Each circle in the figures represents 
a single test, designated as ‘‘draw” by a solid circle, as “‘break’”’ 

by an open circle, and as “partial draw’”’ by a semisolid circle.s 


6 The land or bearing of a die is a short cylindrical portion at the exit 
which maintains the dimensional tolerances even after considerable 
wear occurs. 

7 To determine the effects of speed, a number of tests were made in 
which a cylindrical drawpiece was redrawn with a 7-deg half-angle 
0.498-in-diam die and a punch having a taper of 0.015 in. per in. 
The drawpiece had an outside diameter of 0.592 in. and a wall thick- 
ness of 0.053 in. The length of the drawpiece was sufficient to frac- 
ture in this ‘‘tapered-punch test;’’ and the reduction in area at the 
fracture was determined. The results of these tests are assembled in 
the following table: 


Condition of Speeds of Number Reduction, 
drawpiece testing, fpm of tests per cent 
Annealed 0.17 ll 71 

100 16 66 
Hard drawn 0.17 40 70 
60 40 66 


The scattering of the individual test values was no greater for the 
slow tests made in the testing machine and the high-speed tests per- 
formed in a single-action press. 

8 End tears in which a piece of the upper edge was torn off are 
considered as ‘‘draw,”’ while ‘“‘partial draw’’ designates a cup which 
was drawn to a cylindrical cup, anywhere from !/1 in. to almost 
full length. The reasons for the frequent breaks and tears close to the 
upper edge are not explained as yet. 
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Also included in the figures as triangles are the tests made under 
different conditions but definitely indicating the behavior 
under the represented conditions; thus a cup which breaks with 
a given spacing would also break with any smaller spacing, and a 
cup which draws with a certain spacing would also draw with 
any larger spacing. 

RESULTs OF TESTS 


The tests on the thick-walled cup, series I, yielded very uniform 
results. These determine clearly the trend of the B versus A 
curves for each of the investigated spacings, Figs. 4 to 8, inclu- 
sive. The maximum deviation of the result of a single test from 
these boundaries is less throughout than 3 per cent (in reduction). 

The (maximum) reductions for infinite spacing, Fig. 8, were de- 
termined by drawing a cup through two dies in two operations 
without stripping from the punch. The number of tests was re- 
stricted because of the fouling of the steel dies with such particu- 
larly heavy reductions. This also explains the greater scattering 
of the individual test results with infinite spacing than with any 
other spacing. Nevertheless, the tests rather accurately define 
the expected outer limit of the field of possible reductions for 
infinite spacing, Fig. 8. The maximum reduction in a single die 
for the annealed cup was found to be close to 66 per cent, while a 
cup previously hardened by a reduction of this magnitude could 
be drawn through another steel die by approximately 60 per cent. 

The curve for zero spacing was calculated from these values, 
according to Equation [6] 
ae 0.66 — A 

1—A 
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The test results are assembled, together with the calculated 
curve for zero spacing, in Figs. 9 and 10. They agree with the 
previously discussed conceptions. 

To illustrate directly the effect of spacing, the test results are 
replotted in Fig. 11. For a given first reduction, the second re- 
duction is now shown as a function of the spacing. The trend 
curves are shown as straight lines, for a theory is not available at 
present which will quantitatively predict the effect of spacing. 
Fig. 12 pictorially illustrates an example of the effect of 
spacing. 


Cup Series 1 
RedA 59% Specing 
Red B 38 


Fig. 12) DIAGRAMMATIC AND PicToRIAL REPRESENTATION OF EFFECT 
or Spactna Upon Posstnte Maximum RepvucTion IN A TANDEM 
Draw 


The trend curves in Fig. 10, for the particularly important cas 
of large first reductions, indicate that in order to utilize the pos- 
sible increase in reduction by the use of a tandem-die setup, the 
spacing for this tubular diameter and wall thickness must be at 
least 2.5 in., or approximately 4 times the diameter, or 50 times 
the initial wall thickness, 

If the spacing is smaller than this value, only a fraction of the 
possible benefit due to a tandem-die setup is realized. These 
fractions can be approximately derived from Figs. 9, 10, and 11, 
and are as follows: 


For 0.6-in. spacing. . . 
For 0.8-in. spacing. . . 
For 1.0-in. spacing. . . 
For 1.2-in. spacing. . . 


.25 per cent 
.35 per cent 
.45 per cent 
.55 per cent 


Thus for 0.6-in. actual spacing, corresponding to a simple ar- 
rangement of two dies in tandem without intentional spacing, and 
for a rather heavy-walled cup, little benefit is derived from the 
use of a tandem-die arrangement. ' With a spacing of 1.2 in., o1 
approximately twice the die diameter, a maximum second reduc- 
tion is possible, which is still only approximately 50 per cent o! 
that obtainable with infinite spacing. 

The tests on the relatively thin-walled cups of series IT yielded 
less uniform results than those on the cups of series I, Although 
the deviation of a single peint from the determined trend curves 
in Figs. 13 and 14 was as high as 8 per cent in reduction in a few 
cases, the trend curves appear to be determined to within plus 
or minus 2 per cent of the total reduction. 

The maximum reduction possible for the annealed specimen in 
a single die was found to be approximately 64 per cent, while 4 
cup previously hardened by a reduction of this magnitude could 
be drawn through a second die of any material, to a maximum re- 
duction of approximately 55 per cent. 

The spacing had a considerably larger effect in increasing the 
maximum reduction possible in tandem drawing for the thin- 
walled than for the thick-walled cup; compare Figs. 9 and 13. 
In order to utilize the possible increase in second reductions, the 
spacing for the cup, series IT, must be at least 1.5 in., or approxi- 
mately 3 times the outside diameter, or approximately 75 time= 
the initial wall thickness. 

If the spacing is smaller than this value, only a fraction of the 
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st Reduction (A), Per Cent 


Fic. 14 Maximum Totat ReEpwuctTION IN TANDEM-DIE 
ARRANGEMENT FOR VARIOUS SPACINGS 


0020" Wh a eae | In the case of a thin-walled cup, therefore, as little as 0.6-in 

spacing, corresponding to a simple arrangement of two dies in 
tandem without intentional spacing, will effect a substantial in- 
crease in the possible maximum reduction compared with that ob- 
tainable with a single die. 


Posstsre MaxtmuM RepucTioNns TANDEM-D1kz ARRANGE- 
MENT FOR SPACINGS 
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possible advantage of a tandem-die setup is realized. These 
fractions are approximately, Figs. 18 and 14, as follows: 
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Experiences With Automatic Air Soot 


Blowers at the Oswego and Charles R. 
Huntley Steam Stations 


This paper relates in some detail the experience obtained 
with full-automatic air soot-blowing equipment installed 
as the cleaning equipment for the external surfaces of 
three large pulverized-fuel-fired steam generators. It 
contains a brief description of the blowing equipment, 
compressors, and automatic controls; information of 
general interest as to the actual operating performance; 
and the relative installed cost and investment as com- 
pared to comparable steam equipment. 


INTRODUCTION 


here are now three large boilers on the Niagara Hudson 
[sytem which are equipped with automatic air soot blowers. 

Two of these are in the Oswego steam station and have 
been in operation since 1940 and 1941, respectively. The other is 
in Huntley Station No. 2, at Buffalo, and has been in service 
since 1942. Each boiler has a continuous rating of 900,000 
lb per hr at 1320 psi and 900 F. The first two are of the 
“radiant” type with pendant superheater; the third is the “‘open- 
pass’”’ type with drainable superheater. 

It may be of interest at this point to relate the background 
leading to the adoption of air as the blowing medium for these 
boilers. Because of the high operating temperature and pressure 
which had been selected, it was thought that every effort should 
be made to reduce to a minimum the loss of steam from the 
closed cycle. This would not only reduce the amount of boiler- 
water make-up and the capacity of the equipment required to 
supply it, but should also result in a general improvement in 
boiler water, thereby reducing the probability of superheater and 
turbine deposits. 

Since the conventional soot-blowing system would cause the 
greatest loss of steam from the cycle, means to avoid this loss 
were studied. The use of an evaporator heat exchanger and sepa- 
rately fired low-pressure boilers, as well as blowers supplied by 
compressed air were considered. The results of the study indi- 
cated that the first two had no advantage other than reduced 
“make-up” to offset the increased investment over conventional 


steam blowers, whereas the latter would accomplish the follow- 
ing: 


1 Reduce the boiler make-up from 1'/; per cent required 


with steam blowers to less than '/; per cent with air blowers. 


2 Reduce the energy consumption, as determined in the coal 
pile by 6.5 tons of coal a day. 


3 Reduce the complete station investment by $25,000 per . 


boiler. 


In addition to these advantages, others developed from further 
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investigation and subsequent operating experience. These will 
be taken up later in the paper. 


SELECTION AND DESCRIPTION OF EQUIPMENT 


The Oswego boilers make use of all of the ordinary types of 
soot-blowing elements in common usage today and the applica- 
tion of automatic air soot blowers to these boilers is therefore 
typical. The Huntley boiler is not as typical because it makes 
use of fewer types of blowing elements. For this reason a de- 
serjption of the Oswego system will be given in some detail and 
comments on variations subsequently adopted for the Huntley 
boiler will be discussed later in the paper. 

The blower elements, with their automatic controls for all 
three boilers, were furnished by the Diamond Power Specialty 
Company, who accorded us the fullest co-operation in the selec- 
tion of all essential items of equipment required. 

The number and location of blowers used are shown in Figs. 1 
and 2. Fig. 2 is a section of the boiler and Fig. 1 is an isometric of 
the exterior of the boiler prior to application of insulation. The 
soot blowers, for reasons that will appear later, are arranged in 
groups as given in Table 1. 


TABLE 1 ARRANGEMENT OF SOOT BLOWERS 


Group no. Number and type of blower elements 
1 Six retractable wall blowers 

Six retractable wall blowers 

Eight retractable wall blowers 

Eight retractable wall blowers 

Two 15-ft telescopic units for slag screen and first superheater section 
on near side of boiler 

Two 15-ft telescopic units on far side of boiler 

Five air-puff elements for second and third section of superheater 
on near side of boiler 

Five air-puff elements on far side of boiler 

Floor blowers for superheater section and two retractable mass 
blowers for superheater by-pass section. (Not shown in Fig. 1) 

Nine air-puff elements for economizer 

Two traveling-frame units for air heater (near side) 

Two traveling-frame units for air heater (far side) 


All of the elements mentioned in Table 1 are similar to those 
elements in general use with steam, except for certain modifica- 
tions of the air-puff units. These latter are equipped with heads 
which are for air operation only. Although the element itself is 
constructed in a similar manner to the usual rotating steam ele- 
ment, it operates by giving a large puff while moving through a 
small arc; then it is jacked by air through another arc while giv- 
ing another puff and this procedure is repeated for the complete 
blowing range. 

The arrangement of soot-blower elements in groups is a devia- 
tion from the conventional steam practice, which needs some ex- 
planation. It is required primarily to economize on the capacity 
of the air-compressing equipment, but it also facilitates the 
use of automatic control. 

The demand for air by some of the individual blowing elements 
is at a very high rate, exceeding 10,000 cfm for short periods, and 
averaging around 3000 cfm if all elements are blown successively 
with no appreciable time interval between. A high expense for 
compressor equipment would be required if the blowers were oper- 
ated in this fashion. The most economieal air supply is obtained 
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by taking advantage of the maximum time that can be allowed 
for one complete boiler-cleaning cycle and operating the compres- 
sor continuously during this period. 

By selecting and arranging the individual blower elements 
into proper groups, in which the elements operate one at a time, 
it is possible to spread the complete program over the maximum 
allowable time by enforcing a delay between groups. 


During 
these interv 


als the compressors pump into storage and build up 
the pressure sufficiently to meet the demand of each succeeding 
group at full pressure (250 psi). The compressors operate con- 
tinuously meantime and the minimum capacity only is required. 

Fig. 3 shows in diagrammatic form the principal equipment re- 
quired to supply the compressed air to one boiler unit. There 
are two 500-cfm 500-psi air compressors, each of which discharges 
directly into an aftercooler, then into an oil separator, and finally 
into a 500-cu-ft storage tank. Discharge lines from the two stor- 
age tanks are joined in a common header which supplies a 250- 
psi receiver through two pressure-reducing valves. From this re- 
ceiver the air is distributed to the various soot-blower elements. 
Placing the aftercooler close to the compressor insures immediate 
cooling of the air and oil vapors. The oil separator constantly 
removes excess oil and tends to keep the system free from oil. 
With this arrangement the likelihood of a hazard in the air sys- 
tem is extremely remote, but a further precaution in the form of 
safety heads have been added as indicated on the diagram. 
These safety heads consist of thin metal rupture disks which will 
burst quickly upon a rise in pressure above the desired limit. 

As designed, the pressure on the storage tanks was intended to 
vary from 500 to 300 psi, giving a range of approximately 200 
psi in the high-pressure tanks. This insured ample pressure for 
maintaining by means of reducing valves, 250 psi in the low-pres- 
sure tank, The continuous operation of the 500-cfm compressors 
over a period of approximately 6 hr was estimated as sufficient to 
operate all of the blowers through one complete cycle. Assuming 
that blowing would be required once a shift, this indicated a total 
operating time of approximately 18 hr per day. In actual opera- 
tion the maximum pressure variation and the time required to 
blow have been less than estimated, as will be explained later. 

The size of the storage tanks must be worked out for each in- 
stallation, but it is obvious that the larger the compressors the 
smaller the high-pressure tanks can be. There is a balance be- 
tween these two, resulting in a minimum over-all cost. A large 
storage capacity is of greater importance for a single boiler unit 
than when several boilers are equipped with air blowers. If a 
second or third unit is added with its quota of compressors, there 
is no need of additional storage capacity, and consequently cost 
of equipment for the later units is less than that for the first. 

In general, the blowing elements are operated by 220-v 3-phase 
motors, except in the case of the air-puff units which are air- 
operated as previously described. The motors have electrical 
controls which determine the sequence of operation of the ele- 
ments within each group; as the first motor-operated element 
completes its cycle, a relay sends the impulse to the control of the 
next element, ete., for the complete group. The controls for each 
group are in turn controlled from the main program panel which 
is shown in Fig. 4. As will be noted, this panel has 15 control 
switches, 12 of which are in use, and each of which has a position 
controlling the operation of each of the 12 blower groups. The 
switches can be set to start the operation of any desired group, 
and upon initiating the whole program the groups will operate 
in sequence, beginning with the first switch in the upper left row. 
For instance, the first switch may be set for group 1 and that 
group will operate first in sequence. The second switch can be 
set for any other group desired and that one will follow second in 
the sequence. 


Normally the groups are set in the order of the gas flow passage 


| | | 
| 
™~ 
| | 


148 


through the boiler. As each group starts, the corresponding num- 
ber in the upper panel lights and remains lit until the whole pro- 
gram is complete, and the light over each dial switch stays on dur- 
ing the operation of the group set on that dial. In this way it can 
readily be observed which group is operating and which have 
already operated. 

Another addition of convenience to the operator is an ammeter 
mounted with the program panel, which is graduated in per cent 


Fic. 4 Program ror Osweco Units 


and indicates the relative current consumption of each group as 
it operates and shows the operator when any motor is overloaded. 
The varying motor sizes of the different groups are adjusted 
on a per cent basis by using special ratio current transformers 
for the respective circuits. 


TABLE 2 OSWEGO BOILER UNITS; AIR  hemaiiainiamaas PRESSURES; 


OPERATING TIM 
Normal Operation - One Boiler - 4 Compressors 


Storage Tank 
Pressures Psi Cu. Feet Time 
Group Max. biine Free air Min. 
1 295 290 24,500 22 
2 295 290 24,500 22 
3 295 285 32,600 8) 
4 295 285 32,600 30 
5 295 280 32,800 16 
6 295 280 52,800 16 
7 295 295 7,700 9 
8 295 295 7,700 9 
9 295 295 10,000 10 
10 295 295 20,200 14 
ll 295 265 35, 300 16 
12 265 £45 35 , 500 _16 
Total per blow 296,000 210 
Total per day 746,000 570 
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All of the groups have thrustor-operated valves controlling the 
main air supply which opens at the start of each respective group 
cycle, providing the main storage pressure is at a predetermined 
value. These valves also close if the pressure drops below 250 
psi, except in the case of the telescopic units. The thrustor valves 
for these units are equipped with latches holding the valves open 
until closed by a positive electric impulse, insuring that the air 
supply is never cut off while an element is extended into the fur- 
nace. To facilitate rapid removal these units are mounted on 
trucks and the piping and electrical connections provided with 
quick-disconnecting couplings. 


OPERATING RESULTS 


Five years’ operation of automatic air soot blowers have pro- 
vided much experience and information regarding both design 
and operation of this type of equipment. The results have been 
summed up with particular reference to the more important 
phases of performance as follows: 


1 Effectiveness as a cleaning medium. 

2 Air quantities and pressure fluctuations. 

3 The operating cost, including power, labor, and supplies. 

4 The maintenance cost, both routine and total. 

5 The maintenance of boiler pressure parts. 

6 Indirect benefits. 

1 The annual inspection of these boilers has shown them to be 
unusually clean, although no hand-lancing or means other than 
the soot blowers has been resorted to for cleaning. There have 
been no areas where better cleaning could be desired, with the 
possible exception of the tubes in the air heater in the immediate 
incoming cold-air region. In this instance accumulations of some 
amount, but not serious, collected, due apparently to the con- 
densation of moisture resulting from the chilling of these tubes by 
the incoming air. It is considered that the use of steam for blow- 
ing would make this condition much worse because of the in- 
creased condensation on the tubes, resulting from the increased 
moisture content at the tube surfaces. 

There has been no evidence, while the boilers were in operation, 
of unsatisfactory cleaning of the walls or convection sections. It 
has always been possible to control the superheat which other- 
wise would have been difficult if the furnace walls or superheater 
sections were not adequately cleaned. 

2 Operating experience has shown that the air requirements, 
the fluctuation in storage-tank pressure, and the total operating 
time are less than anticipated. With one boiler supplied from two 

compressors, storage-tank pressures of 385 psi maximum and 265 
psi minimum, and 5 hr total time per blow are 
required. With one boiler supplied from four 
compressors, which is the normal method of opera- 
tion since the installation of the second unit at 


Estimated 
Cu. Feet Oswego, the storage-tank pressures and the 
Free Air operating times are given in Table 2. The air 
quantities are the same with either type of opera- 
oy “ae tion and are also given in thetable. For purposes 
4,000 of comparison, the air quantities as originally 
40,050 estimated have been added. 
59,500 3 The energy consumption for compressed aif 
59,500 has proved to be the only daily operating cost 0! 
6,300 any consequence. Supplies are almost negligible 
6,300 
13,600 and routine labor is a small factor. One man- 
10,800 hour per shift is ample for compressor attendance 
53,009 and, because of the automatic control, no manus. 
23,000 labor is required for operating the blowers. When 
convenient, one of the boiler attendants, such 3 
402,000 : 
the burner or fan operator, is detailed to watch the 
1,150,000 operation of telescopic units. This supervision 
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used as insurance against loss of the telescopic-blower assembly 
when inside the furnace due to the possibility of the electrical 
control relays not operating properly. 

Under normal operation, with a daily output of 15,000,000 Ib 
of steam (65 per cent load factor), each boiler requires 3400 kwhr 
to compress air for the soot blowers. This requirement is in- 
creased but little when operating at higher load factors and soot- Comparative Costs 
blowing is discontinued when the boiler output is less than 180,000 
lb per hr. There has been no extended operation at such light 
loads as yet and some use of the blowers may be necessary in the 
future. The foregoing energy consumption, equivalent to 227 
kwhr per million pounds of steam, is regarded as a fair average 
value for comparing with steam-blowing, which is estimated at 
1 per cent of the gross boiler output. 

4 Maintenance costs have : 
not been large considering the TABLE 3 OSWEGO BOILER UNITS; COMPARATIVE ENERGY CONSUMPTION 
number of blowing elements 


(c) The removal of the human element in the operation of the 
blowers. Many elements are difficult to locate or arrange for 
convenient hand operation (there are at least 10 of the 60 elements 
in that category) and in consequence the operation of such ele- 
ments is more apt to be neglected, if hand-operated. 


The accumulation of experience now permits a check of the data 
used in the original study on which the decision to use air was 
made. The new comparison is set forth in Table 3. 

In this tabulation item (1) gives the total daily flow of air and 
steam as originally estimated. Item (2) is the actual air flow ob- 
tained, and item (3) represents a proportional reduction in the esti- 
mate of that part of the steam actually discharged through the 


Compressed Air Steam 
required for this size unit. The , 
cost of routine inspection and Total Flow/day 174,300 lbs. 
servicing has been the prince 3. Proportionate Reductio: in Steam Flow/day 36,000 lbs. 
pal expense chargeable to the 4. Revised Estimate for Steam Flow/day 138,300 lbs. 
blowers, controls, and piping. 5. actual Energy for Air - Kwh/day 3,400 
For these items the cost of ma- 6. Incremental station Heat Rate =tu/Kwh 11,000 
terial has averaged approxi- 
Cc ? 
ye mately $1200 per year and 9. Equivalent Heat onan mB/day* 37.44 190 
maintenance labor 3000 man- 19, Aye] Required (13,400 Btu coal) Tons/day 1.4 71 
- hours per year. 
ve The maintenance expense for 
he the air-compressing equipment 
te has been reasonably low. Ma- "NCTE: mB = 1,009,000 3TU 
a terials have cost approximately . TABLE4 COMPARATIVE COST OF AUTOMATIC SOOT-BLOWING EQUIPMENT 
ll $200 per year and labor has averaged 1500 
by man-hours. These figures exclude the Air Steam 
cost of the modifications made shortly after zystem_ 
anil the installation of unit No. 2, when an 
ed explosion occurred in the high-pressure Equipment 
air piping. The exact cause of the ex- 
on, plosion has not been determined, but Blowers 25.0 27.0 
It what are believed to be adequate mea- Automatic valves and motor drives 10.5 20.5 
sures have been adopted to minimize the 
ter pe Piping to blowers 19.5 22.0 
likelihood of a recurrence, and safety Erection of blowers 8.0 8.0 
heads have been installed to limit the Indirect costs 8.1 10.0 
nts, damage in such an event. Since these Compressors 25.0 
ng modifications were made in 1942 no Storage tanks 307 
swe further difficulty has been experienced Pleat Siping —- 
263 Total direct blower equipment 120.7 100.0 
_ 5 Erosion of boiler pressure parts due 
are to injury by air blowers has been slight. Additional make-up equipment 7.3 
four There has been no repair or replacement plant 54.3 
Omplete generating plan or r 5 
at Station required for soot blowing 140.7 161.6 
the of maladjustment, blew directly against 
) = superheater tubes for a considerable period. *Steem Blower Equipment Costs Equal 100% 
pore Some superficial damage occurred. 
poses 6 There are several other advantages which have resulted elements. Item (4) is the estimated steam flow comparable to 
nally from the use of automatic air blowers which are of significant the actual air flow (note that it is less than 1 per cent of 15,000,- 
value in themselves, These are as follows: 000 lb per day). Item (5) is the actual average energy consump- 
d ait (a) The reduced boiler make-up and the reduction of scale tion for air, and item (6) the average incremental heat rate for 
st ol accumulation on the turbine blades. The make-up has averaged the station in the upper range of load (it is lower for the lower 
igible 0.3 per cent instead of 1.5 per cent as was anticipated for steam- load ranges). Item (7) is the heat loss in the steam, based on en- 
mane blowing. This means that only 20 per cent of the total solids now _thalpy of make-up water at 50 F and of saturated steam in the 
dance enter the steam system by way of boiler make-up than would _ boiler drum at 1400 psi, and item (8) the net boiler efficiency 
anus otherwise be the case. which takes account of the energy used by the auxiliaries. Items 
When (b) The ability to operate boilers continuously on automatic (9) and (10) are calculated directly from the foregoing. 
ich a8 control while the soot blowers are in operation. In no case has The difference in daily fuel consumption, as given in item (10), 
ch the J the air volume introduced during blowing upset the normal con- _ is 5.7 tons per day in favor of compressed air. Although it is less 
sion 


trols so that reverting to hand control was necessary. than the 6.5 tons per day originally estimated, the difference in 
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daily cost has been actually greater than originally estimated be- 
cause of the increase in coal price in the meantime. 

The relative investments for automatic air and automatic 
steam soot-blowing are given in Table 4, taking the installed cost 
of that part usually considered as steam-soot-blowing equipment 
as 100 per cent. To these are added the cost of the compressor 
plant for air, and the required increase in make-up capacity for 
steam. 

In addition to the direct investment for equipment, the soot 
blowers have been charged with a share of the complete station 
investment on the assumption that the operation of the blowers 
cannot be depended upon to occur during station off-peak-load 
periods. The steam blowers were charged with their proportion 
of the station boiler costs which, in the case of Oswego, is approxi- 
mately 55 per cent of the complete station cost. Likewise the air 
soot blowers have been charged with their proportion of the entire 
station cost. 

The charge for the steam blowers has been based on a steam 
demand of 15,000 lb per hr, which assumes.momentary rates of 
flows as high as 30,000 lb per hr. The charge for the compressed- 
air blowers has been based on a peak load of 300 kw. 

When the results of the foregoing are placed on the same per- 
centage basis and added to their respective totals the true relative 
investment is obtained, resulting in a final relative total invest- 
ment of 140.7 per cent for air blowers versus 161.6 per cent for 
steam blowers. 

This final total can be regarded in two ways. The difference 
in the true relative totals of 20.9 per cent when multiplied by the 
installed cost of the steam equipment gives the extra investment 
chargeable against steam blowers. The difference (20.9 per cent) 
can also be expressed as a percentage increase over the true invest- 
ment for air-blowing equipment. So expressed, it equals 14.9 per 
cent. 


CoMPARISON OF HuntTLEY WiTH OsweGo UNITs 


The application of automatic air soot blowers to the boiler unit 
installed in the C. R. Huntley Station No. 2 followed substan- 
tially the same pattern as worked out for the Oswego units. The 
“‘open-pass” type of boiler does not use wall blowers, otherwise 
there is no great difference in the requirements for blowing equip- 
ment. A list of the numbers and types of blowers furnished is as 
follows: 


Group 1—Provides for future blowers at top of open pass. 

Group 2—Four rows of floor blowers under convection section. 

Group 3—Two 15-foot telescopic blowers, first superheater 
section. 

Group 4—Eight air-puff units, second superheater section. 

Group 5—Eight air-puff units, third superheater section. 

Group 6—Twelve air-puff units, primary-air and economizer 
sections. 

Group 7—Four traveling-frame air-heater units, first section. 

Group 8—Five traveling-frame air-heater units, second section. 


In the foregoing list, Group 1 was included to take care of a pos- 
sible unit for the slag screen at the top of the open pass, but no 
unit has been installed for this purpose as yet. Group 2’ consists 
of four rows of nozzles in a sloping floor under the convection sec- 
tion, use of which is seldom required. Group 3 is designed to in- 
clude two 15-ft telescopic blowers for cleaning the slag screen and 
first superheater section. These blowers have never been in- 
stalled because normal operation of the boiler unit has not re- 
quired thorough cleaning of the first superheater section. Hand- 
lancing has been resorted to on a few occasions when burning very 
high-ash coals. 

Groups 4, 5, and 6 are composed of air-puff elements for clean- 
ing the remaining superheater, the primary-air, and the econo- 
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mizer sections, and the operation is similar in all respects to the 
Oswego units. Groups 7 and 8 are made up of traveling-frame 
elements identical in design with the Oswego units, except for mi- 
nor mechanical changes to suit the air heater. The air heater is 
divided into two sections in series, instead of two in parallel as 
for the Oswego boilers. In normal operation, only the blowers for 
the second section are used daily, and the blowers for the first 
section (Group 7) are used once a week. 

The layout and arrangement of the air-compressing equipment 
is the same as for the Oswego units and Fig. 3 could apply 
equally well to the Huntley unit. Two 665-cfm compressors, 
suitable for 500 psi have been installed. One compressor running 
continuously will supply the total requirements. 

The control system has been simplified to some extent by set- 
ting up the group operation in a definite sequence, operating in 
consecutive order as numbered, and in the same order as the gas 
flow through the boiler. However, any group can be by-passed 
and blown after the main program is completed. 

. Referring to Fig. 5 which shows the control panel, it will be 
noted that only simple tumbler-type switches are used. Each 
group switch as numbered can be set in the “run” or “by-pass” 
position. The single switch near the top of the panel controls the 
whole program, starting, stopping, and resetting. A light over 
each group switch indicates which group is operating, and the 
numbers in the rectangle at the top of the panel light up as each 
group completes its operation. The “reset” position is used after 
the completion of the program in order to release the relays of the 
main group switches which are of the “locking-in’” type. The 
purpose of this type relay is to prevent recycling of any group until 
the whole program is completed. 

The motors for operating the elements and the control circuits 
are all 220 v. At Oswego, 24-v telephone-type equipment was 
used for the controls, as it seemed preferable for the type of pro- 
gram panel used there. This equipment is not considered as de- 


Fic. 5 Procram ror Huntiey Unit 


ated. 
Gr 
ment 
Gr 
signe 


> 

Pay 

| 

S 
ve 

me 

7 8 9 a s 

‘ 


SMITH 


AUTOMATIC AIR SOOT BLOWERS AT OSWEGO AND HUNTLEY STEAM STATIONS 


151 


TABLE 5 HUNTLEY BOILER UNIT; AIR QUANTITIES; PRESSURE; OPERATING TIME 
Normal Operetion - One Boiler - Two Compressors 
Storage Tank 
Fressures ‘si. Cu. Feet Time 
Group Max. bline Free Air Min. 
4 400 365 25,000 25 
5 400 360 25,000 24 
6 380 345 32,000 35 
9 blown once each week 
8 400 285 86 ,000 68 
Totel per blow 168 ,000 152 
Three blows per day 504,000 456 
Lxtra blow for Groups 4-5-6 82,000 84 
Normal Deily Total 586 ,000 540 


pendable as the higher-voltage controls, although it has proved 
satisfactory when given essential routine maintenance. 

The operating results obtained at Huntley substantiate the 
statements made in reference to Oswego. Power requirements are 
slightly lower because of the smaller number of elements in use 
and maintenance cost is also in proportion. All boilers at the 
Huntley Station, except the one just referred to, are equipped 
with manually operated steam soot blowers, and there has been an 
opportunity for direct comparison of the twosystems. The pref- 
erence, from an operating standpoint, is definitely in favor of au- 
tomatic air-operated blowers. 


CONCLUSIONS 


The results obtained with automatic air soot blowers on the 
Oswego and Huntley units, covering a period of 14 boiler-years, 
show in comparison to the estimates for comparable steam soot 
blowers, that the anticipated advantages in economy and reduced 
“make-up” have been fully realized. The automatic operation 
has clearly demonstrated, in addition, that benefits gained by re- 
moval of the human element are distinctly important. 


Discussion 


L. M. Extry.? In support of this paper, a brief description of 
a similar installation and operating results in the Long Island 
Lighting Company is being presented. In the Glenwood Power 
Station of this company, electrically controlled automatic air 
soot blowers have been in operation since 1942, on one 550,000- 
lb-per-hr twin-furnace top-fired radiant boiler, with drainable 
superheater and integral economizer. Pneumatically controlled 
automatic air soot-blowing equipment is being installed on an- 
other 400,000-Ib per hr unit which is now under construction in 
this station. Air is also being used as a blowing medium for the 
hand-operated soot-blowing equipment of four older steam-gen- 
erating units in this same plant. 

Description of First Installation. The electrically controlled 
automatic air soot-blower installation for the 500,000-lb per hr 
unit consists of equipment for cleaning the superheater, econo- 
mizer section, and the air heater, as shown in Fig. 6 of this dis- 
cussion. No furnace wall blowers are installed. There are three 
types as follows: 


Group 1: Nine mass blowers of retractable type, motor-oper- 
ated, designed for 500 psi air pressure. 

Groups 2 and 3: Sixteen air-operated air-puff rotating ele- 
ments, designed for 250 psi air pressure. 

Group 4: Four traveling-frame blowers, motor-operated, de- 
signed for 250 psi air pressure. 


2 Long Island Lighting Company, Roslyn, L. I., N.Y. Mem. 
AS.M.E. 


Air is supplied by two 506-cfm 500-psi compressors and is 
stored in three 500-psi tanks having a total of 882 cu ft capacity. 
These tanks supply the mass blowers of group 1 and also a 250- 
psi tank of 57 cu ft capacity, through reducing valves. 

With regard to various other features such as, design of blow- 
ers, controls, panel board, safety heads, ete., the installation is 
similar to that deseribed in detail by the author. 

Operating Results. The results of 4 years’ operating experience 
with automatic air soot blowers are also similar to those described 
in the paper, being somewhat as follows: 


1 This installation has been effective as a cleaning medium, 
so that no washing or other cleaning of the unit has been neces- 
sary, with the exception of the tubular air heater which has been 
washed once. 

2 Blowing equipment is operated once every 24 hr. With 
two compressors in operation, 4 hr are required for a complete 
cycle. 

3 Operating costs consist mainly of power consumed, which 
is approximately 1000 kwhr per day. Very little operating atten- 
tion is required for the compressors, and the operation of the 
blowing equipment is performed by the boiler operator, who 
throws a switch to start the cycle and then observes the control 
panel and air pressure gages, all during the course of his normal 
duties on the operating floor. 

4 Maintenance costs, including labor and material, have aver- 
aged approximately $800 per year, except for the first year when 
costs where higher because of minor difficulties quite common to 
new installations. About one half of the yearly maintenance 
costs are chargeable to the compressors, and the remainder to 
blowers and controls. 


5 No evidence of erosion of boiler pressure parts has been 
found. 


All of the foregoing statements pertain to operation while 
burning pulverized coal. This unit is also equipped for oil-firing. 
During a recent 2-month period, oil was burned a greater part of 
the time, with oil and coal used alternately. The unit has not 
been subjected to this type of operation over a sufficient period to 
report at this time on effectiveness of soot-blowing equipment 
under these conditions. 

Equipment for Steam-Generating Unit Now Under Construction. 
Installation of soot blowers for the new 400,000-Ib per hr unit in 
Glenwood Station will be completely automatic but control will 
be pneumatic rather than electrical. Initial cost of automatic 
equipment for either pneumatic or electrical controlis about the 
same, but installation cost of the electrical control would have 
been substantially higher. The general arrangement of blowing 
elements for this unit differs considerably from the first installa- 
tion, principally because the steam generator is of an entirely 
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different design. All elements are designed for air pressure of 250 
psi. The original compressor-and-storage-tank installation has 
sufficient capacity for this additional equipment. 

Alterations and Conversion of Old Equipment. Four steam-gen- 
erating units of the cross-drum type, with sectional headers, and 
interdeck superheaters with a capacity of approximately 250,000- 
Ib per hr each, were originally equipped with conventional hand- 
operated steam soot blowers. Serious tube erosion occurred, es- 
pecially in the superheater, and as a result soot-blowing was dis- 
continued for several years. Alterations to original soot-blowing 
equipment have consisted of replacement of elements for cleaning 
the slag screen and superheater with two retractable-type blow- 
ers (one on either side), located between the superheater and slag 
screen. The remainder of the original elements were retained. 
Air at 250 psi is used as the blowing medium on all blowers. Be- 
cause of the excellent results obtained on one boiler, work is in 
progress on alteration and conversion of the other three. 

Comparative Costs. Tests have not been run to check the esti- 
mates of comparative energy consumption of air-automatic 
versus steam-automatic installations. 

With regard to investment cost of the two types of installations, 
the author has charged both with a share of the complete station 
investment on the assumption that the operation of the blowers 
cannot be depended upon to occur during off-peak-load periods. 
For this factor steam-automatic blowers are charged with a 34.3 
per cent higher investment cost than the air-automatic installa- 
tion. In the Long Island Lighting Company as high an evaluation 
of this factor would not be justified as experience has proved it is 
not necessary to operate this equipment over peak-load periods. 
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The combined investment and energy cost for compressor, 
piping, and storage-tank installation for the first steam generator 
at Glenwood was higher than for steam, but consideration was 
given to the future increase in use of air for boiler-cleaning, which 
is now an actuality. On this basis the annual cost for air-blowing 
is estimated to be slightly lower than for steam. Air also has sev- 
eral other advantages which are difficult to evaluate. 

Still more advantages have accrued from the initial compressor 
installation. Air is being supplied for the construction of the new 
unit with elimination of rental cost for portable equipment. 
These compressors are also being used for house service and com- 
bustion-control requirements. 

A study is being made of soot-blowing equipment for the 425- 
000-Ib per hr 1350-psi, 955 F steam-generating unit which has 
recently been ordered for the proposed new Port Jefferson Sta- 
tion. Installation of steam-automatic equipment for the first 
unit, to be converted to air at the time of the installation of the 
second unit, is being considered. 

Conclusion. In general, results in the Long Island Lighting 
Company support those described in the paper. Automatic soot 
blowing substantially reduces man-hours required for operation, 
and removal of the human element improves effectiveness of the 
cleaning equipment. Installation of equipment for air-blowing 
at the Glenwood Station was economically sound on the basis of 
present expansion of its use. However, in selection of air-auto- 
matic versus steam-automatic, it has been found that the eco-* 
nomics are substantially affected by the size of the installation to 
be made. 
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The High-Frequency Heating of 
Nonconducting Materials 


By F. J. JOLLY,! DETROIT, MICH. 


High-frequency dielectric heating provides a unique 
method of heating certain materials with results which are 
unattainable with conventional means. The limitations 
of former methods and the advantages of high-frequency 
heating are discussed, and the theoretical basis and the 
practical limitations of the latter method are explained. 
Its applications in various industries and the advantages 
gained are briefly discussed, followed by some of the pos- 
sible future applications. 


INTRODUCTION 


IGH-frequency electrical energy for heating has been used 
H in recent years to accelerate production in a number of 

industries, and reseagch work, now in progress, indicates 
that the future will provide an even wider field of application 
than it now enjoys. 

The salient feature which adapts this method of heating to 
applications involving materials of low thermal conductivity is 
its ability to generate heat uniformly and simultaneously through- 
out the part to be heated. Once this heat is established, it is no 
different from that produced by the better-known conventional 
methods, and all of the established laws of heat pertain as rigor- 
ously as if the effect were produced by other means. 


CompaRison With Meruops 


Before proceeding with a discussion of high-frequency dielec- 
tric heating, some brief consideration should be given to the 
limitations involved in other commonly used heating methods. 
With all of these methods the thermal energy is generated in one 
location (in-the combustion chamber, if the fuel is gas or oil, and 
in the resistance element or are if the fuel is low-frequency elec- 
trical energy) and thence transferred to the work by some com- 
bination of the mechanisms of conduction, convection, or radia- 
tion. The rate of heat transfer in all of these is a function of 
temperature difference between the source and the work, i.e., the 
first power for conduction, the five-fourths power for convection, 
and the fourth power for radiation. Thus no matter what the 
source, a temperature difference must exist in order to accom- 
plish a transfer of heat. In addition, regardless of the mechanism 
of transfer of energy from the source, heat conduction must be 
relied upon to heat the interior portions of the work since in all 
eases the energy is absorbed only by the surface layers and must 
be conducted to the interior.? 

Theoretically, an infinite time would be required to achieve 
uniform heating of a part by applying heat to the outside without 
exceeding the desired temperature in any part of the work. In 
practice, however, the required time is decreased to a reasonable 
figure by tolerating some temperature differences in various parts 


‘ Industrial Heating Engineer, The Detroit Edison Company. 

? Except in the case of exothermic chemical reactions or repeated 
bending which, for obvious reasons, are not common heating methods. 

Contributed by the Production Engineering Division and pre- 
sented at the Semi-Annual Meeting, Detroit, Mich., June 17-20, 
1946, of Tae AMERICAN Society or MECHANICAL ENGINEERS. 

Nots: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


155 


of the work. These differences are negligible with materials of 
high thermal conductivity or thin sections of materials of lower 
conductivity. However, many industrial processes involving 
fairly thick sections of materials having very poor thermal con- 
ductivity, cannot tolerate either the long heating times or the 
large temperature differentials within the work that are dictated 
by the physical properties of such materials. It is in this class of 


‘work that high-frequency dielectric heating has provided indus- 


try with a tool which eliminates these highly undesirable com- 
promises. 


NONCONDUCTING MATERIALS 


At the outset it will be well to define what is meant by non- 
conducting materials as specified in the title. From the electrical 
viewpoint, a nonconductor is a material possessing a high value 
of resistance to the flow of electric current through it. This prop- 
erty varies greatly for different materials, extending from prac- 
tically zero for metals in the superconducting state to almost 
infinity for some insulators. In arranging materials in tabular 
form according to their electrical resistivity, we find it difficult 
to draw a sharp line of demarcation between so-called conductors 
and insulators. A group of materials lies between the two ex- 
tremes which are classed as semiconductors. Therefore it is 
common to divide materials into two main groups, conductors 
and dielectrics, and to subdivide dielectrics into semiconduc- 
tors and insulators. 

A complete conception of the electrical character of a substance 
cannot be gained from this value alone. It is necessary to con- 
sider another property known as the dielectric constant of the 
material. This term indicates the property of a material, when 
used in a condenser, to increase its capacitance or ability to store 
energy as compared to that of a vacuum. 

No increase in capacitance when the material replaces a vacuum 
indicates a dielectric constant of unity. For some materials this 
value may be as high as 100 or more. 

When the values of dielectric constant are added to the afore- 
mentioned table of resistivity, a relationship is noted between 
these two properties, i.e., values of dielectric constant decrease 
with increasing resistivity. This is shown by Table 1 which was 


TABLE1 RELATION OF DIELECTRIC CONSTANT AND 
RESISTIVITY 


Dielectrics 
Conductors Semi-conductors Insulators 
Resistivity, p......... 1078 1 105 10” 10" 10%” 
Dielectric constant e’.. 80 20 6 | oe 


arranged by Andrew Gemant (1).* This relationship is, however, 
not strictly functional. 

It should also be pointed out that according to an empirical 
law by Wiedemann and Franz, there is a certain parallelism be- 
tween electrical conductivity and thermal conductivity which is 
strictly valid for metals only but, in a sense, may be extended to 
apply nominally to other substances. Thus the term “noncon- 
ducting” in the title can refer either to the degree to which a 
material can conduct heat or electricity. 


3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


; 
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We now have the nonconducting materials or dielectrics de- 
fined in terms of two properties, resistivity and dielectric con- 
stant. Their close relationship often makes it possible to classify 
a material when only one of these properties is known. Thus 
dielectrics or nonconductors may be characterized as substances, 
the dielectric constants of which are between 1 and about 30. 
It is this class of materials with which the present discussion is 
concerned. 

Some typical materials of this nature are wood, plastics, tex- 
tiles, rubber, ceramics, grains, and certain foods. The minimum 
thickness for economical utilization of high-frequency heating 
depends upon the thermal conductivity of the material and the 
demands of the process involved. In the case of wood, this value 
is near 1 in. and for certain plastics a value as small as '/, in. was 
economically feasible in a particular case. The advantage in- 
creases with working thicknesses greater than these minimum 
values. 


Tueory OF HiGH-FREQUENCY HEATING 


The simplest and most common method of applying high- 
frequency energy to a given workpiece is to place it between two 
parallel metallic plates which are connected electrically to the 
output terminals of a generator of high-frequency power. Such 
an arrangement is illustrated schematically in Fig. 1. When a 
difference in electric potential exists between the plates, here- 
after referred to as electrodes, an electrostatic field is established 
in the medium surrounding them. This field is most intense be- 
tween the electrodes, as indicated by the light lines in Fig. 1. 


y Electrodes 


1 Scuematic D1acraM or MetHop or H1GH-FRE- 
quency Enercy, SHOwrNG PorTION oF ELEcTROSTATIC FIELD 
BETWEEN PARALLEL PLATES 


The horizontal lines in this area denote planes of equal potential 
and vertical lines indicate the direction of the field. The elec- 
trodes serve to establish the physical dimensions of this concen- 
trated field. Their area controls its horizontal extent and the 
spacing d controls its intensity. With a given voltage between 
the plates, the field is most intense when d is small, decreasing in 
intensity as d is increased. Thus the field intensity varies with 
the “‘potential gradient” or volts per inch obtaining between the 
electrodes. From the electrical standpoint, the electrode thick- 
ness is immaterial as long as the material from which it is made is 
a good conductor of electricity. 

With nothing between the electrodes, a current flows to them 
when they are energized by a voltage, but no current flows from 
one electrode to the other. The electric charges carried by this 
current are simply stored on the electrodes and this current is 
referred to as the charging current. If the polarity of the applied 
voltage is reversed, these charges are removed from one electrode 
by the reversed current direction and re-established on the other, 
so that over several cycles of reversed potential the net power 
consumed in this device is zero. This action is represented 
by vectors as shown in Fig. 2. The charging current is shown as a 
vector perpendicular to the voltage vector which indicates that 
no power is expended in the circuit. 
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Now, if a dielectric material is placed between the electrodes, 
another current flows in addition to the charging current. This 
current which is called the leakage current represents energy 
absorbed in the dielectric, and results from at least two distinet 
phenomena. 

A portion of this leakage current results from the ability of the 
applied voltage to force current through a material. The mag- 


Fic. 2 Vector DiaGRAM OF CURRENT AND VOLTAGE RELATIONSHIP 
FOR A CONDENSER WITH PERFECT DIELECTRIC 


nitude of this current varies directly with the potential and in- 
versely with the resistivity of the material considered. Such 
currents are common in ordinary electrical devices such as lamp 
filaments, heater elements, and motor windings. All of these fall 
into the classification of conductors, and appreciable currents can 
be caused to flow by nominal values of voltage. In the case of 
dielectrics, extremely high voltages would be required to achieve 
appreciable heating at ordinary frequencies. However, we find 
that in higher frequency bands of operation the magnitude of 
this heating effect is increased even at fairly low values of voltage, 
indicating some additional mechanism for absorbing energy 
which becomes effective under this condition. 

In 1912 Debye proposed an explanation for the variation in 
the dielectric constant of materials which adequately provides 
an explanation for this additional increment of energy absorption 
which accompanies increased frequency. Subsequent experimen- 
tal work led to relationships which for practical purposes were 
identical with those derived by Debye on a theoretical basis, and 
it is now quite firmly established that dielectric absorption is 
caused by several mechanisms, but within the range of frequencies 
with which we are presently concerned, the Debye losses are pre- 
dominant. 

Molecules consist of several atoms, and often these atoms 
within the molecule carry positive or negative charges. While 
the net charge of a molecule is zero, the distribution of these 
charges is such that the centers of gravity of the positive and nega- 
tive charges do not coincide. Such a structure is shown schemati- 
cally in Fig. 3. A molecule of this kind is said to possess a finite 
“dipole moment” and the molecule itself is called a ‘dipole’ or 
“polar molecule.” When such a molecule is subjected to an 
electrostatic field it is acted upon by a force couple, because 4 
force acts at the negative center toward the positive plate, and 
an equal force acts at the positive center toward the negative 
plate. This couple tends to rotate the dipole molecule and turn 
it into the direction of the applied field. 

The basis of Debye’s theory is the fact that the dielectric con- 
stant of materials containing dipoles is higher than that of non- 
polar materials. The application of an electrostatic field to 
a polar material causes the dielectric to acquire an electric moment. 
In other words, under normal conditions the dipoles are in ran- 
dom positions, but with the application of an electric field they 
tend to align themselves with this field as just mentioned. Since 
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X = Interatomic Distance 
(In the order of 1078cm) 


Fic.”3 ScHeMatTic ARRANGEMENT OF ELECTRICAL CHARGES IN A 
MOLECULE 


work is done during this alignment, energy is absorbed, necessi- 
tating an external current to flow. 

If the applied field is reversed in direction, the dipoles try to 
rotate and align themselves with the new direction of the field, 
and if the direction of the field is rapidly alternated, considerable 
energy is absorbed in the material and is manifested as heat and 
current to the device increases. 

B This may be represented vectorially as shown in Fig. 4. The 
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Fie.4 Vector DiaGRaM oF CURRENT AND VOLTAGE RELATIONSHIP 
ror A CONDENSER WiTH a Die.Lectric MatertaL Havine Aa HIGH 
Loss Factor 


first current vector J,, in phase with the applied voltage repre- 
sents the flow of current resulting from the direct-current con- 
ductivity of the material. The second current vector J 4, in 
phase with the voltage represents the absorption current, due to 
the dipole action within the material. Both are in phase with the 
voltage and consequently represent power consumed. The 
charging current is 90 deg out of phase with the voltage and repre- 
sents no power consumed, as previously mentioned. The total 
current flowing in the circuit is the sum of these vectors, 7. The 
portion of the total current contributing energy to the system is 
I-cos @ or J-tan 5, which give the same result when @ is only a little 
less than 90 deg, as is generally the case with dielectrics. 

A schematic illustration of this condition is shown in Fig. 5. 
Ry represents the equivalent parallel alternating-current resist- 
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ance of the material, which value decreases with inereased fre- 
quency due to dipole action. 

This explains why high frequencies are used for dielectric heat- 
ing. The heating effect varies as the square of the in-phase com- 
ponent of current multiplied by the equivalent resistance. In- 
creasing frequency increases this current to such a point that 
relatively low voltages, several thousand volts, at high frequency 
can produce a heating effect equivalent to several million volts 
at ordinary power frequencies. 

The alternating electrostatic field acts with equal intensity on 
all dipole molecules of a material, providing the field is uniform 
and the material homogeneous. This explains the uniform and 
simultaneous heating which takes place throughout the material. 

In the application of this method the electrodes remain cool, 
i.e., no heat is generated in them. The energy fed to the plates is 
electrical and no heating is noted until a dielectric is placed be- 
tween the electrodes. Then the material begins to heat with the 
electrodes still cool. The whole action may be explained by saying 
that the wave emanating from the plates is like an unmodulated 
radio wave. The molecules of the work act as tiny receivers 
which absorb this wave energy and convert it into heat in a simi- 
lar manner to a radio receiver converting modulated electro- 
magnetic radio waves to sound. 


PRACTICAL CONSIDERATIONS 


The amount of heat which can be generated within a given 
material can be expressed by the following formula which takes 
into account the properties of the material, the physical dimen- 
sions involved, and the electrical facilities available 


p 4 f tans X 


‘ 
[1] 

where 

P = rate of heating in watts (Btu per min X 17.57) 

A = electrode area, sq in. 

d = thickness of material or electrode spacing, in. 

f = frequency in cycles per sec 

E = root-mean-square value of voltage across electrodes, v 

e’ = dielectric constant of material 


tan 6 = power factor of material 


If we divide this equation by the volume to arrive at the power 
input per cubic inch of material, we find that this figure varies 
(a) with the square of the potential gradient across the material 
which is a measure of field intensity, (6) directly as the fre- 
quency, which measures the rapidity with which the field 
changes direction, and (c) directly as a factor, e’tan 6 which com- 
bines the electrical losses within the material. 

This factor e’ tan 5, is referred to as the “loss factor’’ and serves 
to indicate the relative rate of heating of various materials in 
high-frequency fields of the same intensities. Table 2 lists the 
loss factors of some typical materials. 


Errect OF CONTROLLABLE VARIABLES 


From Equation [1] it appears that in order to obtain rapid 
heating, the voltage EZ is the most potent controllable variable 
since power increases with its square. This factor can be raised 
only up to a certain limit before difficulties with corona or dielec- 
tric breakdown are experienced. This limiting value lies in the 
neighborhood of 15,000 to 20,000 v. However, the real deter- 
minant of heating rate is the voltage gradient across the work. 


* Equation [1] applies for plane parallel electrodes which is the 
arrangement most commonly used. Expressions may be derived for 
other configurations but uniform heating will be attained only when 
the work is located in a uniform electric field. 
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LOSS FACTORS OF TYPICAL MATERIALS?4 


TABLE 2 


Dielectric Power Loss 
Material constant factor factor 
“ Phenol-formaldehyde compounds: 
Urea-formaldehyde compounds: 
Alpha cellulose filler............. | 0.031 0.223 
Melamine-formaldehyde 
Asbestos filler. 6.7 0.041 0.274 
Vinyl-chloride- acetate resins........ 3.6 0.05 0.18 
amine resin: 

Mica-filled 6.0 0.04 0.24 


@ Values vary considerably with density, moisture content, temperature, 
etc. Figures are only approximate, 


Gradients of between 1500 and 5000 volts per in. may be used, 
depending on the porosity of the work. 

Voltage and frequency are the only independent variables in 
Equation [1]. Dielectric constant and power factor are not in- 
dependent of frequency. Hence the expression must not be 
interpreted too literally with respect to the effect of increasing 
frequency. However, as pointed out previously, frequencies 
used are as high as practicable in order to utilize voltages within 
the limit given. Most standard equipment lies in the range of 
from 1 to 20 megacycles and provides power-output ratings up 
to 25 kw. The dimensions of the work dictate the maximum 
value of frequency in three ways: 

1 The effects of standing waves may be pronounced on large 
work at very high frequencies. 

2 The power available in equipment is limited as frequency is 
increased. 

3 Difficulties in tuning may be encountered. 


The variation of e’ and tan 6 with frequency for a material con- 
It will be 


taining one kind of dipole only is illustrated in Fig. 6. 


tan 


Frequency 


Fig.6 VARIATION OF DIELECTRIC CONSTANT AND Loss ANGLE WITH 
FREQUENCY 


noted that the product of these two variables, or the loss factor, 
would be maximum at frequency f;, which is a resonant frequency 
for the dipole in the material. Thus it would appear desirable to 
adjust the frequency at this value for maximum heating rate. 
However, both e’ and tan 6 vary with temperature so that this 
_resonant point shifts (usually increases) as the material heats up. 
In addition, most materials treated by this method contain more 
than one kind of dipole so that when their effects are superim- 
posed this peak in loss factor may not be pronounced and the 
resultant may be a fairly smooth curve within the range of fre- 
quencies commonly used. Some work is now being done on au- 
tomatic tuning, etc., and future equipments will undoubtedly in- 
corporate these features in cases where it is justified. At present, 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1947, 


frequency above f, 


self-excited oscillators operating at some 
serve fairly well for most applications. 


EQUIPMENT 


It is not the intent of this paper to present a complete discus- 
sion of the technical details of equipment used for producing the 
frequencies requisite for this process. The rather broad descrip- 
tion which follows, of the manner in which power-system frequency 
is converted to high frequency, will, however, adequately serve 
the purpose here. At the outset, it must be realized that no 
mechanical device is capable of operating several million times 
per second which is a necessary step in this conversion. There- 
fore all equipment for dielectric heating must rely upon vacuum 
tubes for this purpose and motor generators or spark-gap Os- 
cillators find no application in this field. The necessary steps in 
the conversion process are illustrated in Fig. 7. 


Control Grid 


Power Rectifier Osciliater 
Transformer Section Section 
AC Power Electrodes 
Source Work 27 


60 Cycle 60 Cycle 
Low Voltage High Voltage 


High Frequency 


High ae High Voltage 


Fic. 7 Block DIAGRAM SHOWING STEPS IN CONVERTING 
FREQUENCY TO HiGH-FREQUENCY POWER 


The power-system voltage is increased by the power trans- 
former to many times its original value, but the output of this 
section is still at system frequency. This phase of the transfor- 
mation is quite common and needs no further discussion. This 
high-voltage low-frequency power is next converted to direct cur- 
rent, usually by means of mercury-vapor-rectifier tubes. It is 
then fed to the oscillator section by the oscillator tubes in impulses 
each of a duration of a small portion of a millionth of a second. 
Such rapid operation can be accomplished only by vacuum tubes. 

The oscillator section is composed of an electrically resonant 
circuit. A fairly good mechanical analogy of its operation would 
be a tuning fork or bell The bell or fork must be externally 
excited or struck in order to start a train of vibrations, and there- 
after must be struck at precisely timed intervals in order to 
maintain vibration continuously at maximum amplitude. In 
the electrical system the excitation is accomplished by the vac- 
uum tubes which feed direct-current impulses to the resonant sec- 
tion at exactly the right instant to maintain electrical oscillations 
continuously at maximum amplitude or voltage. The frequency 
is predetermined by the electrical constants of the components 0! 
the resonant or ‘‘tank’’ circuit as it is generally called. The ulti- 
mate result, then, is a high voltage at high frequency impressed 
across the electrodes, as shown in Fig. 7. A dielectric material 
placed between these plates will then become heated internally 
due to its dielectric losses. 


ELECTRODES 


Although flat parallel electrodes have been the most common 
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design utilized in present equipment, other designs can be pro- 
vided to heat localized portions of the work or to heat other than 
rectangular sections. If the contours of the work are extremely 
irregular, considerable difficulty may be experienced in propor- 
tioning the series air gaps to obtain perfectly uniform heating. 

Electrode design can become very involved and is a subject 
which deserves considerable attention. Development work is 
continually in progress and a complete analysis is beyond the 
scope of this discussion. However, some basic design considera- 
tions follow: 

If the electrodes are in contact with the work they should be 
constructed of as small-gage metal as rigidity will permit. Be- 
cause of its high thermal conductivity, the metal will conduct 
the generated heat away from surfaces which it contacts and re- 
sult in undesirable temperature gradients in the work. A light 
foil will sometimes suffice, especially if it is mounted on a thermal 
insulating material for strength, or a thin layer of thermal in- 
sulation between the electrode and the work may provide suffi- 
cient correction for this effect. If closer control is necessary, the 
electrodes can be maintained at temperature by a small quantity 
of auxiliary heat. 

Even though heat is generated uniformly throughout the work- 


. piece, this heat, as previously mentioned, obeys all laws of heat 


flow after generation so that convection and radiation losses 
from surfaces exposed to the surrounding air tend to cause low- 
temperatures near these surfaces. If such losses are serious, and 
usually they are not, the electrodes can be enclosed in an atmos- 
phere of warm air, or low intensities of infrared radiation can be 
arranged to compensate for such losses. In nearly all cases the 
&ffects described are not serious because of the low temperatures 
involved in the treatment of dielectric materials, most of which 
are organic in nature and require temperatures of 400 F or less 
to provide the desired reactions. 

If the heating produces vapors of water or volatile constituents, 
the electrodes may be fabricated from fine metal screen to pro- 
vide for vapor escapement. 

One of the important advantages of this form of heating lies in 
the fact that the electrodes need not be in contact with the work. 
This is a decided advantage in processes designed for continuous 
production. A series air gap may also be required by work hav- 
ing a low dielectric strength. In such cases it should be remem- 
bered that when several different materials are placed in series in 
an electrostatic field, the voltage divides itself across each mate- 
rial in direct proportion to its thickness, and in inverse proportion 
to its dielectric constant. Therefore if a relatively thick layer of 
air is one of the materials, a large portion of the available voltage 
will be distributed across it causing slow heating in the other 
materials because of the reduced voltage gradient across them. 

A few examples of electrode arrangements are shown in Fig. 8. 
Fig. 8(a) is designed to heat a long solid cylindrical workpiece; Fig. 
8(b) is used to heat hollow cylindrical work; and Fig. &(c) 
will localize the heating on a transverse section through the work. 

As in induction heating, the dielectric process lends itself readily 
to scanning or progressive heating of the work, by feeding the 
material slowly between the electrodes. Examples of this will be 
described later in this paper. 


APPLICATIONS OF HiGH-F'REQUENCY HEATING 

New applications for high-frequency heating of dielectric 
materials are appearing daily. The question of the ability of this 
method to heat a particular material can be answered in the affir- 
mative in all but certain rare exceptions, such as quartz or poly- 
styrene, but determination of the practicability of an application 
involves many more considerations, and often many important 
advantages are found in addition to the increased heating rates 
obtainable. 
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(b) (c) 


 Srverar DESIGNS FOR OBTAINING DEsIRED HEAT 


PATTERNS 


Almost any one of the present-day applications contains suffi- 
cient engineering analysis to occupy completely a discussion of 
this nature. Consequently, only a general outline of a few of the 
outstanding processes can be contained herein. 


Woop INnpustrRY 


Dielectric heating has made a major contribution to plywood 
manufacture in the bonding of panels up to 50 X 100 in. instacks 
up to nearly 21 in. thick. The heat required to set the glue be- 
tween the veneers is obtained in an 18-min heating cycle with 
phenol glues and in a 10-min cycle using a soybean adhesive. 
In addition, each veneer is brought up to temperature at the same 
ate, and in the same time, so that expansions and shrinkages in 
adjacent veneers occur simultaneously, thus reducing warpage 
in the finished panels. 

A few of the additional advantages gained in this application 
described by C. C. Brumleve (2) are as follows: 


1 Clamps and I-beams are eliminated. 
2 Size and weight of bundles in and out of the press are re- 
duced because of the cauls which are eliminated. 

3 Space and rehandling required by cold-setting panels are 
eliminated. 

4 Glue costs are reduced up to 0 per cent over cold-pressing. 

5 Redrying can be decreased, or in some cases eliminated, by 
reduced glue quantities. 

6 Moisture migration, resulting from temperature gradients 
developed by hot-pressing, can be eliminated. 


J. P. Taylor (3) has described an application to the heating of 
“compregwood” to temperatures of 230 to 260 F prior to pressing. 
Approximately 7 hr were required for heat to penetrate to the 
center of a particular block using conventional heated platens. 
The blocks were preheated uniformly with high-frequency power 
in about 8 min. Because of the uniformly soft condition of the 
block, the dies were closed in a matter of 3 or 4 min compared 
with 21/, hr for the former method. A reduction of over-all time, 
in the press, of 50 to 65 per cent was attained, and a superior 
product was obtained as a result of reduction in residual stresses 
in the material. 

Table 3 shows comparative figures, reported by Dr. H. Stager 
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TABLE 3 COMPARISON OF PREPARATION OF PLYWOOD 
BOARDS BY HOT PLATENS AND HIGH-FREQUENCY POWER 


——-Thickness of board, in.——. 


High-frequency electric heating: 0.5 1.0 6.0 
Power required, watts.............. 6670 17900 35500 
Reaction time, min................ ee 2 8.2 
Energy, watt-min............ 35800 307500 


Hot-plate method: 


Reaction tims, Min... 2.375 8.32 342 

Energy, WOtt-Min. 8250 40700 409000 
Ratios: 

Hot-plate time to high-frequency time 2.15 4.16 41.7 


Hot-plate energy to high-frequency 


and Dr. F. Held (4), for the application of high-frequency 
power and conventional hot platens. 

Many other applications could be cited but it is felt that the 
foregoing information indicates the advantages that may be 
attained in this field. 
Puiastic INDUSTRY 

Probably one of the most fertile fields for the application of 
high-frequency heating has been in the plastic industry. Most 
plastics are ideal subjects from the standpoint of dielectric loss. 
At the same time, few processes demand uniform, through-heat- 
ing and short heating times as much as does the plastic-forming 
process. 

Preform Heating. The trend in the molding industry has been 
steadily toward increased use of preforms or densified pellets 
containing a fixed quantity of the molding powder. A predeter- 
mined number of these preforms are heated and then placed in 
molds of the press where they are cured under pressure and tempera- 
ture. By preheating, molding pressures and time in the press are 
greatly reduced, resulting in increased production per press. 
The preform provides easy handling in that the bulk of material 
involved is less. This in turn decreases the distance traveled by 
the platens and provides a simple and rapid means of introduc- 
ing the exact quantity of material into the press and accelerates 
production. By preheating the preforms, volatile gases are driven 
off before they are put in the press, and the time-consuming opera- 
tion of ‘‘breathing,” or releasing pressure to allow these gases to 
escape is eliminated from the pressing operation. 

Because of the poor thermal conductivity of plastic resins, 
oven-heating is much tooslow. Efforts to reduce the heating time 
by utilizing higher oven temperatures causes curing of the outside 
of the preform. Long heating cycles produce the same result 
since the curing of most resins is a time-at-temperature function. 
The hard crust that results makes quality products impossible 
to obtain and is likely to displace or break inserts or pins. 

In many cases, even for relatively small preforms, 30 min or 
more may be required for the center to reach 80 or 90 per cent of 
the surface temperature, and if short heating periods are used 
temperature gradients of 100 F or more per in. must be tolerated. 

The only alternative has been to utilize lower temperatures 
than desirable, and use higher molding pressures, which require 
stronger molds or dies, and longer closing times. 

With the use of high frequency, heating times of from 30 to 60 
sec are common, and a relatively small unit (2 to 5 kw) may serve 
two presses. No attempt need be made to compensate for surface 
losses since these surfaces come rapidly to temperature when 
placed in the heated molds. Y 

The higher temperature and greater uniformity of heating 
which result from the utilization of high frequency, contribute to 
increasing production and superior products in the following re- 
spects: 

1 Lower molding pressures result, which allow faster closing 
on an existing press, or larger pieces to be molded on the press, 
without exceeding its rated pressure. In future presses it will 
allow lighter construction and less expensive dies. 
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Fic. 9 ProGcressive Heatinc spy Power FOR 
CurinG Pvastic RESIN 


2 “Breathing” is eliminated. 

3 Improved uniformity of the product is obtained because 
the molding material is soft and free from hard lumps, and thus» 
begins to flow as soon as pressure is applied. 

Plastic Curing. Fig. 9 shows an interesting application of high- 
frequency power for curing plastic resin. The generator can be 
seen in the background. The machine at the right drives a man- 
drel upon which ribbons of resin-impregnated paper are wound on 
edge. As the layers build up, the hollow cylinder thus formed is 
forced into the screen which is connected to one side of the gen- 
erator and acts as one electrode. The mandrel is grounded and 
serves as the other electrode. As the uncured cylinder moves 
into the field between these electrodes its temperature begins to 
rise and continues to do so until it emerges from the near end, 
completely cured. This is an excellent example of scanning or 
progressive heating, and illustrates nicely how high-frequency 
heating fits into continuous processes. 


TEXTILES 

An interesting example of the application of high-frequency 
energy in the textile field is the setting of the twist in rayon cord. 
These cords or cables are made up of several threads twisted to- 
gether and wound in cones weighing as much as 18 lb: The in- 
ternal stress in the individual threads is such that the cord tends 
to snarl and form itself into a series of twisted loops when it is 
removed from the cone. Twist-setting or annealing of the cord 
requires a temperature of about 200 F and is analogous to the 
stress-relieving treatments given metals. 

Convection-heating limits the cones to small cord content be- 
cause of the poor thermal conductivity of rayon. This would 
seriously complicate production when the cord is woven into 
fabric. Cones weighing as much as 18 lb are desirable and the 
heating problem has been solved by using high-frequency power. 

Cones are wrapped in moistureproof paper before treatment in 
order to maintain the moisture content and are then carried be- 
tween the large electrodes on a fabric belt. Total treatment time 
is about 6 min which corresponds to an output of about 1200 |b 
of annealed rayon per hr. A serious bottleneck in this industry 
has thus been relieved by dielectric heating. 
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Rubber. ‘“Foamex’’ mattresses are being heated by high- 
frequency energy in 5 min compared with 35 min by steam 
jackets, and the resulting product is said to be structurally su- 
perior to that obtained by former methods. 

Hard-rubber wheels which formerly required 5 hr are being 
vulcanized in 18 min, using high frequency, and the time for cur- 
ing brake blocks is reduced from 7 hr to 48 min. 


Foop-PROcESSING 


No discussion of dielectric heating would be complete without 
some mention of possible application to the preparation of food. 
This question always arises, so the limitations will be discussed 
here, not because it is a good application, but in order to show that 
some consideration has been given to it. 

In the first place, we have become accustomed to having cooked 
food exhibit a certain appearance which is a result of nonuniform 
heating. We like our steaks and roasts well done on the outside 
and rare in the middle, and our pastries must have a crust on 
them in order to be appetizing. If these foods were cooked with 
high-frequency energy, meats would be well done in the middle 
and rare on the outside, and pastries would be likely to have 
either no crust at all or a crust on the inside if no provision were 
made to compensate for surface-heat losses. 

Therefore, unless this method were combined with infrared or 
some other form of heating, the psychological effect of the com- 
pletely altered appearance of the food would undoubtedly be a 
serious detriment to its general acceptance. 

In addition, conventional methods are more efficient and much 
less expensive at present-day equipment prices. The process may 
find some future application in the warming up of precooked 
foods. Liquids may be heated electrostatically but their ability 
to distribute heat by circulation negates the principal advantage 
of high-frequency heating. 

However, there are several applications in the food industry 
where high-frequency heating is ideally suited technically to the 
process involved. The first of these is in connection with frozen 
foods, a process which promises widespread acceptance. 

Large savings in handling and transportation costs are realized 
by discarding useless portions of food products prior to shipping. 
For example, fruits are peeled, cored or pitted, and sliced prior to 
freezing. Eggshells are discarded and the whites separated from 
the yolks before freezing. The consequent decrease in bulk lowers 
both the freezing and the shipping costs. 

However, serious problems arise in re-establishing the products 
to their normal state. Defrosting times of 10 to 12 hr are not un- 
common and many products such as peaches, for instance, dis- 
color or spoil on the outside layers long before the inside thaws. 
Bacteria counts increase greatly in products such as eggs, with 
exposure to air at the temperatures existing during the thawing 
process, and utilization of conventional heating methods to ac- 
celerate thawing only tend to intensify these objectionable char- 
acteristics. 

High-frequency heating is ideally suited to the thawing of 
frozen foods on a commercial scale since extremely rapid thawing 
rates are attained with consequently no spoilage or increase in 
bacteria count because of the short-time exposure to air and room 
temperatures. Preliminary tests show that most foods can be 
heated dielectrically. 

Results of tests conducted to date indicate that 1 kw of high- 
frequency energy will raise the temperature of frozen foods 25 deg 
F at the approximate rate of 10 to 20 lb per hr. No effects on 
vitamin content or taste have been detected. 

Different products heat at widely varying rates under the same 
electrical conditions due to variations in power factor and dielec- 
tric constant for such materials. This, of course, must be con- 
sidered in designing for a given installation. Attention should also 


be given to the packaging material, selecting it so that it heats 
slower or, at least, not any faster than the product it contains. 
Uniform package size and material would be necessary to utilize 
fully the advantages of electrostatic heating. 

The original work on this application was performed by V. W. 
Sherman and Dr. William Cathcart. The process is in the de- 
velopmental stage but it is understood that pilot installations are 
planned which will yield data upon which to base economic con- 
siderations of the process. 

Another application in the food industry involves the dein- 
festation of grain. This has been reported by Clarence R. 
Pippinger (4) for the Utilities Research Commission. Salient 
features of the report are contained in the following paragraphs: 

Grain infestation has been a serious problem in the milling in- 
dustry for many years, causing an estimated annual loss of about 
$250,000,000 in the United States alone. Present means of com- 
bating this problem are fumigation and mechanical methods, 
such as centrifugal action and bolting, which have been fairly 
successful in separating the small weevils from the grain. How- 
ever, a method of attack to be used on stored grain was desirable, 
and the use of high-frequency equipment was investigated in 
1941. 

It was known that if the insects and their larvae were raised in 
temperature to 130 F, their protein content was coagulated and 
they became nonviable. It was also found that the insects ex- 
hibited a higher loss factor than the grain. This presents the pos- 
sibility of differential heating, i.e., if energy is applied to this non- 
homogeneous mixture at a rate sufficiently high to increase the in- 
sect temperature rapidly and minimize the radiation and conduc- 
tion losses to the cooler wheat, then the insects may be killed be- 
cause of their faster heating rate without raising the temperature 
of the large bulk of grain to this temperature, with a consequent 
saving in total energy consumed. 

The practical application of this process would involve either 
a horizontal belt carrying the grain between two flat electrodes, 
or a vertical chute passing between electrodes, or with built-in 
electrodes, with a spiral valve at the bottom for controlling the 
speed with which the grain passes the electrodes. 

At present the cost per bushel of such treatment exceeds that 
for fumigating but reduced equipment costs and technical de- 
velopments may make it competitive at some future date. 


Future APPLICATIONS 


Some research work of an exploratory nature has been done by 
Hugh Fleming (5) which indicates some interesting trends in the 
effects of high-frequency fields on microorganisms. Heat is ca- 
pable of killing bacteria and is presently the most common me- 
dium for pasteurizing various foods. The heating effect resulting 
from the application of high-frequency energy would, in itself, 
be no more effective in killing bacteria than heat produced by 
other means. However, it has been found that by utilizing higher 
frequencies and permitting no appreciable temperature rise, a 
lethal effect is created which can be attributed to frequency and 
voltage stress alone, and is entirely independent of heat. It was 
also found that the most effective frequency depends upon the 
size of the organism, and that for a given bacterium, there is one 
frequency which is most effective in producing 100 per cent sterili- 
zation. 

Nearly all bacteria have a negative charge and the lethal ac- 
tion may be explained by the condition that mechanical reso- 
nance, established by the rapidly alternating electric field, so dis- 
torts the microorganism that it becomes nonviable. 

Another striking effect was noted. Treatment with high-fre-. 
quency energy actually stimulated the rate of growth of bacteria 
with low-power applications, and this rate increased with the 
power gpplied up to a certain point, at which overstimulation oc- 


Pade 
> 
: 
R 
is* 
n- : 
id 
es 
to 
; 
ey 
i 
4 
x 
> * 


162 TRANSACTIONS OF THE A.S.M.E, 


curred and beyond which lethal effects became evident. This 
suggests the possibility of greatly speeding up life processes, such 
as with yeast and penicillin manufacture, or a catalytic action, 
on other chemical processes. Certainly, continued work in this 
field can be justified by results obtained to date. 


CONCLUSION 


It is not the intent of this discussion to create the impression 
that dielectric heating can be applied indiscriminately to all non- 
conducting materials. Usually, if the dimensions, thermal prop- 
erties, and allowable heating time permit satisfactory results 
with other heating methods, these will show the lowest cost. 

When the limitations of these methods are exceeded by the 
demands of the process, high-frequency heating should be care- 
fully considered, for it is in such cases that this method has 
proved its merits on a sound economic basis. It should not be 
compared on a Btu basis only, but all factors must be assigned 
their proper value in an over-all analysis. When this is done, 
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high-frequency dielectric heating is usually successful as a result 
of the following: 


1 Increased speed with consequent saving in labor cost and / 
or capital investment in machinery. 

2 Reduced number of rejects or general quality improvement. 

3 The fact that it produces results which are unattainable by 
other heating methods. 
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To satisfy the varying conditions of serv- 


The Application of Wood and Fiber 
to Industrial Packing 


By J. A. DeLUCA,'’ WILMINGTON, DEL. 


ice a number of well-defined types of con- 
tainers, such as nailed wooden boxes, crates, 
fiber boxes, barrels, baskets, drums, ply- 
wood boxes, and wire-bound boxes, have been 
developed. Each of these, because of the 
varying nature of its design and the mate- 
rials of its construction, fulfills some par- 
ticular purpose better than the others. In 
selecting a type of container for a specific 
purpose, it should be remembered that what 
constitutes a weakness ina container for one 
commodity may be an advantage for another 
commodity. The characteristic strength 
and weakness of several types of boxes and 
crates and the construction details influenc- 
ing their serviceability are discussed in the 
paper. 


INTRODUCTION 


T is well understood that a considerable amount 
of research has been done as regards wood 
and fiber packing materials. 
ever, have these two types of packings been ef- 
fectively described in a manner suitable to quick 
and practicable application by one desiring an 
analysis that is short, vet sufficient. 

In pursuance of this study, the author has had 
to analyze voluminous data which, while com- 
piled by reliable sources, have had to be shorn 
of much detail not necessary to general every- 
day application. 

Those who have cheerfully contributed bulle- 
tins, data, and information to this work are tech- 
nicians of Garious industries and packing organi- 
zations, trade associations, manufacturing as- 
sociations, nationally recognized testing labora- 
tories, railroad associations, and government bu- 
reaus. 

While it may be felt that the sources of facts 


In no case, how- 
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in some cases would tend to be biased in favor of 

the industry reporting them, a constant weeding 

of the apparent truth from the dubious has had the effect of 
making this paper reliable at least as to fundamentals. 

That unskilled shippers may more efficiently and effectively 
carry out their packing problems by the use of this paper as a 
manual is the purpose for this work. Because of its simplicity 
and brevity, the author is hopeful toward this end. The entire 
content of this paper is divided into five separate sections for 
quick and handy reference. 


Industrial Engineer. Mem. A.S.M.E. 


Contributed by the Wood Industries Division and presented at 
the Fall Meeting, Boston, Mass., Sept. 30-Oct. 3, 1946, of THe 
AmerIcaN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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STanpARD Types oF NaILED WoopEeN Boxes 
No attempt has been made to supply elaborate detail in any 
section; each part is sufficiently adequate to serve the purpose 
outlined. 
1 WOOD BOXES 


There are seven distinct types of nailed wooden boxes made 
from sawed lumber. These types are known commercially as 
Styles 1, 2, 2'/2, 3,4, 5, and 6. The principal difference in the 
construction of these boxes is in the design of the ends. The 
boxes are illustrated in Fig. 1 and a brief description of each 
follows. 

Style 1 box, which is the simplest of all, consists of ends of a 
single thickness of lumber made of one or more pieces of wood 
and with sides, top, and bottom nailed to the end grain of the 
ends. 
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In Styles 2, 2'/2, and 3, each end is strengthened with four 
cleats. The ends are thus reinforced against splitting, and the 
sides are strengthened by the greater holding power of the nails 
driven into the side grain of the vertical cleats. 

When Style 21/3 boxes are assembled on machines the shoulders 
in the vertical cleats support the horizontal cleats in taking the 
severe thrust of the nailing machines. On Style 3 boxes with 
square ends all the cleats are of equal length and shape and so 
are interchangeable. This is a manufacturing advantage. 

Style 4 boxes are used to carry fairly heavy weights and may be 
subjected to severe handling. The two heavy cleats at each end 
of the box in connection with the heavy end boards strengthen 
the ends against splitting, provide side-grain nailing for the 
sides, and help to take the thrust of the load if the box is dropped. 

Style 5. When the question of storage space makes desirable a 
reduction in the outside length of the package and when the shape 
of the contents is such as to leave space in the corners of the box, 
the cleats can be placed inside the box instead of outside as in the 
Style 4 box. These cleats may be either square or triangular, 
depending upon the contents of the box and cost involved. 

Style 6 or the lock-corner box is constructed with ends and 
sides fitted together by tenons which are glued. This construc- 
tion provides a package with tight corners which is of particular 
value for those commodities which are subject to shifting or 
where rigidity is required. 

Comparison of Cost. In selecting any one of the seven styles 
of standard boxes, a shipper may be influenced to some extent by 
the comparative initial cost of the different styles without giving 
due consideration to other important factors. In general, Style 3 
boxes cost the most and Style 1 boxes the least. Although the 
difference is not great, there is a big difference in the performance 
of the several styles of boxes and in the protection they offer the 
contents. 

Comparison of Durability. The durability of a box or its 
ability to withstand present-day handling and transportation is 
an important factor. Any style of box can be made to any re- 
quired strength, but usually this cannot be done economically. 

There are so many elements to be considered that it is not 
practicable to show with concrete figures a comparison in the 
durability of the several types. The species and quality of the 
lumber, the care used in the manufacture of the shooks, the nail- 
ing and closing of the boxes, the several styles, sizes, and shapes, 
and most important of all, the characteristics and densities of the 
contents, influence greatly the behavior of the box when in use. 

An uncleated box (Style 1) may be inadequate to protect its 
contents properly against loss or damage. A characteristic 
weakness of this type is the tendency of the ends to split. 

The next stronger type of box has the ends strengthened by 
cleats (Styles 4 and 5) which reduce splitting of the ends and 
provide for better nailing. 

If these boxes still prove to have insufficient strength or to 
have a characteristic weakness when packed with some particular 
commodity, the shipper may use the strongest styles of boxes 
(Styles 2, 2'/2, and 3) which will give the maximum strength and 
serviceability. 

Each of the standard styles of boxes has its particular applica- 
tion. In actual practice the principal considerations are the 
size and gross weight of the box and the character of contents. 

Style 1 boxes are suitable for comparatively light loads and can 
reasonably carry a weight limit of approximately 60 lb. 

Styles 4 and 5 are medium-size containers and can be loaded to 
a weight of about 200 lb. 

Style 6 boxes are more versatile and are generally loaded be- 
tween the range of 10 to 150 lb. For gross weights of more 
than 200 Ib, and for large-size containers such as used for tex- 
tiles, Styles 2, 2'/2, and 3 are generally used. 
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Balanced Construction. When a box is so made that all parts 
resist equally the risks and hazards of handling and transporta- 
tion and where there ig an even distribution and absorption of 
impact, it is balanced in construction. There is then no tendency 
of one part to fail before any other part, since the strength of 
each part is sufficient to balance the strength of every other part. 

A box made of heavy lumber, properly nailed, may be balanced 
in construction but will be wasteful of material and be stronger 
than necessary. A box made of thin material, properly nailed, 
may be balanced but too weak to give satisfactory service. Both 
boxes are uneconomical. A properly designed box is one that is 
balanced in construction and has the requisite strength and dura- 
bility at a minimum cost. 


Factors AFFECTING DESIGN 


In selecting the proper box for shipping any commodity cer- 
tain factors must be considered, any or all of which may influence 
the design. Among these are the shape of the articles, their 
weight, and their fragility. The cost of the container and pack- 
ing as compared to the value of the article is important, although 
usually too much consideration is given to the former as a decid- 
ing factor. 

Ordinarily, without a container the article could not be shipped. 
If the article arrives in a damaged condition it might as well not 
have been shipped, since no benefit accrues to anyone. 

The distance the box must travel and the transportation facili- 
ties used, whether railroad, steamship, or both, will appreciably 
affect the design. Metal straps or wires for reinforcements will 
further affect the design of the container. 

Lumber (Seasoned and Green). Various kinds of wood are 
used for making boxes, but the softer species that are light in 
weight are most in demand. 

A certain combination of “hardwood” ends and “softwood” 
sides, tops, and bottoms is used to some extent. As lumber is 
generally sawed to those thicknesses required for purposes that 
pay the top price, the box lumber is of the same thickness but 
usually of the lower grades. 

Reasonable care should be exercised, however, to eliminate 
lumber having objectionable defects. The lumber should be well- 
seasoned, reasonably sound, free from bad cross grain, dote, de- 
cay, loose or rotten knots, and knots or knotholes which interfere 
with nailing. 

Green or newly cut lumber contains 30 to 250 per cent mois- 
ture, depending upon the species and location of growth. Lum- 
ber is seasoned by air-drying or kiln-drying, which process dries 
out the water from the cells and cell walls of the wood. A box 
may weigh 20 lb when made of lumber with a moisture content of 
30 per cent. If made of well-seasoned 15 per cent moisture 
lumber, the weight would be 17.7 lb. This would result in a 
saving of 2.3 lb for every, box shipped. Assuming a freight rate 
of $1 per 100 lb, a concern shipping 4000 boxes per month would 
save in freight alone $1104each year. 

Moisture Content. The moisture content of a board is the 
amount of moisture contained in the cells and cell walls of 
the wood. It is equal to the difference in weight between the wet 
and the dry wood. The “‘per cent moisture content’’ of a board 
is the ratio between this difference in weight and the weight of the 
dry wood. To determine the moisture content of any board, 
cut off a small piece of wood, about 1 in. long and about 1 ft from 
the end of the board. Take several samples like this from dif- 
ferent boards selected at random when desiring to get an aver- 
age figure for any group of box lumber. 

Weigh each sample to the nearest tenth of an ounce. Keep 
them in an oven or on a steam pipe until there is no further loss 
in weight in any of the samples as determined by occasional 
weighings. Subtract the final weight of each sample from its 
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weight before drying. Divide this by the weight after drying, 
multiply by 100, and the result is the per cent moisture content of 
the wood. 


Example: 
Weight of sample (wet) 2.1 oz 
Weight of sample (dry) 1.6 oz 
Difference in weight 0.5 02 
0.5 
= xX 100 = 31.2 per cent moisture content 


Lumber for boxes should have not more than 18 per cent mois- 
ture content. Boxes made of lumber of higher moisture con- 
tent will dry after nailing, which causes the lumber to shrink 
away from the nails, lessens their holding power, and weakens 
the containers, although this feature may not always be apparent. 
The most satisfactory box is one made of reasonably dry lumber, 
about 15 per cent moisture content, and kept in that condition. 

Cross Grain and Knots. Cross grain and knots are two de- 
fects in lumber that may seriously affect the strength of a box. 
A knot or knothole that comes at the end of a box shook in such 
a way as to interfere with proper nailing surely will cause trouble. 
If the knot or knothole is large or if a board is badly cross-grained, 
the board may break and cause loss or damage to the contents. 
The Forest Products Laboratory recommends that boards which 
are butt-jointed and are of the minimum thickness, should not 
be used when they contain knots having widths exceeding one 
third the width of the board, measured as shown in Figs. 2, 3, 
and 4. 


~ 


Fic. 2. Meruop or MeasuriNG Size or Knots 
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Fie.3 Tue Larce Knot InrerrFere WITH NalILING 
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Fig. 4 Bap Cross Grain; Do Nor Use 


Thickness of Sides, Top, and Bottom. The thickness of sides, 
top, and bottom of boxes made of sawed lumber and not strapped 
and carrying an average commodity in domestic shipment is 
readily obtained by use of the alignment chart, Fig. 5, and the 
accompanying formula. While this formula may be used to de- 
termine the minimum thickness of the parts of a box, considera- 
tion should always be given to the particular characteristics of 
the contents, which may be such as to require an increase over the 
minimum thickness. ‘Where the computed thickness is not 
available the nearest standard thickness should be used. 

Dimensions of Ends and Cleats. The thickness of ends and 
cleats is determined by the thickness of sides, top, or bottom, 
whichever is the thickest. Practical experience and laboratory 
test have shown that the relation in thickness between sides, 
cleats, and ends of the standard style of unstrapped wooden 
boxes should be as shown in Table 1. 

Triangular or square cleats may be used on Style 5 boxes 
provided the cross-sectional area is not less than that of a rec- 
tangular cleat of the required size. 

Number of Pieces in Sides, Top and Bottom, and Ends. The 
number of pieces in the sides, top, bottom, and ends of a box 


TABLE . Rg iy IN THICKNESS BETWEEN SIDES, CLEATS, 
ND ENDS OF UNSTRAPPED WOODEN BOXES 


Style of box Thickness of end@ 


Thickness of cleats® 


Style 1 2 ~—‘times thickness side 11/4 times thickness side 
Style 2, 2'/2, 3 1!/4 times thickness side 1!/; times thickness side 
Style 2, 2'/2, 3 1 times thickness side 1!/2 times thickness side 
Style 4, 5 1'/2 times thickness side 1 times thickness side 


* End and cleat thickness should be based on thickness of top if latter is 
thicker than side 


greatly affect the durability of the container. Generally, how- 
ever, a box made with one piece is stronger than a box made with 
two or more pieces in the sides. This same statement is true of 
the other parts of the box. The economical use of lumber, how- 
ever, usually prevents the use of one-piece parts, and considera- 
tion must be given to the construction of boxes with two or more 
pieces in each unit. 

Table 2 shows the maximum number of pieces allowed in the 
sides, top, and bottom of different widths. 


TABLE 2 MAXIMUM ani OF PIECES FOR PARTS OF 
ARIOUS WIDTHS 
Width of side, top, or 
bottom, in. 
4 


Maximum allowable 
number of pieces 


Joints Used in Box Construction. When two or more pieces 
are used in any part of the box, the abutting edges are usually 
tightly joined. There are several different methods of joining, 
the usual ones being illustrated in Fig. 6. 

The butt joint has the two edges surfaced squarely and 
smoothly. The boards are fastened together by the use of cor- 
rugated fasteners. Corrugated fasteners, Table 3, should be 
spaced not over 8 in. apart; those near the end of a joint should 
be about 4 in. from the end of the boards. When three or more 
fasteners are used they should be driven alternately from op- 
posite sides. 

When ends are over 7/s in. thick, corrugated fasteners cannot 
be used alone. Additional strength must be provided through 
the use of cleats. 


TABLE 3 ne OF CORRUGATED FASTENERS oe BE USED 
OR DIFFERENT THICKNESSES OF WOO 


Thickness of part, in. Size of in. 


1/4 X 

to incl. X 11/3 
to 3/4 incl. 1/2 11/5 
to 1 incl. X 


The ship-lap or rabbet joint has the edges of both boards 
notched so as to fit together and the joint may be glued. This 
joint is of value in preventing shifting of the contents of the box. 

The tongue-and-groove joint is similar except in shape to the 
ship-lap joint. It is glued in position and is of particular value 
against shifting of the contents. Boards so joined strengthen 
each other against bending. 

The Linderman joint is a particular type of tongue-and-groove 
joint. The tongue has a tapered cross section and is placed 
within the groove by sliding from the end of the board. It is 
difficult to pull out even if not glued. Customary practice in- 
cludes the gluing of this joint. 

Nails and Nailing. The nailing of a container is one of the 
most important features, although it is seldom so considered 
by most users of boxes. The size, spacing, and location of nails 
with reference to the grain of the wood in the several parts greatly 
affect the durability of the container. It is wasteful to construct 
a box of lumber having considerable strength and then to fail to 
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“Weight=box and 
contents (Pounds) 
900+ 
Soo 7 
700 + 


600 


GENERAL REQUIREMENTS 


FOR 
WOOD BOXES 


"Thickness of side, top, 


ot Ss 
or be tom («7 he s) 


A B 


Chart for finding the thickness of side,top, or bott: of boxes 
= (Unstrapped) — 


THICKNESS By FORMULA 


t =thickness of Sides, to ttom =? = 
b= width, Sidés top or bottom = 22.5" t=% 


THICKNESS BY LINE CHART 


Place straight edge on Known weight (scale A). Pivot the 
Straight edge on this point so that it crosses width scale 
(scale.C)- Thickness of Part then witl be read on(scale B). 


Width’ of site, 2p, 
or So ttomi(inehe s) 


nail the parts together securely enough to obtain a truly balanced 
construction. Nails of wrong sizes or not enough nails will not 
permit the remainder of the box to develop its full strength. 

There are three general types of nails, i.e., the plain or bright 
nail, the cement-coated nail, and barbed nail. The cement- 
coated nail is made in the same manner as a bright nail but has 
had a coating applied to it, consisting essentially of rosin, that 
increases its resistance against withdrawal from the wood. The 
barbed nail has had the shank notched in a manner that was 


Fic. 5 ALIGNMENT CHART GIVING GENERAL REQUIREMENTS FOR WOODEN Boxes 


once thought increased its holding power in the wood. Cement- 
coated nails in those sizes generally used for boxes have a much 
greater holding power than the plain or bright nail and 4 
still greater strength than the barbed nail. Figs. 7 and 8 show 
the relative efficiencies of the three types. 

Those nails used for fastening cleats to the end boards that are 
driven through cleat and board and clinched, need not be cement 
coated. 

Nails should be driven into the side grain ‘of the boards or 
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. JOINTS USED 
IN BOX CONSTRUCTION 


BUTT | SHIP LAP TONGUE | LINDERMAN 
JOINT | OR RABBET | &GROOVE | JOINT 
JOINT | JOINT 
Fic. 6 Jotnrs Usep Box ConstRUCTION 


80 CEMENT-COATED NAIL 
8D COMMON NAIL 
8D BARBED NAIL 
[ «& 
al AW 
EACH NAIL ORIVEN 100° LBs 
1-178" INTO WHITE 60 , ESR 
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GRAIN AND IN END GRAIN 


cleats in the ends of the boxes whenever possible. Side-grain 
driving of nails offers more resistance to pulling out than does 
end-grain nailing. Fig. 8 gives a comparison of the two condi- 
tions. 

Spacing and Number of Nails. Nails driven through the sides, 
top, and bottom of a box into the ends should be spaced uni- 
formly. There is a certain minimum spacing which should be 
followed to prevent splitting of the sides, top, bottom, or ends. 

Since nails driven into the end grain have less holding power 
than those nails driven into the side grain, a larger number of 
nails with a correspondingly closer spacing is required for end- 
grain nailing. Table 4 shows the recommended spacing for the 
two types of nailing. For convenience in determining the proper 
number of nails to be used for various sizes of boxes, this table 
has been prepared. It shows the spacing in inches for the several 
common widths of'box sides, top, and bottom. To determine the 
number of nails for sides, top, or bottom, divide the width of 
the part. by the spacing as given in Table 4. 


Fractions greater 
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TABLE 4 SPACING OF NAILS ACCORDING TO SIZE 


—_-——Spacing when driven into————. 


Size of nail penny Side grain of end, in. End grain of end, in 


6 or less 2 13/4 

7 ‘2 

8 21/4 

9 23/5 2! ‘2 

10 3 23/4 

12 3 

16 1 31/2 

Note: Closer spacing is required for end-grain nailing than for side-grain 
nailing. 


than !/, are to be considered as whole numbers. A 26-in. side, 
using 7d nails which are spaced 2'/, in. apart, would require 26 
divided by 2!/2=11.6 nails; in this ease use 12 nails. Another 
example is a 26-in. side with 8d nails spaced 2'/2 in. apart. 
This would figure out as 26 divided by 2!/,=10.4 nails and 10 
nails would be used. 

No piece or part that is one piece or equivalent should have 
less than two nails at each end. One nail at each end should 
never be permitted, except in the case of tongued-and-grooved 
tapered boards, since such nailing does not produce the desired 
rigidity of the box. 


2 WOODEN CRATES 


A crate is a framework of lumber used as a container in trans- 
portation, often braced with diagonal braces, and partially or 
completely closed with sheathing. Crates are used for articles 
which do not require the complete protection afforded by a box. 
The method of construction of crates is dependent upon the na- 
ture of the commodity to be shipped and upon its weight, shape, 
and liability to damage. Standard types of crates are shown in 
Fig. 9. 

Owing to the nature of their construction, crates are vitally 
dependent for strength upon their design, and the proper secur- 
ing of the article within the crate. In the case of boxes, the close 
union of all parts makes for united strength. In the case of 
crates, however, owing to their open construction, much of the 
strength depends upon the method of joining and fastening 
the various members together. 

The specifications which follow are as exact as it is possible to 
make them, and they treat of the most important principles of 
crate construction. 


STANDARD TERMINOLOGY FOR NAILED WOODEN CRATES 


The following are definitions of the standard terms used in 
crate specifications: 

Framework. The skeleton structure of the crate consisting of 
the frame members (edge members, diagonal braces, and struts) 
that contribute primarily to its strength and rigidity. 

Edge Members. Those parts of the framework forming the 
edges of the crate. 

Diagonal Brace. A frame member applied toa crate face at an 
angle of, usually, between 30 and 60 deg with the edge members 
of that face. 

Strut. An intermediate frame member used to break up the 
span of a face. 

Span. 
crate face. 

Sheathing. 


The distance between edge members or struts of any 


The cross slats or filling-in pieces used to cover, 
partially or completely, the crate faces. (Edge members, struts, 
and diagonal braces may be included with the sheathing in cal- 
culating the amount of sheathing on any face.) 

Crate Corner. That part of the crate where three or more 
faces meet. 

Crate Edge. The line where two faces of the crate meet. 

Three-Way Corner. A corner formed by three edge members so 
arranged and nailed that each member is nailed to another mem- 


3 
3 
167 
? 
: 
he 
3 
id, 
: 
| 
ORT 
{ 


168 


ber and has the third member nailed to it, all nails being driven 
into the side grain of the wood. 

Box-Type Corner. A corner formed of four edge members so 
arranged that two of them are nailed with their wide faces to- 
gether while the other two form one edge of the crate and are 
nailed to the side grain of the first two. 

Blocking. Any blocks or wood strips fastened to the crate to 
hold the contents in position. 


LUMBER 


Lumber used in crates must be well seasoned. For the purpose 
of this specification it is considered that seasoned lumber has an 
average moisture content of not more than 30 per cent, based 
upon the weight of the wood after oven-drying to a constant 
weight. It has been proved that crates lose a large part of their 
strength if they are made of green lumber and the lumber dries 
out while the crate is in storage or in transit. 

Lumber used in crates must be reasonably sound. The edge 
members, struts, and diagonal braces must not be weakened by 
decay or dote and must be free from excessive cross grain, from 
knots which will interfere with proper nailing, and knots or knot- 
holes which will materially decrease the strength of the piece in 
which they are located. Concerning the size of knots or knot- 
holes, it is a difficult matter to establish an arbitrary regulation 
which will be satisfactory and fair in all instances, as the degree 
to which a knot weakens a crate member depends not only upon 
the size of the knot, but also upon its position in the member and 
upon whether it is a loose, decayed, or sound knot. Also knots 
or knotholes in the center of a crate member are generally more 
weakening than knots or knotholes near the ends. Loose knots 
or knotholes are generally more weakening than sound, tight 
knots. Because of the varying conditions governing the sizes 
of knots, it is not considered advisable to set an arbitrary re- 
striction as to the maximum size of knots, but it is desired to call 
special attention to the fact that a number of crating authorities 
consider it good practice to limit the size of knots in the frame- 
work of the crate to one third the width of the member. 

Species of Wood. The standard classification of the woods 
commonly used in crates is given in Table 5, this classification 
(Forest Products Laboratory grouping) being based principally 
on their strength properties, nail-holding power, and tendency to 
split at the nails: 


TABLE 5 CLASSIFICATION OF WOODS 


Group 1 Group 1 (continued) Group 3 
White pine Butternut White elm 
Norway pine Cucumber Black gum 
Aspen (popple) Alpine fir Maple (soft or silver) 
Spruce Lodgepole pine Black as 
Western pine Jack pine Sycamore 
Pondosa | oe Balsam fir Red gum 
Cottonwoo Tupeio 
Yellow poplar Group 2 Pumpkin ash 
Chestnut Southern pine 
Sugar pine Larch (tamarack) Group 4 
ypress Douglas fir Hard maple 
ass wood Hemlock Rock elm 
Willow North Carolina pine Hackberry 
Noble fir Birch 
Magnolia Oak 
Buckeye Beech 
White fir White ash 
Cedar Hickory 


The various woods in any one group are of such similar nature 
with regard to splitting and resistance to nail pulling, that for 
any one kind of wood in a group the nails specified for that wood 
should be used for all of the other woods in the same group. 

This grouping of woods assists the shipper in selecting the 
right size of nails to use in order that his crate shall be of maxi- 
mum strength and enables him to know, when he finds it neces- 
sary to use a different kind of wood from the one he has been ac- 
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customed to, whether he should also change the size of his nails. 

Dimensions of Crate Parts. The particular thickness and width 
required for the several parts of the crate depend upon a number 
of factors, the most important of which are the character of the 
contents as regards weight, size, and susceptibility to damage, 
and whether the crate is for carload or less-than-carload ship- 
ment. As many carload shipments of different commodities 
are eventually split up into less-than-carload shipments, this 
fact must be kept in mind in designing the crates. A number of 
attempts have been made to specify the particular thickness and 
width of crate parts which should be used for different weights of 
contents, but it is not considered practical to do this yet with the 
data now available on the subject. Both thickness and width, 
however, are matters of much importance because of their rela- 
tion to the strength of the crate and its ultimate cost, and either 
test shipments or laboratory tests are generally necessary before 
the exact thickness or width required in any particular instances 
can be determined. 

Thickness of Lumber for Crates. Standard thicknesses of lum- 
ber should always be specified. Certain thicknesses of rough 
lumber are standard in every section of the country. For crate- 
making purposes these are known as 4/4, °/4, 6/4, and °/,, being 1 
in., 11/4, 1/3, and 2 in., respectively. When surfaced on one 
side (S1S) or surfaced on two sides (S2S), the net thickness has 
varied in different sections of the country and for the various 
species of woods. (The lumber standardization committee at a 
conference held under the auspices of the Department of Com- 
merce, in December, 1923, agreed on *5/3:-in. standard thickness 
and !3/,.-in. extra standard.) The standard thicknesses are re- 
sawed into thinner boards for crates to carry light weights. 
The thinner boards are usually °/s-in., '/s-in., and '/;-in. 
lumber. The thinner boards can be used effectively when spe- 
cially constructed. 

This variation has now been very largely eliminated through 
the formulation, by lumber producers, distributors, specifying 
consumers, and users, under the auspices of the United States 
Departments of Commerce and Agriculture, of what is known as 
the American Lumber Standards for Softwood Lumber. These 
consist of standards of sizes, grade qualities, and names, measure- 
ment and tally, inspection and names of species. Over 90 per 
cent of the softwood yard and factory lumber produced in the 
country is manufactured and graded according to these rules, 
and much of it is grade-marked to prevent substitution of lumber 
of inferior quality. The American standard thickness for 4 
seasoned 1-in. yard board, either S1S or S28 is 2°/32 in. and that of 
a seasoned 1-in. industrial or factory board is **/32 in. 

Those specifying material for crates should always call for 
these American standard thicknesses, or for thicknesses into 
which the material can be sawed economically. The thinner 
crate boards most in use are °/s-in., '/2-in., #/s-in., and 
1/,-in. lumber, of which all but the last can be economically re- 
sawed from American standard thicknesses. 


OF CONSTRUCTION 


Corner Construction. The method of joining and fastening 
the edge members at each of the eight corners is a matter of great 
importance, as the ultimate strength of the crate depends in 3 
large measure on the strength of the corner joints. 

There are two commonly used types of crate corners, the 
three-way corner and the box-type corner, the former being 
shown at the right in Fig. 10, and the latter at the left. The 
strength of the three-way corner lies in the fact that each of the 
three edge members is held by nails driven into it in two direc- 
tions, and all nailing is into the side grain of the wood, which 
gives maximum nail-holding power. It is the strongest crate 
corner in use and is recommended above any other type. 
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The box-type corner is as commonly used as the three-way 
corner, but it is not so strong because it does not possess the lock- 
ing action produced by the two-way nailing of each edge member 
in the three-way corner. However, there are many places 
where the box-type corner is better adapted for use than the 
three-way corner because of the character and shape of the con- 
tents. This construction can be easily and efficiently reinforced 
with straps. When straps are used the same economies in the 
crate slats can be secured as is common in box-construction prac- 
tices. 

There are other types of corners in use but they are not recom- 
mended, as in most of them there is nailing into the end grain of 
the edge members, which produces a very weak corner. 

Framework. The framework forms the foundation to which all 
other parts of crate are connected, either directly or indirectly. 
The members must be of sufficient size and strength to form a 
skeleton foundation upon which to complete the crate. It 
should be borne in mind that the crate may be submitted to many 
strains in loading into and unloading from cars; while being 
handled into and out of storage; by teamsters; and at the con- 


Fic. 10 Box-Type Corner at Lerr anp THREE-Way CoRNER, 
Ricut 


signee’s place of business. Also, the weaving or rocking of the 
freight car in transit, and the shocks caused by switching and 
sudden stops of the car produce strains in the crate which tend to 
loosen fastenings and rack the container out of shape. 

Bracing the Crate. The proper bracing of the crate is one of 
the most important single details of its construction, as the braces 
give it rigidity and prevent deformation or weaving out of shape. 
Diagonal bracing is the most efficient. Practically all crates re- 
quire some diagonal bracing, with the possible exception of those 
carrying a load which is in itself strong enough to resist the weav- 
ing action of the crate. 

To give the greatest efficiency, diagonal braces should be 
placed at as near a 45-deg angle as possible (see Fig. 11). In 
crates where one dimension of a face is greatly in excess of the 
other, it is necessary to use one or more struts to break up 
the span and bring the braces to the proper angle. The following 
rule gives the number of struts and the number of angular or 
diagonal braces or sets of cross braces necessary for any face of 
the crate: 

Divide the longer dimension of any face by its shorter dimen- 
sion and proceed as follows: 


1 If the result is less than 1'/2, use one angular brace or one 
set of cross bracing. 

2 If the result is 1'/2 or more and less than 3, use one strut 
and two angular braces, or two sets of cross bracings. 

3 If the result is 3 or greater, use a number of the angular 
braces or sets of cross bracing equal to the largest whole number in 
the result. The number of struts will be one less. 


Braces are used which have either single-mitered ends or 
double-mitered ends. The single-mitered end brace is much 
used on light crates made of thin material. 

Bracing the Contents. The contents of the crate should usually 
be anchored to the base, if possible, or, if this is not possible, it 
should be securely blocked or braced in place to prevent move- 
ment within the crate. Also, where possible, internal cleats or 
braces should be run either crosswise or lengthwise of the crate, 
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Fig. 12 PackinG ror Export SHIPMENT 
(Strap-reinforced crate.) 


bearing up against the contents to prevent movement in any di- 
rection. 

When the contents have base holes they should be securely 
fastened to the base of the crate, preferably to skids running the 
full length of the crate; with heavy machinery, large washers 
should be used under the boltheads and under nuts, and either 
the threads should be upset or lock nuts should be used to pre- 
vent the nuts from working loose. For light articles, lock washers 
may be substituted for the lock nuts, or the threads may be 
covered with asphalt to prevent the nuts from working loose. 

Proper internal blocking or bracing of the contents of the crate 
is a matter of great importance, as damage to crate or contents is 
likely to result if the contents are loose and move about. Where 
contents of the crate have finished surfaces liable to damage by 
coming into contact with the crate, excelsior pads, or similar 
packing material should be used. Pieces of furniture with legs, 
or machinery with weak legs should be suspended in the crate so 
that the weight is taken off the legs. This is generally done by 
fastening two wooden support pieces to the under part of the 
article and fastening these pieces to the sides of the crate so that 
there is a clearance between the legs and the base of the crate. 
End-grain nailing should be avoided in fastening these support- 
ing pieces to the crate. 

Fastenings. The members of a crate are fastened together 
with nails, bolts, hinged staples, or staples, or a combination of 
these fastenings. Light crates are generally fastened together 
with nails, screws, or staples. In crates made of lumber thicker 
than 3 in., bolts or lag screws are very often used. 

The size of cement-coated nails recommended for the various 
thicknesses of lumber used in all parts of the crate is given in 
Table 4 (data from Forest Products Laboratory). 

A more complete discussion of fastenings will be dealt with in 
part 5. 

3 PLYWOOD BOXES 

Plywood boxes made of */s-in. side, top, and bottom material 
or greater thickness are made in accordance with directions 
given for types of solid wood boxes in part 1. 

The use of heavy plywood for boxes does not lend itself to 
mass-production use out of cost considerations and is therefore 
used only for special conditions. The thin plywoods on cleated 
frames, however, command considerable industrial and com- 
mercial use and will be described. 


CLEATED PLtywoop Boxes 


A cleated plywood box consists of single-piece plywood sides, 
top, bottom, and ends nailed to cleats. The chief characteristics 
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of cleated plywood boxes are: Light weight, high resistance to 
diagonal distortion, resistance to mashing at the corners, and 
capacity to withstand severe tumbling and dropping. Cleated 
plywood boxes are neat in appearance, easy to handle, reasonably 
dustproof, and are difficult to pilfer. The thin plywood springs 
easily and thus absorbs many of the shocks which would other- 
wise cause damage to the contents. 

The high strength and rigidity of cleated plywood boxes result 
from the use of single-piece stock in the ends, sides, top, and 
bottom, and from the high resistance of plywood to splitting 
and to shearing or tearing away from the fastenings. 

If the plywood on any face is replaced by slats of lumber 
placed parallel with an edge, the high resistance of the box to 
diagonal distortion and twisting is destroyed. If the commodity 
is fastened to these slats near the four corners of the box and the 
box is dropped on a corner, the stresses tending to cause diagonal- 
distortion are resisted by the commodity, and damage to it is 
likely to result unless the commodity is able to resist diagonal- 
distortion stresses. If the open face is reinforced with a well- 
nailed diagonal brace, the box has almost as much resistance to 
diagonal distortion as a box having all faces covered with ply- 
wood. 

Nailing. The nailing is one of the most important factors in 
the strength and rigidity of cleated plywood boxes. Much of the 
discussion of nailing that has gone before applies to cleated 
plywood boxes. 

In making up the ends, sides, top, and bottom of most styles 
of cleated plywood boxes, the plywood is attached to the wide 
faces of the cleats with nails or staples, and in assembling the box 
the six panels so formed are nailed together. If too few fasten- 
ings are used in attaching the plywood to the cleats, the weaving 
of the box in service or the pressure of the contents or external ob- 
jects on the plywood will either break the fastenings, pull them 
out, pull them through the plywood, or the plywood will split 
and shear away from them. If the nails or staples pass through 
the cleat and are clinched, they are not likely to pull out. Staples 
or large-headed nails are more difficult to pull through the ply- 
wood or to shear out than nails with small heads. Overdriving 
the staples or nails injures the plywood and reduces the strength 
of the joint. 

If the nails holding the six panels together to form the com- 
pleted box are of the wrong kind, number or size, the box is 
weakened at the joints. The nails through the cleats and the 
plywood must be long enough to penetrate deep into the cleats 
on the adjacent box face; otherwise a greater number of nails 
will be necessary to prevent nail pull. Splitting of the cleats 
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may be avoided by using nails as small in diameter as will permit 
driving. 

Where nails are driven only through the plywood into the 
cleats on the adjacent face of the box, the number of nails and 
the size of the nailheads are the important considerations in 
preventing the plywood from pulling away from the cleats. In 
such joints large-headed cement-coated roofing nails give good re- 
sults. The loosening or pulling out of such nails may be over- 
come by using longer nails or a greater number of nails. Bending 
and breaking of the plywood at the nail line may be decreased by 
increasing the number of nails. Failures because of the nailheads 
pulling through the plywood, or splitting or shearing the plywood 
are also reduced by infreasing the number of nails. 

Size of Cleats. The primary functions of the cleats are to pro- 
vide a means for securely fastening the box faces together and to 
reinforce the corners against mashing. Intermediate cleats are 
sometimes used to reinforce the plywood against bending. The 
required sizes of the cleats along the edges of the box will vary 
with the nailing necessary to hold the box parts together. Such 
cleats should be free from defects that affect their nail-holding 
power or increase the tendency of the wood to split at the nails. 
Larger cleats are required where a single cleat is used along the 
edge of the box 

Thickness of Plywood. The thickness of plywood required will 
vary with the style of the box. The plywood in boxes with a 
single cleat along the edge bends under the impacts of the com- 
modity and breaks at the nails fastening it to the cleats on 
the adjoining box side, whereas the plywood in a full-cleated box 
bends and breaks either along the inner edges of the cleats that 
are parallel to the face plies or at some distance from these 
edges. The failures in plywood of a single-cleated box are lo- 
calized around the nails, whereas in a double-cleated box the 
failures in the plywood are continuous along the edge of the 
cleat. Consequently, a single-cleated box requires thicker ply- 
wood than a double-cleated one. 

Direction of Plywood. The best results in boxes having ply- 
wood consisting of three plies of the same thickness are obtained 
where the grain of the face plies for each box face is in the direc- 
tion of the shortest dimension of that box face. This arrange- 
ment of the plies gives the plywood its greatest bending strength. 
In some boxes the bending of the plywood is an advantage be- 
cause in bending the plywood absorbs shocks that would other- 
wise be transmitted to the box contents, but in other boxes the 
bending of the plywood is a disadvantage since it allows the con- 
tents to shift and to be damaged by rubbing. Plywood box sides 
having the grain of the face plies parallel with the width of the 
box face bend less under the impacts of the contents than if 
the grain is lengthwise of the face. The resistance of plywood to 
puncturing, shearing, splitting, and failure at the nails may be 
varied by changing the construction of the plywood. 


Wrre-Bounp Boxgs 


The wire-bound box is a lightweight type of shipping container 
that utilizes rotary-cut lumber, sliced lumber, or thin-sawed 
lumber in combination with cleats, wires, and staples. Unlike 
the sides of nailed boxes, the sides of wire-bound boxes are always 
of the same thicknesses as the box top and bottom, and usually 
the ends are of the same thickness as the sides. The thin material 
in the ends, sides, top, and bottom, springs and thus absorbs the 
shocks that would otherwise be transmitted to the commodity. 
The springing action enables the wire-bound box to withstand 
severe handling. The wires and staples hold the parts together 
and make pilfering of the box contents difficult. 

In making wire-bound boxes two or more binding wires spaced 
at a determined distance are stapled by special machines to the 
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side, bottom, side, and top box parts, consecutively, to form a 
mat. The end staples on each part span the binding wires and 
pass through the sheet material and, usually, into the end cleats. 
The staples over the intermediate binding wires are clinched 
on the inner surface of the sheet material. In assembling the box 
the mat is simply folded into position and the ends nailed or 
stapled to the inner surfaces of the side and bottom cleats. 
Closing the box consists of twisting together the ends of the bind- 
ing wires. The box is easily opened by clipping the wires near 
the twist. The shape of the box may be readily varied to fit the 
contents. 

The efficiency of a wire-bound box depends upon the combina- 
tion of thicknesses of ends, sides, top and bottom; number, 
size, and position of binding wires and staples; and end reinforce- 
ments. Failures in wire-bound boxes usually occur at or near 
the joints between the end cleats and the sides, top, and bottom, 
although occasionally failures are caused by the binding wires 
breaking, or the sides, top, and bottom puncturing or breaking 
the wires. The type of failures will determine which details of 
construction need to be changed to overcome the weakness for a 
given commodity. 

Stapling. The stapling of end binding wires is one of the most 
important features with respect to the strength of the box. If 
the staples are of the wrong number or size, or improperly posi- 
tioned, they may pull out, shear at the ends of the boards, or 
split the cleats, or the sides, top, and bottom may break under 
the staples. Overdriving of the staples causes the binding wires 
to mash the wood, thereby reducing the resistance of the sides, 
top, and bottom, breaking across the grain at the staples and 
under the wires. 

Pulling out of staples from the cleats may be reduced by in- 
creasing the number of the staples, by increasing their length, or 
by changing the position of the intermediate binding wires. 
Shearing out of the staples at the ends of the boards may be over- 
come by increasing the number of staples or the thickness of the 
sides, top, and bottom. 

Splitting of the cleats at the staple is usually caused by the 
side pull on the staples of the wire and the sheet material. This 
failure is usually local and can sometimes be overcome by using 
more staples, thereby avoiding the localizing of the disturbing 
forces. In boxes carrying very heavy loads this type of failure 
may indicate that additional end reinforcements are needed. 

The holding power of staples varies with the species of wood in 
the cleats and moisture content of the wood, and with changes 
in moisture content after the staples are driven. Proper position- 
ing of staples over the end wires is important in order to prevent 
driving the staples into the joints since such driving causes 
splitting the cleats or interference with the folding of the box. 
Since the staples over intermediate binding wires are clinched 
they are seldom a source of weakness, although they must be 
of proper length to provide a good clinch. 

Thickness of Sides, Top, and Bottom. The thickness of sheet 
material required for a wire-bound box depends upon the species 
of wood, the spacing of the intermediate binding wires, the 
weight and nature of the contents, and the width of the box 
faces. If the material is too thin failures occur through the 
box mashing at the corners, through the sides, top, and bottom 
breaking across the grain at, or near, the end wires, or through 
the staples astride the end wires shearing out at the ends of the 
thin boards. In wire-bound boxes with wide faces the shocks 
of the contents, incident to rough handling, are distributed over 
a greater surface for the same gross weight, and consequently 
thinner sheet material may be used than in boxes with narrow 
faces. The wide faces also allow more stapling, so that failures 
caused by the staples pulling or shearing out at the box ends are 
less likely to oceur. 
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The thickness of material required to prevent mashing at the 
box corners is determined largely by the weight of the contents, 
although the size of the box influences the stresses indirectly 
through its effect on the method of handling. The relation of 
the thickness of the box material to the species of wood, to the 
size of the box, and to the weight of its contents may be approxi- 
mated by the equations given in Fig. 5. 

Damage to the commodity from the springing of the box sides, 
top, and bottom may be avoided by increasing the thickness of 
the material, by increasing the number of wires or changing their 
position, or by using intermediate rows of cleats. Such cleats 
also afford reinforcement against puncture. Intermediate rows 
of cleats are sometimes useful in preventing damage by serving 
as separators between units of the commodity. These cleats 
when serving as separators often permit decreasing the thickness 
of the box parts. ; 

Size and Spacing of Wires. The size and spacing of the wires 
are important in determining the thicknesses required for the 
sides, top, and bottom, and in holding these parts together. The 
intermediate wires reinforce the sides, top, and bottom against 
breaking across the grain and also against springing, thereby re- 
tarding the loosening, pulling out, and shearing out of the staples. 
If, however, too many intermediate wires are used, the shocks in 
handling are not absorbed by the springing of box sides, top, and 
bottom. Greater stresses therefore are transmitted to the 
joints, and failures are more likely to occur through the knocking 
out of the ends or through the mashing of the box at the corners. 
The number of wires required for a satisfactory box depends 
upon the thickness of the sheet material, which, in turn, is de- 
termined by the size of the box, weight, and nature of its con- 
tents. The size of wires required varies with the number used, 
but the sum of their total cross-sectional area depends upon the 
weight of the box contents. 


4 FIBER BOXES 


Fiber boxes have certain characteristics that make them es- 
pecially suitable for use in shipping a large variety of products. 
They are light in weight, easy to handle, neat, and attractive and 
almost dustproof. As received from the manufacturer in the 
knockdown condition they require small storage space and are 
easy to assemble. 

There are two general classes of fiber containers: 


1 Corrugated fiber boxes. 
(a) Single-thickness corrugated type. 
(6) Double-thickness corrugated type. 
2 Solid fiber boxes. 


Following is a brief discussion of the two general types so 
that the reader may gain an idea as to the fundamental difference 
in their construction and application. 


CoRRUGATED FIBER Boxes 


These boxes are constructed of resilient materials known as 
double-faced corrugated board and double-wall corrugated board. 
Double-faced corrugated board consists of a sheet of corrugated 
strawboard, usually not less than 0.009 in. in thickness to which a 
facing or sheet of solid fiber board, usually not less than 0.016 
in., is firmly glued on each side. Double-wall corrugated board 
consists of one double-faced corrugated board and one single- 
faced corrugated board firmly glued together to form one piece. 
The built-up boards are cut to size, scored, and folded to form the 
container, the joint usually being secured by the use of gummed 
cloth or paper sealing tape not less than 2 in. in width, or by 
fastening together with metal rivets, staples, or stitches not more 
than 2'/; in. apart. 
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Soup Fiser Boxes 


These boxes are made of three or more plies or sheets of fiber- 
board glued together to form a single sheet that varies in thick- 
ness from 0.040 in. to 0.100 in. Other thicknesses may be 
obtained on order but the thicknesses mostly used for shipping 
containeys are 0.060, 0.080, and 0.100 in. The built-up sheets are 
cut to size, scored, and folded to form the containers; the joint 
or point where the box manufacturer joins the ends of the sheet 
together to form the box is generally secured by firmly gluing or 
by fastening with metal rivets, staples, or stitches, or by gluing 
in combination with stitching, riveting, or stapling (see Fig. 14). 


MAM 


Style 2-Half-slotted bax 
with cover 


Style 4-Telescope box 
(design Type) 


Style 5-Telescape bax 
(Gaped-corpmer type) 


Style 6- Triple- bon . 
( Styles ofcorrugated boxes ) 


Fic. 14 STanpARD Types or Finer Boxes 


Although all of the following boxes are in use they are not gen- 
erally classified in the manner set forth here. However, this 
classification has been proposed by the U. S. Government and 
since it appears to be the best classification available the author 
uses it believing that it will be the one recognized. Under the 
general classifications of corrugated fiber boxes there are six 
different styles. These styles are classified as Styles 1, 2, 3, 4, 5, 
and 6, and are illustrated in Fig. 14. The following is a descrip- 
tion with detail requirements of the various types: 

Style 1 (one-piece box) is made from one piece, slotted and 
scored to form a body piece having four flaps for closing each of 
two opposite faces. The width of the two inner flaps must be 


not less than one half its length measured along its creased edge 
and the two outer flaps when in the closed position either meet 
The body 


at the middle of the face, or overlap not less than 1 in. 
joint is butt, spliced, or lapped. 
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Style 2 (half-slotted box), the body of this box has four flaps 
which close one face as in Style 1, and a separate cover fits over 
the opposite face. All joints are butt, spliced, or lapped. 

Style 3 (design box), the body of this box has continuous bot- 
tom and sides. The depth of the cover is less than the depth of 
the body. All body joints must be lapped, while all cover joints 
may be butt, spliced, or lapped. 

Style 4 (telescope box, design style) is similar to Style 3 except 
that the body and cover are of the same depth. 

Style 5 (telescope box, taped corner) is similar to Style 4, ex- 
cept that the joints in the body and cover are butt joints. 

Style 6 (triple-slide box) is made of three rectangular body 
pieces each having four faces. All joints are either butt or spliced 
joints. The pieces must slide together snugly and there must be 
two thicknesses of corrugated board on each of the six faces of 
the box. 

Fiberboard Material. Corrugated sheets may be strawboard, 
chestnut fiberboard, pine-wood fiberboard, or other material 
which has been demonstrated to give equal service. The sheet 
before corrugating should be calendered to a uniform thickness 
of not less than 0.009 in. The sheet must neither crack nor break 
when corrugated and there must be at least 32 corrugations per 
foot. 

Waterproofing. The outer facings of each board should be 
waterproofed except in the case of the inner slide of Style 6 boxes. 

Pads. When required by transportation rules, the filling of 
the space between the ends of the inner flaps of Style 1 and Style 
2 boxes must be made of the same board that is used in the box. 

Metal Fasteners. The rivets, staples, and stitching wire must 
be of steel, treated to resist rust, and when subjected to condi- 
tions of use, should not show cracks or other evidence of weakness. 

Gummed Tape. Gummed tape for boxes made of fiberboard 
may be either paper or cloth. The tape should not be less than 2 
in. wide, shall have a bursting strength of not less than 60 points 
and must be uniformly coated with glue. (1 ‘“point’’= 1 psi). 


Gummed tape for boxes made of board should be cloth. 
The tape must not be less than 3 in. wide, shall have a bursting 
strength of not less than 80 points, and be uniformly coated with 
glue. 


TABLE 6 REQUIREMENTS FOR CORRUGATED FIBERBOARD 
Size 
Gross of box 
(length, 
breadth, 
box and Minimum 
and depth thickness Mini b P 
contents added) of board: Minimum bursting 
not not Facing -——strength of board-— 
over—  over— Kind of or filler, Board, Facing, Board, 
in. board in. in. points? points? 
40 60 Double-faced 0.016 3/i5 85 175 
65 65 Double-faced 0.016 3/\6 100 200 
90 70 Double-faced 0.030 3/is 135 275 
65 65 Double-wall 0.016 3/5 85 200 
90 70 Double-wall 0.016 3/5 85 275 


“a 1 point = 1 psi. 


Direction of Grain in Fiberboard. A sheet of paperboard has 
a definite direction of grain much like that of a piece of wood. 
This direction is determined by the position of the fibers, most of 
which arrange themselves parallel with the direction in which the 
sheet passes through the machine in the process of making 
the paper board. In the formation of paperboard, either solid 
or corrugated, the component sheets are usually pasted with 
their grains parallel. As a consequence fiber sheets and fiber- 
boards are stronger in tension parallel to the grain than across 
it, and have greater resistance to tearing across the grain than 
parallel to it. Boxes made with the grain of the board perpen- 
dicular to the longer scores of the smallest face usually resist a 
greater amount of rough handling than those made with grain of 
the board parallel to the scores. Solid fiber boxes made with the 
grain of the board perpendicular to the horizontal scores also 
resist greater stacking loads when stacked in the normal position 
than those made with the grain parallel to the scores. Because 
of the stiffening effect the corrugated fiber boxes, however, re- 
sist greater stacking load when the corrugations are perpendicular 
to the horizontal scores, although the grain of all the component 
sheets may be parallel to the horizontal scores. 

Length of Flaps. To obtain maximum resistance to rough 
handling for a given quality of material, the ends of the outer 
flaps of fiber boxes should meet or overlap, and the ends of the 
inner flaps should meet or the space between their ends should be 
filled with a sheet of fiberboard which should be fastened se- 
curely to the outer flaps in sealing the box. 

Scoring. The strength of a corrugated or a solid fiber box, 
when properly closed, depends very largely on the quality of the 
fiberboard at the time of scoring and the manner in which 
the board is scored. If the dies used to form the scores are of the 
wrong size or form, and mark the score too deeply or too shallow, 
or if the bends are too abrupt, the strength and serviceability of 
the box is greatly impaired. Any slight cracking or breaking 
along the scores when the box is folded into position indicates 
that the scoring has not been done properly, that the board did 
not have the proper moisture content at the time of scoring, or 
the test liner is of poor quality and the box will not have the 
maximum capacity to withstand rough handling. 


SELECTION OF STYLES OF CORRUGATED FIBER Boxes 


Style 1 box is commonly called a “slotted carton.” It is in 
more general use than any style considered and is used for ship- 
ping a wide variety of materials. It is shipped flat, takes but 
little room in storage, and is set up and sealed by the shipper. 

Style 2 box differs from Style 1 in that it has a separate cover 
which mukes it a convenient shelf package. It is also conven- 
ient to cut down its depth to alter the size of the box. 

Style 3 box is ordinarily folded flat for shipment and is set up 
by the shipper with a hand-stapling device. The covers are 
finished with tape on the corners ready for use. This box may 
be used for express shipments where something stronger than 
ordinary cardboard is required, and if properly closed and sealed, 
may be used for freight shipping. 
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In Style 4 box both top and bottom may be shipped and 
stored flat. It is usually used when a shallow container is de- 
sired. Because of the added thickness of the material the sides, 
ends, and bottom provide more cushioning protection than other 
styles. 

Style 5 box is shipped to the user set up and ready for use. 
Otherwise it has the same requirements and uses as has Style 4. 

Style 6 box has two thicknesses of material on all faces thus 
offering full cushioning protection. It is used mainly for freight 
express and parcel-post shipment. 


Frser Boxges—Sry es REQUIREMENTS 


Style A (one-piece box) is made from one piece, slotted and 
scored to form a body piece having four flaps for closing each of 
two opposite faces. The width of each of the inner flaps must 
be not less than '/2 its length measured along the creased edge 
and the two outer flaps when in the closed position must either 
meet at the middle of the face or overlap not less than 1 in. 

Style B (half-slotted box) the body of this box has four flaps 
which close one face as in type A. A separate cover fits over the 
opposite face. 

Style C (design box) the body of this box has continuous 
bottom and sides. The depth of the cover is less than that of the 
body. 

Style D box is similar to Style C in every way except that the 
cover has the same depth as the body. 


MATERIAL REQUIREMENTS OF SOLID FIBER Boxes 


These boxes are made of fiberboard consisting of three or 
more plies of either fiberboard or pulpboard firmly glued together. 
No plies should be less than 0.016 in. thick, and outer ply must 
be waterproofed. 

When required by transportation rules, pads to fill the space 
between the inner flaps of Style A and Style B boxes must be 
made of the same material as the box. The thickness and burst- 
ing strength of solid fiberboard must comply with Table 7. In 
selecting the proper solid fiber carton, the following table can 
be resorted to: 


Solid fiber style Corrugated fiber styles 


A corresponds to 1 
B corresponds to 2 
C corresponds to 3 
D corresponds to 4 


5 FASTENINGS AND REINFORCEMENTS 


The subject of nails and nailing of wooden boxes has 
The follow- 


Nails. 
been dealt with in part 1 under the heading of nails. 
ing notes concern nails and nailing of crate parts: 

The size of cement-coated nails recommended for the various 
thicknesses of lumber used in all parts of a crate is given in Table 
8. 
Frame members and braces should have not less than two nails 
in any end and as many additional nails as can be driven without 
weakening the joint by splitting the members. Nails in sheath- 
ing should be staggered, the distance between their centers 
measured along the length of the piece nailed to, being equal to 
1/,in. for each penny of the nails used. 

The efficiency of nails and the number of nails that can be 
used without splitting can be considerably increased by boring 
holes. 

Bolts and Bolting. There should be at least two bolts in each 
end of frame members. Table 9 is from War Department 
Supply Circular Number 22, 1918, and gives the relative sizes 
of bolts to be used in crate frames. 

Carriage bolts are usually preferred for crating work because 
the heads are oval and do not catch on objects, as do the heads of 
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THICKNESS AND BURSTING STRENGTH OF SOLID 
FIBERBOARD 


Maximum 
size of box, 


TABLE 7 


Maximum Minimum 


weight of length, breadth, Minimum bursting 
box and and depth thickness strength 
contents, lb added, in. of board, in. of board, Ib 
10 60 0.060 175 
65 65 0.080 200 
90 70 0.100 275 


TABLE 8 SIZE OF NAILS FOR CRATING 


Penny of cement-coated box nails 


———Thickness of lumber, in. ——-~ Group 1 Group 2 
Against nail head Holding nail point woods woods 
to 5/s 6 5 
1/, to 4/2 3/, and over 7 6 
‘ 3/¢ and over 8 7 
13/ig to 7/s 13/1, and over 9 
1 and over 10 +) 
11/g to 11/4 1!/s and over 12 10 
13/s to and over 16 12 
15/s to 13/¢ 15/s and over 20 16 
17/s to 2 17/s and over 30 20 
2'/s to 21/4 2'/s and over 40 30 


TABLE 9 SIZE OF BOLTS FOR CRATING 


Thickness of frame lumber, in, Diameter of bolt, in. 


1 to 11/2 3/5 
1'/2 to 3 
and over 5/8 


machine bolts when not countersunk. The square shoulder on 
the shank of the carriage bolt also is advantageous in that it will 
not permit turning and loosening of the bolt. 

Lag Screws. Lag screws are not considered a good fastening 
for crates. They may, however, be used should it be impossible 
to get a bolt into position and apply a nut, or where a bolt of 
excess length would be required. The partial boring of holes is 
always required when using lag screws. 

Binding Rods. Binding rods, or tie rods, may be run through 
crates in various directions to bind the parts more securely to- 
gether. They are especially valuable in places where much ten- 
sion is apt to be developed in the members supporting the heavier 
weights of the body being packed. 

Steel Strapping. Metal strapping correctly applied to a pro- 
perly designed box increases its durability. A box made of 
lumber thinner than that given by the formula, Fig. 5, may be 
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reinforced with straps and its durability made equal to a box 
built of the specified lumber. When strapping is applied to 
boxes in order to permit the use of thinner lumber, it becomes an 
essential feature of the package and is effective only when cor- 
rectly applied. When regulation lumber sizes are used strapping 
makes the strength of the container suitable for foreign as well as 
domestic shipping. 

Strapping is used frequently on boxes containing valuable com- 
modities to protect against pilferage. Properly applied, straps 
will make difficult the undetected opening and closing of the box. 

Strapping should be applied just before the box is shipped, 
since the shrinkage of the lumber caused by drying will permit 
the straps to become loose. 

Metal strapping is made in two types; flat bands and wires. 
Flat-band strapping is of two types, known commercially as un- 
annealed and annealed. The unannealed bands are applied 
around the girth of the box, are drawn up tightly by a machine, 
and the ends fastened with a sealing device. Annealed bands 
are applied around the box directly over the ends and are held 
in place by nails. 

Wire strapping is of two types, one being single wire and 
the other stranded wire. Single-wire strapping is drawn up 
tightly by a machine and the ends fastened together by twisting 
or some other method. Stranded wires are applied at the ends 
of the box and are held in place by nails. 

Unannealed bands and single wires should be drawn up tightly 
enough to cut the edges of the box. This prevents slipping of the 
straps. If one strap is used it is applied at the center of the box; 
if two straps are used they are applied a few inches in from the 
ends. 

Annealed bands and stranded wires are fastened to the box with 
nails driven through band or wire into the ends of the box. 
The nails are of the same size as those used for assembling the 
box, about one half as many are used, and they are in addition to 
the regular nailing. 

Nailed strapping, with flat bands or wire, will add to the 
rigidity of the box. This is due about equally to the larger 
number of nails and to the action of the straps acting as cleats. 
The straps will resist the skewing or weaving action of the box, 
will prevent the nails in the straps from shearing through the 
box sides or from shearing out at the ends of the boards, and may 
prevent or retard the nails from pulling out of the ends. 

Nailless strapping, placed in correct position several inches 
from the ends of the box, absorbs considerable shock ordinarily 
transmitted to the sides, top, and bottom, prevents bulging of 
the boards, and relieves the direct pull on the nails in the ends. 
It does not add much to the rigidity in the sense of resistance to 
diagonal distortion and relieves little of the direct shear on the 
nails in the ends. 

Nailless straps should be applied as follows and as illustrated 
in Fig. 17. If one strap is used, it should encircle the sides, top 
and bottom at the center of the box. If two straps are used, 
each should be placed around sides, top, and bottom at a dis- 


RECOMMENDED SPACING FOR NAILLESS STRAPPING 


TABLE 10 SIZES OF METAL BANDS FOR STRAPPING WOODEN 
BOXES OF DIFFERENT GROSS WEIGHTS 


Dimensions of metal bands, in inches when different 


number of bands are used—- 
weight, Ib One Two Three 

50 1/2 X 0.020 3/g X 0.015 

100 5/3 X 0.020 '/2 X 0.018 

200 3/4 X 0.023 5/3 X 0.020 1/2 X 0.018 
300 5/3 X 0.023 1/2 X 0.020 
400 3/4 X 0.020 1/2 KX 0.023 
500 3/4 X 0.023 5/3 X 0.023 


TABLE 11 SIZES, IN GAGE NUMBER, OF WIRES FOR STRAPPING 
WOODEN BOXES OF DIFFERENT GROSS WEIGHTS 


Maximum gross Gage of wire when different number of wires are used 


weight, lb One Two Three 
50 12 14 
100 11 12 
200 9 10 12 
300 10 11 
400 10 11 
500 9 10 


tance from the end equal to '/, the length of the box. Usually 
this distance is between 3 to 6 in. from the ends. If more than 
two straps are used, the additional ones should be equally spaced 
between the two outer straps. All nailless straps should have a 
strength at the seal or joint equal to not less than 75 per cent of 
the tensile strength of the strap. 

The sizes of flat metal bands to use for various gross weights of 
boxes are given in Table 10. 
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Discussion 


R. J. Byers.?- This paper covers mainly the good commercial 
practices of wooden-box and crate manufacturers. However, 
there is one notation concerning wire-bound boxes which is not 
true, according to present commercial practices. This statement 
is as follows: 

“Unlike the sides of nailed boxes, the sides of wire-bound boxes 
are always of the same thicknesses as the box top and bottom, 
and usually the ends are of the same thickness as the sides.” 

For years in many wirebound boxes and crates the thickness 


Chicagd Mill and Lumber Company, Chicago, Ill. 


ONY AE 

on 
vill 
ing 

of | 
3 13 
igh | 
ene 
vier | | 
| 


176 TRANSACTIONS OF THE A.S.M.E. 


of the sides has been different from those of the top and bottom. 
The statement in the paper was true probably a number of years 
ago but currently various designs are being used which specify 
various thicknesses for each side, top, and bottom. 

Inasmuch as our experience has been very limited regarding 
fiber or corrugated boxes, we are not in position to make any com- 
ments along that line. It has been our experience that plywood or 
wire-bound boxes can be so designed that they will have charac- 
teristies of the wooden boxes made entirely of heavy resawed ma- 
terial. 

The design of a container is of the utmost importance in 
selecting the type of box to be used, whether it be of resawed, 
plywood, wire-bound, fiber, or corrugated construction. 

Years ago it was thought that the most satisfactory container 
was one which was built of the heaviest material possible. How- 
ever, experience has proved this theory to be very wrong, and in 
all cases the interior design of a method of packing is equally as 
important as the exterior container itself. In fact, the nature of 
the contents generally determines the method of interior packing 
to be used, which in turn determines the type of container which 
should be used on the exterior. The paper does not cover interior 
package design and deals generally with good commercial prac- 
tices for the container itself. 
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We are of the opinion, and it has been proved in the past, 
that it is very difficult to make a statement as to which container 
is best suited to carry any general group of commodities. How- 
ever, the paper is well prepared and, generally speaking, covers 
the field quite comprehensively. 
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This paper was written to assist the occasional box user, and 
not for organizations whose business is box manufacture. The 
author feels that there are many industrial and commercial or- 
ganizations without packing experts who, at irregular intervals, 
have equipment, materials, or goods to reship for one reason or 
another. It is for the assistance of this type of boxmaker or 
user that the basic outline of more reasonably adequate box fea- 
tures were incorporated into a short paper. 

If the paper, in booklet or pamphlet form, ultimately reaches 
even a small cross section of the packing and shipping rooms of 
our many industrial plants and commercial stores across the 
country, then the purpose of the paper will have been fulfilled to 
reasonable satisfaction. 
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By MARTIN FRISCH! anv H. H 


Various steam-generating units were developed during 
the war for use particularly in Europe where power net- 
works had been destroyed and power needs had to be met 
in order to rehabilitate the captured areas rapidly. Power 
trains, unit power plants, and other forms have been 
widely described. The present paper deals with four types 
of “‘packaged’”’ boilers which are described in some detail; 
all of them are of the bent-tube type. These are a cross- 
drum design, built either for stoker- or oil-firing; a porta- 
ble SA type resembling the original oil-field design; two 
“D”’ type units, one of which has special application to 
motorships having supplementary steam requirements 
for heating, auxiliary power generation, and the like. 


ACKAGED boilers are shop-erected steam generators, 
shipped completely assembled or in subassemblies which 
may be set up quickly for immediate use with minimum 
erection at site. 
A small demand for packaged boilers, which could be moved 
1 Director of Engineering and Development, Foster Wheeler 
Corporation. Mem. A.S.M.E. 
? Assistant to Director of Engineering, Foster Wheeler Corpora- 
tion. Jun. A.S.M.E. 
_ Contributed by the Fuels Division and presented at the Fall Meet- 
ing, Boston, Mass., Sept. 30-Oct. 2, 1946, of THe AMERICAN Society 
oF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


BotLers at DRILLING PLANT 


“Packaged” Boilers 


. HEMENWAY,? NEW YORK, N. Y. 


TABLE 1 DESIGN CHARACTERISTICS OF PORTABLE OIL-FIELD 
STEAM GENERATORS 


Type of boiler SA 
Pressure at superheater outlet, psi........... 350 
Steam temperature, deg F..............000- 550 
Natural 

gas 


Net weight of main boiler pack- 
age, tons 


from place to. place in one piece on short notice, to meet extended 
or temporary local requirements for steam, has long existed, par- 
ticularly in the oil fields. Before the war, portable fire-tube boil- 
ers first met that need, and shop-assembled portable automatic 
separately fired superheaters were perfected and used to super- 
heat the steam from these boilers for drilling rigs. 

In 1940 two portable water-tube steam generators, with in- 
tegral separately fired radiant superheaters, were built for use 
in the oil fields. These units, shown in Fig. 1, and whose char- 
acteristics are given in Table 1, are early prototypes of the 
packaged boilers later used in large numbers during the war 
when the demand became very great. 

The destruction of power stations and power networks in 
Europe and Asia during the recent war created a demand for 
standardized power plants, whose components, including stand- 
ardized boilers, would be available for shipment on short notice 
to any place in the world requiring power, and there assembled 
in accordance with the standard plans. The demand was met, in 
accordance with the need, by “power trains,” “unit power 
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plants,” “semiportable power plants,” “floating power sta- 
tions,” and “packaged power plants,’’ each described and dis- 
cussed in many excellent papers which have already appeared. 
Many versions of the packaged-boiler idea were briefly de- 
scribed in these several papers (see Bibliography at end of 
paper). 

Packaged boilers were also developed for supplying steam 
for the hotel and heating load of Diesel-powered ships or for feed- 
ing steam to industrial-process equipment not accessible to steam- 
distribution systems. 

This paper is a brief discussion of four wartime designs of 
packaged boilers, and the operating characteristics revealed 
by tests of three of these. 


Desien Factors 


The chief special requirements of the packaged boiler are 
(1) compactness and portability, (2) simplicity, and (3) reliability. 

Compactness was essential so that the shop-assembled boiler 
could be transported as a unit, or in subassemblies on standard 
flatcars or military tank trailers or carriers. The assemblies had 
to be sufficiently rigid to stand skidding or lifting into place on 
prepared foundations by cranes and hoists. 

Simplicity was essential since the boiler was designed to oper- 
ate chiefly in foreign countries where personnel had to be trained 
quickly to understand the construction, operation, and repair of 
American equipment. 

The shop-assembled packages had to go together on prepared 
foundations ready for immediate operation with little or no 
field-erection labor, except for the installation of the firing unit, 
brickwork and flues, and for the assembly of the prefabricated 
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piping. The operating and control procedure had to be simple, 
requiring a minimum of skill. 

Reliability was essential because communities requiring pack- 
aged power were, and are, utterly dependent on its continuous 
performance. The units had to be self-starting since many were 
intended for locations where no outside power or steam was availa- 
ble. Therefore ability to use indeterminate and poor fuel, rug- 
gedness of construction, durability under abuse, and accessibility 
for quick repairs had priority over efficiency. 

The four examples selected to illustrate how the essential re- 
quirements were met without sacrificing efficiency too drastically, 
are all of the bent-tube type. 

The first example is a cross-drum design, standardized for some 
plants as a stoker unit to burn low-grade coal, lignite, peat, or 
wood, and for others with oil-firing equipment to burn liquid 
fuels. 

The second example is a portable SA type, resembling those 
first used in the oil fields but adapted to burn low-grade coal, 
lignite, peat, or wood. Many boilers of this type, not completely 
portable, designed to be erected in caves in China, were built 
during the war. 

The third and fourth examples are of the ‘“‘D”’ type. 


Tue Cross-DruMm Packacep BoILeR 


The first unit, stoker-fired, shown in Fig. 2, is the packaged 
boiler for some of the 1000-kw steam power plants for use in 
Russia. Its maximum capacity is 16,000 lb of steam per hr at 
a pressure of 405 psi, and a steam temperature of 750 F at the 
superheater outlet, when burning Russian coal, lignite, peat, or 
wood, depending upon the locality. A spreader stoker with 
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dump grates is provided for burning mined fuel. Where only 
wood is available, the spreader-stoker grates are replaced by 
a wood stoker and grates are installed below the normal floor 
line, as showp in Fig. 2, to provide necessary additional fur- 
nace volume for burning logs. 

It is shipped in five shop-assembled packages or subassemblies, 
each fitting within the Berne Railway clearance requirements. 
Sizes and weights of the packages are given in Table 2. 


TABLE 2 SHIPPING DATA FOR PACKAGED-BOILER SECTIONS 


Package -—-Weight, lb.-— Dimensions 

no. Assembly Net Gross 
1 Boiler, superheater, 

water-cooled fur- 

nace, economizer, 

casin 64900 65900 we” 
2 Induced-draft fan 9100 12800 6'9” x 9'7” 13'10% 
3 Miscellaneous fit- 

tings, piping, 

valves, spare 

tubes 14044 20726 7'1” 8’5” X 16'7” 
4 Spreader stoker 14000 16160 7'1" 4’7" 12’2” 
5 Wood-burning 

equipment 15300 17700 4'4"X 12’2” 


The boiler unit, package No. 1, the largest subassembly, can 
be transported as a unit in a depressed flatcar, accommodating a 
maximum length of 22 ft and a maximum weight of 40 tons. 
The essential compactness and portability are evident in Fig. 3 
which shows two of these packages loaded on flatears. The 
necessary rigidity of the structure for loading, unloading, lifting, 
or skidding is provided for by the design and construction of the 
steel framing of the unit and the bracing provided by the skids 
on which the equipment is mounted. 

The essential simplicity of the unit and the ready accessibility 
of all its parts are a consequence of the serial, straight-line ar- 
rangement of the water-cooled furnace, superheater, two-drum 
boiler, extended-surface economizer, induced-draft fan, and 
stack. 

The furnace consists of side and roof waterwalls of 2-in. tubes 
on 6-in. centers, supporting the furnace tile and insulation. The 
furnace volume occupies the full ‘available width and height of 
the unit. A baffle between the boiler-bank screen-tube rows 
separates the furnace from superheater, and furnace gases must 
rise over this baffle to leave the furnace. This promotes long 
flame travel and reasonably good combustion when firing any 
anticipated fuel however poor. 

The superheater is made up of completely drainable and acces- 
sible horizontal 2-in. elements. Return headers are provided to 
facilitate tube replacement. 

The end of the upper waterwall header is diaphragmed to form 
the inlet manifold of the superheater. This feature simplifies the 
roof construction materially. 


Fic. Botter Packace No. 1 LoapEep on FLATCAR 


The boiler consists of a vertical tube bank of 2-in. tubes con- 
necting the 30-in. water drum to the 36-in. steam drum. Two 
rows of unheated 2-in. downcomer tubes are provided by segre- 
gating the end rows adjacent to the walls with baffle tile from the 
gas stream to insure steady circulation and water level, regardless 
of rapid load changes. 

The economizer is of the extended-surface type and consists of 
2-in. U-bend elements on which are shrunk 5-in. cast-iron rings 
providing 8 times as much heat-absorbing surface as the bare 
tube. The rings also protect the steel tubing from erosion and 
corrosion. The elements are all connected in series and there- 
fore positive flow through all elements at any rating is insured, 
thus reducing greatly the possibility of steaming and water- 
hammer. 

One soot-blower element extending longitudinally from the 
back of the economizer between the two economizer sections, 
through the tube bank and across the center of the superheater, 
serves the entire unit. The gas outlet is at the rear below the 
economizer and a short duct leads directly to the induced-draft 
fan. 

Numerous access and inspection doors are provided to facilitate 
operation, inspection, and repair. 

The essential simplicity of this packaged boiler is well 
measured by the small amount of field-erection labor and time 
consumed to set it up prior to the plant test made at Carteret, 
N. J. One complete 1000-kw packaged power plant was 
assembled and tested to determine the time required for complete 
assembly on previously prepared foundations and to check the 
capacity and efficiency of the plant. Fig. 4 shows the test instal- 
lation. The time required for erection of the steam generator 
and accessories by a construction crew not specially trained 


for the job was 33 working hr, and 641 man-hours, itemized as 
shown in Table 3. 


TABLE 3 ERECTION TIME FOR PACKAGED BOILER 


Man-hours 

198 
Clean-up and common labor................. 32 

641 


Some of the predicted and test results and particulars of the 
design are given in Table 4. 

An oil-burning modification of the design for use in Damascus 
is shown in Fig. 5. The efficiency of the unit is expected to be 
over 82 per cent at its full load. 
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SA Type PackaGep BoILer 


The second example of a 
packaged boiler design of in- 
terest is an SA boiler shown in 
Fig. 6, for a 500-kw steam 
power plant. The boiler con- 
sists of a 33-in.steamdrum con- 
nected to two 18-in-OD water 
drums by 2'/2-in-diam_ boiler 
tubes on both sides of the fur- 
nace. Castable refractory baf- 
fles separate the furnace rows 
of tubes which form the side 
waterwalls from the main boiler 
banks. Eight tubes from the 
last row are bent to form a 
rear waterwall. The spreader 
stoker is set between and below 
the two water drums.  Prod- 
ucts of combustion from the 
furnace flow over the bridge 
wall at the foot of the stoker 
and travel toward the rear, 
then divide and enter the tube 
banks on both sides. The su- 
perheater is located in one tube 
bank. This arrangement. al- 
lows control of steam tempera- 
ture by adjustment of the gas 
Fic. 4 Test INSTALLATION or 1000-Kw PackaGep-Typre Power PLANT outlet dampers. 


TABLE 4 CHARACTERISTICS OF FOUR PACKAGED BOILER DESIGNS 


CHARACTERISTICS OF FOUR “PACKAGED” BOILER DESIGNS 
PACKAGED BOILER EXAMPLE A'D TYPE 
HSATING SURFACE Bent fube Bent Tube Bent Tube Merine 
Cross Drum "sa" o> Bent 
Boiler Sq.Ft. 1,210 1,561 2,023 200 
Waterwall Sq.Ft. 200 10 
Superheater Sq.Ft. 212 77 siz 
Economizer 3q. Ft. 787 
Purnece Cooling Surface 
ectiv 
Buroers Buroers 
Furnece Volume egy 620 1,100 725 775 
Grate Area 2 a5. = 2 
PERFORMANCE Predicted Test (e) Test (¢e) Predicted Predicted Predicted Predicted Predicted Test (e) -—- 
Evaporation Lbs. /itr 13,000 13,455 16,689 13,000 13,000 12,000 11,000 31,630 3,000 2,990 
essure ae 
Design 440 440 440 440 440 450 270 475 125 - 
Drun 416 407 417 416 416 424 - 100 96 
‘Superheater Outlet 2Seie 405 395 400 405 405 415 255 425 - - 
ratures 
water to Unit e 222 219 219 22% 222 267 210 259 160 166 
Feed Water to Boiler bed 332 356 210 160 160° 
Steam ° , 7 759 783 760 760 740 760 337 
air to Boiler 60 66.3 - 6u 
Gas Leaving Furnace bed 1,610 oa - 1,770 1,720 1,960 1,750 2,090 2,150 > 
Gas Leaving Boiler e 690 - - 710 660 61 710 7 797 
Gas Leaving Economizer e 462 “46 462 485 495 440 > - - 
Gas Leaving Airheater bed - - - - - - - 
Air Pressures and In.w.g. 
Air Pressure Loss 2.4 - 8 2.9 - 275 Ped 7.7 1.5 1.85 
Total Dreft Loss 2.46 2.62 3.61 3.10 3.91 1.44 45 4.15 +20 1? 
Ges is 
eaving Uo Percent 13.0 13.5 13.8 12.5 12.7 13.0 13.0 13.3 210 10.9 Su 
Excess Air Leaving Unit Pepoent 47.5 co) 3 54.5 6 50 53 
Que) As Fired: Proximate betw 
Coal Lignite Lignite Peat Wood oil Coal ou oil oil 
Moisture Percent 19.0 36.351 31 35.0 30.0 - - 
Volatile matter 40.0 26.83 26.83 40.3 - - - - 
Fixed Carbon 18.0 26.20 26.20 17.3 - - - 
Ash 21.9 10.66 10.66 1.5 uu and 
Fusion fempereture of Ash or, 2,012 ~ - 1,614 - - - - - - 
timat the d 
Carbon Percent 42.5 386.30 38.30 33.4 34.2 68.45 > 87.15 - - 
rogen Percent 3.0 2.99 2.99 3.5 4e1 10.27 - 10.26 - - aged- 
Calorific Value BTU/1b. 7,435 6,552 - 6,014 5,660 18,500 6,000 18,265 19,000 19,548 
Fuel surned Lbs/Hr. 2,750 3,257 - 3,750 4,060 90s 3,050 2,400 256 222 n | 
Fuel Burned Lb/SaFt atel 
Grate Hr 35.7 42.5 48.7 63.0 - 50.5 - 
ation and 
mace Volume BTu/Cu. 
Ft. Hr. 32,000 33,700 35,000 20,400 23,000 25,000 . 96,500 245,000 217,000 
Grate Area BTU/Sq. 
Ft.Hr. 358,000 265,000 - 282,000 350,000 - 294,000 - - - 
Furnace Cooling Surface BIU/sq. 
oHr. 115,000 121,000 - 125,000 130,000 97,500 70,400 157,900 196,000 173,500 T 
Efficiency Percent 75.9 75.10° - 68.0 68.0 62.4 63.6 64.55 65.0 72.8 0 


* 79.0 - 3fficiency Corrected to Contract Moisture in Fuel (e) = Indicates Test for Efficiency (c) = Indicates Test for Cepacity Ing oil 
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Superheater tubes are directly connected to the steam space 
between the chevron driers in the steam drum. This feature 
eliminates the usual drum-to-superheater connections above 
and outside of the boiler setting and adds to the compactness of 
the design. One boiler of this type was tested during a pack- 
aged-plant test at St. Catharines, Ontario, Canada, but unfortu- 
nately, the final results have not yet been issued. Boiler data 
and predicted performance are given in Table 4. 


Two-Drum Type BorLer 


To provide steam for 2000-kw packaged power plants burn- 
ing oil, the two-drum boiler shown in Fig. 7 was developed. This 


ey 


TABLE 5 STEAM-PURITY TEST RESULTS 


Cross Drum 
Bent Tube 


Boiler Marine "D" Type Boiler 
Steam Flow Lo/Hr 17859 13700 5000 3000 3050 
Suverheater Out- 
let Pressure p-S.i. 402 400 45 43 43 
Superheater Out- 
let Temperature 713 747 
Water in Gage Glass Inches 8 8.25 5 4.50 5 
Conductivity 
Botler Water Mhos 3.35 3.75 -_ - - 
Conductivity 


Condensed Steam Mahos 


Boiler Water Analysis: 


P Alkalinity as CaCO3 p.p.m. 138 150 735 800 655 
M Alkalinity as CaCO3 p.p.m. 201 208 780 851 710 
Chlorides as Cl Pep.m. €62 669 - - - 
Susvended Solids DePoBe 480 $70 825 732 421 
Dissolved Solids P-p.-B. 2199 2228 2271 2507 2161 
Total Solids 


P-p-™. 2589 2798 5036 3239 


Analysis of Con- 
densed Steam: 
Free Coe 


P-Dem. <7 19 - - - 
Free NH3 p-p.2. - - 
Conductance of 

Cco2 and NHS Mthos 6.0 - 
Conductance due to 6 
Dissolved Solids Mshos 6.9 7.5 5.2 to 7.6 2.44 
Dissolved Solids Pep.m. 4.15 4.5 3.1 3.6 
to 4.6 1.5 
Equivalent Moisture Percent 0.16 0.16 0.14 0.14 
to 0.18 0.07 
Moisture by 

Calorimeter Percent - - 0.9 0.0 0.25 
Diameter of Drum, 

Inside Inches 36 36 24 24 24 
Length of Drum Feet 8 8 6 6 6 
Steam Release per Cu. Lb/Cu. 

Ft. Steam Space Ft/ar 630 690 216 316 321 
Drum Internals Type Chevron Chevron Dry Dry Dry 

Drier Drier Pipe Pipe Pive 


boiler was designed for a maximum steaming capacity of 31,630 
lb of steam per hr at 425 psi, and 760 F at the superheater outlet. 
It was arranged to meet_U. S. railway clearance requirements. 
This is asimple compact design consisting of a single-pass, verti- 
cal, two-drum boiler in parallel with a completely water-cooled 
furnace, without headers, all waterwall tubes being connected 
to the drums. 

The two drums, a 27-in. water drum and 30-in. steam drum, 
are set longitudinally and separated vertieally as much as is al- 
lowed by railway clearances, so as to provide the greatest pos- 
sible circulating head for the boiler and waterwall system, in view 
of the large capacity in the small space. The superheater is of the 
loop-in-loop completely drainable type. Access to both super- 
heater headers is provided through one door. Gas flow is from 
front to back in the furnace and to the front in the tube bank, 


Fic. 5 Section Turovex O1-Firep Cross-Drum Bent-Tuse Packacep Borer 
a- f GAS OUTLET 
12.9 12.5 5.2 6.0 2.44 
a5 
2.8 
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All tubes are 2-in. OD. The boiler heating surface, consisting 
of a long unbaffled bank of staggered tubes, is very effective as a 
heat strainer, and the calculated boiler exit-gas temperature at 
the maximum load, when generating 12.7 lb of steam per sq ft 
of generating surface, is only 252 F above saturated-water 
temperature. A regenerative air heater further reduces the gas 
temperature so that the calculated efficiency is 84.5 per cent. 
The main characteristics and expected performance of the boiler 
may be found in Table 4. The extreme simplicity of the unit 
insures reliability. 


Marine “D” Type PackaGep BoILeR 


"In the marine field, on Diesel-propelled vessels, steam for the 
hotel load and for heating is generally supplied by an oil-fired 
boiler. For this service, when the steam load is small, a fully 
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automatic packaged boiler, requiring the minimum of super 
vision and maintenance, is a necessity. During the war many 
such boilers were designed and hundreds installed with varying 
degrees of success. 

A two-drum watertube design, recently developed and in sue- 
cessful operation in many ships, is shown in Fig. 8. Figure 9 
shows a number of these boilers on the assembly line. The entire 
installation fits into a space 4 ft 9in. X 6ft X 8 ft 4 in. high to the 
top of the safety valves and weighs only 10,500 lb. The maxi- 
mum capacity of the boiler is 3000 lb of saturated steam per hr at 
a pressure of 100 psi. The furnace is watercooled by 1'/;-in. tubes. 
Gases flow through a tube nest of closely spaced 1-in. tubes be 
hind the 1'/,-in. furnace row and backed by a 1'/:-in. row which 
supports the casing insulation. Two unheated rows of 1'/rit- 
downcomers are provided to insure adequate circulation and 4 
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stable water level in the 24-in. steam drum under alternate high- 
and low-fire steaming conditions peculiar to this boiler type. 

The boiler auxiliaries are mounted on a base plate in front of 
and attached to the boiler. The unit is self-contained in that it 
ean be shipped assembled and placed on board ship with the mini- 
mum of effort other than connecting the steam and water piping, 
fuel-oil supply, electric current, and flue. 

One 3-hp d-c motor is directly connected to the water pump, 
fuel-oil pump, and forced-draft blower. An alternating-current 
converter, built into the direct-current motor, provides the cur- 
rent for the control circuits. The oil burner is mounted hori- 
zontally and is fitted with two oil-burner tips. The smaller tip 
provides the oil for the low fire, and is designed to meet the mini- 
mum requirements only. The other tip is cut in when the de- 
mand requires it. Spark plugs are provided for ignition and are 
supplied with current from a 10,000-volt transformer. 

Feedwater level is controlled 
by a float valve which actu- 
ates a solenoid valve in the 
feed line. The feed pump oper- 
ates continuously, and when 
the solenoid valve is closed, 
water is returned to the feed 
tank and recirculated. A low- 
water cutout closes a solenoid 
valve in the oil-supply line 
when the level falls 4'/, in. 
below the normal level. 
Another safety feature is a 
flame-eye which shuts off the 
dil-supply line on ignition fail- 
ure, 
One of these boilers was 
completely tested and test re- 
sults, together with the chief 
characteristics of the boiler, 
may be found in Table 4 on 
Page 180. 
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Fig. 9 AssemBLy Line oF MARINE PackaGep BoILers 


OPERATING CHARACTERISTICS 


The plant tests made on one typical and complete unit of a lot 
before shipment were valuable in that they not only permitted 
verification of the ability of the design to meet guarantees, but 
also revealed faults which could be corrected in the shop before 
shipment, and furnished the basis for specific and accurate as- 
sembly and operating instructions. 

Starling. As previously mentioned, one of the problems was 
that units had to be self-starting since in many localities out- 
side power was not available. In the case of the first example, for 
instance, it was specified that the plant tests demonstrate the re- 
quired self-starting feature. 

A steam-jet stack ring was installed at the base of the stack and 
connected to the superheater outlet so that at start-up, steam 
would serve a double purpose: (1) to cool and protect the super- 
heater, and (2) to produce a draft at the boiler gas outlet. 

The boiler is started with a wood fire and by hand-firing 
through doors in the stoker front provided for that purpose. 
When the steam pressure reaches 50 psi, the steam-driven re- 
ciprocating feed pump will operate. The stack jet provides 
sufficient draft to produce steam at the rate of 4800 lb per hr 
without fans. At this rate, the turbogenerator will generate 
sufficient electrical power for the motor-driven forced- and in- 
duced-draft fans, stoker, combustion control, and other auxilia- 
ries. It was found on test that full boiler pressure could be reached 
from cold in 2 hr when burning coal. 

The marine packaged unit described as the fourth example, 
produces steam for the hotel load only, and therefore it is neces- 
sary for this boiler to be a self-starter only in the sense that it 
will start from a push button. It was found that the time re- 
quired to bring the unit up from cold water at 48 F to 50 psi 
pressure was 8 min 51 sec; and from cold water at 80 F to 100 
psi pressure, it was 7 min 14 sec. 

Combustion. It was found on preliminary cross-drum-boiler 
tests that, when burning lignite, the high volatile and moisture 
content of the fuel produced a long flame which resulted in 
steam temperatures 60 F above that anticipated. To reduce 
flame travel, steam jets provided in the front wall were used and 
adjusted so that the steam was directed to a point about 18 in. 
above the fuel bed at the rear of the stoker. In this manner, the 
final steam temperature was decreased to the design figure. This 
is one case in which it was found that raising the excess air and 
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reducing CO, reduced the temperature of the steam in a convec- 
tion superheater. 

Included in Table 4 are the furnace releases of the four designs 
described. It will be noted that, on test, the furnace release per 
cubic foot of furnace volume of the marine packaged boiler, is 
217,000 Btu per cu ft per hr. In spite of the high furnace re- 
lease necessitated by the fact that space was extremely limited, 
the per cent of excess air in the flue gas was only 43 per cent 
when operating without smoke. This is good combustion for 
the low oil-firing rate; namely, 222 lb per hr, or less than '/2 
gpm. Note that while the liberation per cubic foot of furnace 
volume is 5 to 10 times as great as that of the other designs, 
the heat release per square foot of furnace cooling surface is only 
1'/, to 2 times as great as the others, and the calculated gas tem- 
perature leaving the furnace is a reasonable 2150 F. 

Steam Purity. The packaged boiler must operate reliably 
on good and bad feedwater. Therefore a package feedwater- 
softening plant was generally supplied with each unit. For the 
cross-drum unit, the engineers selected a treating plant including 
a jet-type deaerating heater with storage tank, pressure filter, 
zeolite softeners, and the necessary pumps. For the small 
marine-type unit, the boiler itself included a chemical mixing 
tank and means for feeding chemicals to the boiler as required 
forinternal treatment. In areas where the water supply is limited, 
it is essential that the blowdown be reduced to the minimum to 
cut down the amount of waste water. Reducing the blowdown 
raises boiler-water concentration and reduces steam purity. 

On the first three packaged boiler designs described, chevron 
driers, provided in the steam space of the steam drum, insure 
reasonably pure steam. Table 5 shows two of the moisture carry- 
over tests conducted on the cross-drum boiler. Note that the 
moisture in the steam was limited to 0.16 per cent at evaporation 
rates considerably greater than the guaranteed maximum and 
at total solids concentrations over 2500 ppm. 

On the preliminary tests of the marine packaged boiler, per- 
forated plates were installed below the steam-drum water level, 
and a ‘‘splash plate” was placed just below the steam outlet. 
Later a dry pipe was installed and the perforated plates were 
removed. In both cases the moisture carry-over was considered 
to be excessive at the maximum load. When tests were run with 
both perforated plates and dry pipe installed, it was found that 
at full boiler capacity, the moisture carry-over was negligible be- 
low 2600 ppm total solids concentration. Results of three tests 
are givenin Table 5. While steam purity of this order may not 
be considered necessary in a boiler used only to produce steam for 
heating and other minor purposes aboard ship, it was felt that a 
demonstration of this kind would indicate the reliability of the 
design for other purposes. 


INDUSTRIAL PossIBILITIES 


The packaged boiler met a definite need in the last stages of 
the recent war and continues to do so in areas requiring rehabili- 
tation. 

A demand for this type of boiler may well persist. Small 
plants in remote places and in locations where transient skilled 
mechanics are scarce, may find it advantageous to buy several 
packaged boilers rather than a smaller number of larger 
“tailor-made” designs requiring complete field erection. The 
saving in money and time and the elimination of a very specu- 
lative item from the cost estimate may well justify this. 

‘There are other applications in sight for small packaged 
boilers which can be shifted from place to place with a minimum 
of knocking down and reassembly to meet temporary demands 
for steam quickly, as in laboratories, chemical and processing 
plants, and other jobs. For example, a number of the small 
boilers of type No. 4 were furnished to shipyards for dockside use 
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to provide steam for ships undergoing repairs. Previously, tug- 
boats were brought alongside to supply the steam at a much 
higher cost. 
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Discussion 


I. H. Barry.* The outstanding characteristics of the package 
units described in the paper other than their compactness of de- 
sign, are the freedom of water circulation, the low maintenance 
due to water cooling of furnace walls and roof, high efficiency, and 
quick steaming ability. In these respects they compare favora- 
bly with well-designed large-sized modern steam-generating 
units, 

While the paper is confined to a discussion of shop-assembled 
units whose capacity is necessarily limited by the restrictions 
imposed by shipping clearances and weights, one cannot help 
considering the whole scale of capacities from the 3000-Ib per 
hr unit, illustrated in Fig. 8, up to 50,000 Ib per hr or more, which 
similarly designed units are capable of producing, although the 
larger units must necessarily be assembled at the site. 

An analysis of the design of the package units discloses that 
many of the principles of good boiler design associated with the 
larger units have been followed. Thus we find that all four of the 
designs described in the paper are of the vertical water-tube type. 
One looks in vain for points in the circulation system where 
steam binding might occur. 

Similarly, full advantage has been taken of the opportunity of 
using furnace water cooling either by means of a separate water- 
wall system as illustrated in Figs. 2 and 5, or by using boiler tubes 
for this purpose as in the SA boilers of Figs. 1 and 6, and the 
type D boilers of Figs. 7 and 8. Not only is the steaming capacity 
of the boilers thus increased, but protection of the furnace re- 
fractories is provided which should reduce furnace maintenance 
to a very low figure. 

Other features ordinarily found only in the larger units are the 
control of superheating in the SA design by regulation of gas 
flow, and the screening of downcomer boiler tubes found in the 
cross-drum design for the purpose of reducing water-level fluctua- 
tions with variations in load. 

These features, coupled with the relatively high efficiencies ob- 
tained on test, characterize these boilers as eminently suitable 
for applications requiring comparatively small quantities of 
steam. It is noteworthy that three of the examples discussed 
were designed for relatively high pressures and steam tempera 
tures. It would appear that the small size of these units imposes 
no limitation on these characteristics. Thus they seem to be 
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entirely practical for furnishing steam for power generation as 
well as for heating purposes. 

It would be of interest to know the history of some of these 
units after going into service. Presumably they gave a good ac- 
count of themselves and contributed substantially to the winning 
of the war and relieving the distress of civilian populations fol- 
lowing cessation of hostilities. 

The authors are to be congratulated on their designs and in the 
preparation of an interesting and instructive paper. 


F. X. Gira.‘ During the early stages of the war, there were 
piled up in various foreign ports, large amounts of war material 
that could not be put to immediate use because some of the parts 
became separated from the rest of the equipment during ship- 
ment or unlgading. 

When the need arose for small power plants to serve the devas- 
tated areas of Europe and Asia, it was decided to design the 
various units of the power plant so that they could be packed in as 
few boxes as possible and shipped complete, thereby reducing the 
risk of separation of parts. These boxes were of heavy water- 
proof construction and were quite costly. Considerable atten- 
tion was given to the design of the boxes and the load distribu- 
tion within them. These boxes were referred to as packages. 
The power plants then became known as package-type power 
plants. The boilers became known as packaged boilers because 
they were completely assembled as a weatherproof package, 
ready to be set upon a simple concrete-mat foundation. 

To meet the requirements of reliability, simplicity of design, 
and operation, portability, and compactness, as specified for the 
boilers of the 500-kw packaged power plants to serve the devas- 
tated areas of Russia and China, the writer’s company used the 
FF type of integral-furnace boiler. Certain modifications had to 
be made to meet the ‘‘Berne clearance”’ limitations for shipment, 
but essentially, the boiler is the smallest of the series of standard, 
low head-room, 2-drum, cross-drum, bent-tube type, with all 
walls water-cooled, and with an open pass in the furnace and 
cross flow of the combustion gases. With the exception of porta- 
bility, all the requirements specified for the boilers of this pro- 
gram are features that well-designed industrial or power-plant 
boilers should possess, 

Fig. 10 of this discussion shows the cross-sectional view of this 


‘ Assistant Chief Staff Engineer, The Babcock & Wilcox Company, 
New York, N. Y. Mem. A.S.M.E. 
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boiler, which is designed to generate 12,000 lb of steam per hr and 
is built for 350 psi. The furnace comprises 496 cu ft of volume and 
contains 371 sq ft of cooling surface, consisting of -2'/.-in-OD 
tubes. The boiler has 872 sq ft of heating surface, consisting of 
2-in-OD tubes. There are 784 sq ft of surface in the economizer, 
consisting of 2-in. tubes. The steam drum is 36-in. ID and is 
fitted with a compartment-type steam-separating baffle. A 
continuous-tube drainable superheater of 293 sq ft surface, con- 
sisting of 2-in. tubes, is hung in the first gas pass to raise the 
steam temperature to 700 F. The draining feature of the super- 
heater is important on a boiler for this service because the ability 
of the operators is unknown. If the superheater were of the 
nondraining type, quick start-ups might easily result in burned 
superheater tubes, because of the absence of the cooling effect of 
steam flowing through them while the trapped water is being 
evaporated. 

The furnace walls are backed with square-edged flat tile, laid 
in air-set mortar and held against the tubes with studs and nuts 
welded to the tubes. The boiler walls are backed with monolithic 
refractory poured between forms to obtain an airtight construc- 
tion. The refractory is covered with insulating blocks. The en- 
tire unit is housed in a steel casing that also is supported from 
the tubes. 

Because of the variety of fuels to be burned and their uncertain 
nature, the choice of a spreader-type stoker with dumping grate 
was logical. This method of feeding fuel on top of an active fire 
on the grates insures ignition with a minimum of operating skill. 
Fly-ash discharge, an inherent difficulty with this method of firing, 
unless cinder traps are used, was not considered a drawback 
either from the standpoint of a nuisance or loss of efficiency. The 
bottom of the boiler passes were equipped with hoppers to collect 
some of the fuel carried out of the furnace in suspension. An air- 
jet pickup system returned this partly burned refuse to the fur- 
nace for burning. The unit was equiped with forced- and induced- 
draft fans. 

The one feature of this boiler order, which was different from 
most boiler orders, was the number of boilers involved and the 
fact that they had to be completely shop-assembled. The boilers 
were all duplicates, identical in every respect, although, at the 
last moment, some of these units were diverted to China. The 
packaging of these had to be altered to suit local transportation 
facilities. Making large numbers of anything permits using mass- 
production methods and the assembly-line technique to advan- 

tage. 


The erection of these boilers was accomplished on an assembly 
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line that had several stations where trained crews did specific TABLE 6 RESULTS OF 8-HR TEST 


things. Material was supplied to each station from the building CCE CLC 
side. At the first station, in the yard, the drums and headers Drum pressure superheater outlet, psi................0s00eer0e. 305 
were set up on jigs in their proper position on a “skid car.” This “me rrr retort rrr 673 
was then moved into the shops on rollers to the second station —0.08 
station, the remaining tubes and the superheater were installed Stoker windbox pressure, in. water................-....--... #14 
and a hydrostatic test applied. At the next station tile and in- Temperatures: ; 
sulation blocks, precut to fit where necessary, were applied by Water from eeonommperndeg Bo 408 
skilled applicators. The forms for the plastic refractory walls 
were cut to fit and were used over and over again. At the final se 394 
station, the casing and the mountings were put on. The boiler dee 
was then lifted from the skid car and packaged for final ship- Total air ecbnomizer outlet, per 148 
The number of man-hours required by a normal erection crew to Equivalent moisture in steam, per cent. PEERS Che wine ere Sie 0.28 
set this boiler up on a concrete mat was determined by the engi- 74.4 
neers of the Peter Loftus Corporation, who reported as follows: Heat loss due to dry Gas, per cent... 8.88 
Heat loss due to moisture in fuel, per cent. 3.44 
Heat loss due to H:O from combustion of hydrogen, per cent. 4.32 
67 man-hours Heat loss due to combustible in refuse, per cent............... 2.62 
F 29 h Heat loss due to radiation, per 1.3 
> ogee y and stack..... 168 ore Unaccounted for (by difference), per cent..................... 5.04 


264 man-hours 


The maximum capacity of the unit on test was in excess of _ A complete unit is shown in Fig. 11 as it was set up for testing 
15,000 Ib per hr. On natural draft, with a steam ring in the stack, the shops. 
the unit was able to generate 6500 lb steam per hr. To generate This boiler is the smallest of the standard two-drum, low head- 
500 kw, only 7800 lb of steam are required, leaving some margin 0M, integral-furnace type of boiler of 124 hp. There are other 
for overload and steam for process or heating. types of low head-room boilers available, but the integral-furnace 
An 8-hr weighed coal and metered steam test was run, burning tYPe, with its water-cooled walls, is more suitable to the fuels 
available in different areas. 


Montana lignite of the following analysis: 
There is a market for well-designed, small water-tube boilers, 
Moisture, per cent................ 24.5 completely or partially assembled in the shops and requiring a 
Volatile matter, per cent........... 29.2 minimum of field labor to install. However, to make these units 
salable, it is essential that they be of standardized design and fab- 
700.0 ricated on a production basis, to reduce the engineering and 
fabricating costs of tailor-made designs. 


Montana lignite coal was used to simulate the type of coal M. H. Kunner.* The paper is of interest because it clearly 
describes and illustrates the work performed by one company in 


that might be available in the devastated areas of Europe where 
these units might be used. The test results are given in Table 6. the field of shop-assembled boilers for package power plants. 
There is no doubt that boilers 
- of this type played an impor- 
tant part behind the fighting 
fronts and thus contributed to 
the victorious conclusion of the 
last war. 

Package power plants operat- 
ing in devastated areas of 
Europe and Asia continue to 
play an important role in re 
habilitation. In many it 
stances they are the only means 
by which the operation of pul 
lic utilities is possible ani 
without which such areas would 
not be habitable. In additiot 
to the boiler types and siz 
described in this excellet! 
paper, there were other pack 
age boilers constructed during 

the war and which are available 
today. 
Within the scope of the sur 
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ject under discussion, the various designs of packaged fire-tube 

boilers might be mentioned in passing. They are widely adver- 
tised in the technical press, and, although these boilers are in- 
variably limited to oil-firing, to pressures below 300 psig, and to 
saturated steam, their rigid and compact construction makes 
them ideally suited for transportation by rail, on board ship, and 
by trailer truck. They are usually completely shop-assembled 
and ready for service on arrival at site of operation, after steam, 
water, and fuel connections have been made. 

To further round out the picture of package water-tube boilers, 
it may be well to mention those for the 6000-kw power plants, a 
number of which were shipped as package units to various parts 
of the world under Lend-Lease. Each plant consists of a 6000-kw 
turbine generator and two water tube steam-generating units 
each of 40,500 lb per hr continuous capacity, with steam-driven 
feed pumps, motor-driven fans, feedwater heater, automatic-con- 
trol equipment, and all other auxiliaries of a modern medium- 
sized central power station. The steam is generated at 420 psig, 
760 F from 212 F feedwater. 

The steam-generating units are too large for shipment over 
American and European railroads in one piece, especially because 
the furnace and firing equipment had to be suitable for a high- 
moisture lignite-type coal, of about 7000 Btu per lb as fired. 
Power dumping-grate spreader stokers are used. 

Each boiler was shipped as two main packages, one consisting 
of the furnace including all waterwalls, refractory, insulation, and 
pressure-tight steel casing; the other package consisting of boiler, 
superheater, economizer, complete with baffles, refractory, insula- 
tion, and casing. Shipping dimensions of the first package are 12 
ft 3in. high, 10 ft 7 in. wide, 19 ft8in.long. Its weight is 36,000 
lb, and includes the weight of valves, fittings, piping, tools, and 
other parts packed in the furnace space for shipment. The di- 
mensions of the package containing the boiler, superheater, econ- 
omizer, and complete setting are 12 ft 10 in. high, 10 ft 8 in. 
wide, 24 ft 6 in. long. Its shipping weight is 80,000 lb. The 
same flatear carries the steel stack which is so constructed that 
the individual sections are telescoped into the section of largest 
diameter. 

After arrival of the two boiler sections on the site of operation 
it simply becomes necessary to remove the temporary wooden 
bulkheads, remove the packages from the furnace, and bolt the 
furnace section onto the boiler section along an external casing 
flange. After installing the interconnecting elbows for steam 
and water, attaching external fittings and piping, and placing the 
stoker grate, the boiler is ready for operation. 

This boiler was operated prior to shipment and demonstrated 
capacity, steam temperature, and over-all efficiency to be equal 
or better than predicted. One of the required demonstrations was 
the ability to start the boiler (and thus the entire power plant) 
from cold without any outside assistance. Steam was raised by 
natural draft from cordwood and wood refuse fed on the dump- 
ing grates by hand. With the steam pressure approximately 5 
psig, the stack steam jet became effective and created draft suf- 
ficient to permit gradual increase of steam output rate, up to 
10,000 lb per hr at full operating pressure. This allowed full-speed 
operation of the turbine generator, which in turn furnished the 
power for fan and stoker motors. It was demonstrated that the 
entire 6000-kw power plant can be placed in full-load operation 
within approximately 90 min from a cold start. 

The authors mentioned the importance of dependability in op- 
eration under most adverse conditions of fuel, water, and load, 
and the necessity to facilitate quick repair and convenient main- 
tenance by personnel not necessarily trained in or familiar with 
this type of work. These requirements are fulfilled in the design 
of the boilers for these 6000-kw power plants in that, for instance, 
there is only one tube size used for furnace and boiler. Only one- 


FRISCH, HEMENWAY—“PACKAGED” BOILERS 


187 


size tube expander and tube cleaner is required. Economizer and 
superheater elements are of duplicate shape and size so that one 
can be used for the other. 


The advantages of a shop-assembled boiler, delivered to the 


purchaser in one package, appear quite attractive. It is, however, 
recommended that a careful study precede the purchase. Field 
erection costs more than shop assembly. Not only are field labor 
rates higher but also production per man-hour is lower when com- 
pared with shop labor. The facilities for handling materials in 
the shop are usually not available in the field. 

Savings in cost of shop assembly over field erection can, how- 
ever, quickly disappear if access to the ultimate boiler site is dif- 
ficult, if holes must be cut through building walls, and if other spe- 
cial provisions are necessary to move the packaged boiler to its 
foundation. 

Another point to be considered is the transportation cost of 
the completed packaged boiler, as compared with that of separate 
drums, tubes, structural steel, ete. The possibility of damage to 
the equipment in transit is of course greater, in the case of the 
packaged boiler than for separate boiler parts. It may be fre- 
quently necessary for the manufacturer to send mechanics to 
the site of operation for rerolling of tube joints which may have 
come loose in transit, and for other repairs. 

Packaged boilers have a place in this country, but it is pre- 
dicted that many more boilers of the capacity range, for which 
packaged boilers are practical, will be field-assembled. This 
condition will continue until present methods of fuel burning and 
steam generation are revised. 


Caru Srrire.’ A castastrophe as horrible as a world war has 
some items on the credit side of the ledger, for example, the ac- 
celeration of research, engineering development, and production 
methods. The demands incident to the war gave impetus to the 
development of the packaged boiler, primarily for use in devas- 
tated areas abroad; and also to meet the needs of industry here 
at home. Many manufacturers participated in that development, 
and they did their work particularly well, with the result that a 
variety of designs are now available to serve a market which ap- 
pears to have considerable commercial significance in the years 
that lie ahead. 

During the war years the limitations of package-boiler design 
were closely related to transportation, the dead weight that could 
be mounted on railroad cars as in the well-known power train, 
and the international clearance profile to which the authors have 
referred. 

These limitations no longer exist in the commercial application 
of the package-boiler concept and, as a result, the capacity range 
has been extended to around 50,000 Ib of steam per hr. On 
these larger units complete shop assembly is both impractical and 
impossible and has been replaced by a system of subassemblies. 

The approach to the problem should be broader than is indi- 
cated by the term package boiler. There are. two distinct 
steps in the process of steam generation, as follows: (1) The re- 
lease of heat; and (2) the absorption of heat. 

The boiler represents the means for carrying out step (2), the 
absorption of heat, nothing more. By itself, a boiler is about as 
useful as one leg of a pair of pants. The other leg is of course the 
fuel-burning equipment. 

The three basic industrial fuels of this country are coal, oil, and 
gas. The two most widely used methods for burning coal in the 
package-boiler size range are underfeed stokers and spreader 
stokers. 

The ideal package boiler would of course accommodate any of 
these methods of firing without compromise in combustion rate, 


7 Manager, Industrial Division, Combustion Engineering Com- 
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furnace heat release, or over-all performance. Such a unit would 
represent a good stoker or burner, plus a good furnace, plus a good 
boiler, all properly interrelated and combined into a balanced de- 
sign so that each component part is not handicapped by the 
limitations of the other elements comprising the complete unit. 

The over-all efficiency of such a unit will depend upon a num- 
ber of factors: 


The inherent efficiency of the boiler 

The inherent efficiency of the furnace 

The inherent efficiency of the fuel-burning equipment 
The condition of the equipment 

The standard of operation. 


or WN 


The relation between co-ordination design and condition of 
equipment and operation is best understood by considering the 
automobile, an outstanding example of balanced design. The 
average age of the cars on the road today is around 7.years and 
that means 7 years with a minimum of repair service. That rec- 
ord would not have been possible with the assembled ‘‘quality”’ 
ear of 25 years ago which featured a Marmon chassis, Conti- 
nental motor, Stromberg-Carlson carburetor, Hayes wheels, and 
a Brewster body, each element an excellent piece of equipment by 
itself but sadly deficient in co-ordination between related parts. 

The automobile also serves to illustrate the relation between 
balanced design and ease of operation. The number of women who 
are driving cars today, and the ease with which they cope with 
modern traffic conditions is possible only because of the co-ordi- 
nated relationship between the many parts that make up the mod- 
ern automobile. 

Unquestionably, balanced design has a definite bearing on 
condition of equipment and ease of operation—with a package 
boiler just as with an automobile. 

Fig. 12 of this discussion shows a package boiler, comprising 
drums, tubes, and baffles. It represents a compact, rational, well- 
balanced design, but it is only a boiler, a potential steam genera- 
tor. 
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Fig. 13 is the same boiler, plus its furnace and fuel-burning 
equipment. The potential concept of a steam generator, as 
shown in Fig. 12 has been replaced by a kinetic concept. Here is a 
package-boiler unit at work with every element in balanced re- 
lationship. 

If the package boiler is to assume its proper importance in in- 
dustrial steam generation, we must consider it as more than a 


Fic. 13 Same Borter Pius FuRNACE AND FUEL-BURNING EquiP- 
MENT 


compact arrangement of drums and tubes. We must recognize 
that the package boiler can serve its full purpose only if the 
manufacturer provides a balanced and integrated design of boiler, 
furnace, and fuel-burning equipment, and assumes full responsi- 
bility for over-all performance from the coal hopper to the steam 
outlet, not only in the initial installation but also in the furnish- 
ing of service and repair parts throughout the life of the equip- 
ment. 


J. E. Toney.’ The writer wishes to indicate the need for fac- 
tory-assembled coal-burning small boiler units by pointing out 
that surveys conducted in important industrial areas in the United 
States have revealed the average boiler horsepower per unit of 
over 15,000 installations lies between 150 and 175 hp. The sur- 
veys have also revealed that these units, in general, were found to 
be operating at extremely low efficiencies and in a bad state of 
repair. Practically none of the units was shop-assembled and the 
boiler, furnace, and firing equipment were poorly co-ordinated 
or integrated. In many cases there was evidence the equipment 
had been erected by unskilled or semiskilled labor. Many of 
these installations never had a chance from the day they were 
fired up to give economical and satisfactory performance. Be 
cause of defects inherent in their design it was necessary to fit 
coals to these plants, and many of them are surrounded by such 
critical conditions that a constant hunt is required for special 
coals and coal sizes in order to secure necessary steam capacity. 


§ Director, Fairmont Coal Bureau, New York, N. Y. Mem. 
A.S.M.E. 
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These plants cannot deal in the realm of fuel economies at all for 
they must have specially adapted coals regardless of the latter’s 
cost. 

Complete factory-assembled, small, industrial boiler units care- 
fully designed for wide fuel flexibility would eliminate largely the 
distressing troubles industrial consumers now have, and such 
units would eliminate waste of fuel through higher efficiency and 
effect real economy in the cost of steam production. Such units 
would practically eliminate “sick plants” which are not only 
costly but do the reputations of the equipment manufacturer, the 
consulting engineer, and the coal man no good. 

Paralleling and associated with the development of packaged- 
type boiler units must come the mechanized handling of coal and 
ash to eliminate high labor costs, and to improve the factors of 
cleanliness and convenience in plant operation. Labor costs have 
become so excessively high that mechanical means not requiring 
too great an investment must be developed for handling coal 
and ash. The situation calls for a completely new and fresh ap- 
proach in the design of a small boiler unit practically automatic 
and foolproof in operation, adapted to a wide range of fuels, and 
augmented with mechanized coal- and ash-handling requiring a 
minimum of labor. 


Autuors’ CLOSURE 


The authors are grateful to Messrs. Barry, Gilg, Kuhner, 
Stripe, and Tobey for their revealing contributions to the reser- 
voir of knowledge on this subject. The paper was purposely 
limited to describing briefly four designs with which the authors 
were most familiar. Hence descriptions of other designs so suc- 
cessfully developed and built prior to and during the war are of 
interest and welcome. 

Mr. Barry’s insight into the difficult requirements to be met 
and his generous appraisal of the adequacy of the designs de- 
scribed apply equally well to the other designs presented in the 
discussion, With good reason Mr. Barry puts emphasis on the 
design of the furnace and circulating system. The provision of 
unheated downcomers on two of the units is a contributory re- 
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finement, which with the superheat control provision available 
in the SA boiler while not essential nevertheless adds to suita- 
bility of the boilers. 

Operating records of the units described are available only for 
the ““D” type marine units. The operating records on the others 
are just not available in view of the continued unsettled conditions 
in the areas where these boilers are in operation. Over a hundred 
of the marine boilers have been in use at sea and have proved 
satisfactory. Modifications in the design to meet the varied re- 
quirements of small stationary oil- or gas-fired industrial and 
utility plants have been under scrutiny. 

Mr. Gilg’s description of the production-line methods used in 
the manufacture of one type of package unit suggests the possi- 
hility of economies in small boiler-unit manufacture when a large 
demand exists for standard sizes. The war provided such a de- 
mand which it is to be hoped can now be encouraged and sus- 
tained. 

While, as Mr. Kuhner has very properly brought out, fire-tube 
boilers have a field of their own, as, for example, the locomotive 
boiler and recently developed portable units, they are limited in 
pressure. Below 300 psig the fire-tube type will probably continue 
to dominate in these fields for many years, but for higher pres- 
sures the water-tube type is better adapted. 

The necessity of proper co-ordination of the design of the boiler 
and furnace with that of the firing equipment is well stated by 
Mr. Stripe, even though he sets up as the shining goal the auto- 
mobile which is generally scrapped after the equivalent of 3000 to 

4000 hr of continuous operation. All too often proper co-ordina- 
tion has been forgotten, as Mr. Tobey points out. The packaged 
boiler just had to be a co-ordinated design. A great deal that was 
learned from packaged plants may be useful in designing the bet- 
ter small boiler plant with the wide fuel flexibility which Mr. 
Tobey dreams about. His suggestion that the so-called smaller 
“sick plants” could be replaced largely by factory-assembled units 
is certainly to be taken seriously, even if, as Mr. Kuhner predicts, 
many other plants will still have to be field-assembled for the good 
reasons he gives. 
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Cinder and Fly-Ash Factors When Burning 
Small Anthracite Coal on 


Traveling-Grate Stokers 


This paper presents: (a) Certain test data, concerning 
the quantities and characteristics of cinders and fly ash, 
which result when burning small sizes of anthracite coal 
on traveling-grate stokers; (6) distribution of precipita- 
tion of cinders and fly ash at various collection locations 
in the path of the furnace gases from the boiler to the 
stack; (c) influence of fines in the coal on the quantity 
of cinders and fly ash produced; (d) description of an ef- 
ficient method of recirculation of cinders and fly ash; and 
(e) economies to be expected by recirculating and reburn- 
ing cinders and fly ash. 


NE of the problems encountered in the utilization of small 
() sizes of anthracite coal is the handling of cinders and fly 
ash. The fly-ash problem exists whether the fuel is 
burned in solid or in pulverized form. A recognized method of 
burning small sizes of anthracite is on traveling-grate stokers with 
grates designed to prevent excessive sifting of the fine coal. This 
requires a limited percentage of air space between the ‘“‘keys”’ or 
grate bars, and zone-controlled forced draft. In burning the 
finer sizes of anthracite on stokers of this design, the cinders and 
fly ash from the stack present some factors of economic loss and 
of nuisance from material from the stacks being deposited on sur- 
rounding areas. The cinder and fly-ash factors increase as the 
percentage of fines in the coal increases and as the rate of com- 
bustion is extended. 
Table 1 indicates how the small sizes of anthracite have been 
standardized by the Anthracite Committee of the industry. 


TABLE 1 SMALL SIZES OF ANTHRACITE 
Undersize, 
Oversize per cent 
(max), Maxi- Mini- Per cent 
Test mesh percent mum mum ash 
Buckwheat....... Through 9/16 in. 10 ee 
Over 5/16 in, =a 15 7% 12 
Rice.............Through 5/16 in. 10 
Over 3/16 in. Se 15 7% 13 
Barley........... Through 3/16 in. 10 
Over 3/32 in. aa 20 10 15 
Through 3/32 in. 20 
Over 3/64 in. sa 30 10 15 
Through 3/64 in. 30 (No limit 16 


The extensive arithracite mining operations above Danville on 
the Susquehanna River and its tributaries are the source of an 
abundant supply of economical fuel. The mine washeries and 
the freshets and floods are continually floating large quantities of 
the finer sizes of anthracite downstream from the mines. This 
fuel mixed with a certain amount of slate, silt, etc., lodges or set- 
tles in the quiet pools of the river and the river coal dredgers are 


! Formerly Chief Engineer, Heyden Chemical Corporation, 
Cherokee Ordnance Works; presently Superintendent of Power, 
Heyden Chemical Corporation, Morgantown Ordnance Works. 
Mem A.S.M.E. 

Contributed by the Fuels Division and presented at a Joint 
Fuels Conference of the A.S.M.E. Fuels and A.I.M.E. Coal Divisions, 
Philadelphia, Pa., Oct. 22-26, 1946. - 

Note: Statements and opinions advanced in papers are to be un- 
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thus presented with active operations from early spring to late 
fall. This coal when dredged, screened, and cleaned contains 
from 70 to 85 per cent combustible, dry basis, and is quite suita- 
ble for steam-generating fuel in properly designed boiler furnaces. 

The Cherokee Ordnance Works which was operated during the 
last 18 months of the war by the author’s company obtained over 
80 per cent of its fuel from river-dredging operations, the remainder 
being small-sized freshly mined coal. The river coal contained 
quantities of mine waste, slate, silt, sand, etc., so that the ash 
in the dry fuei varied from 12 to 25 per cent and averaged about 
18 per cent. Of this, approximately 10 per cent represented the 
inherent ash in the coal. 

The fuel, used at Cherokee during the special tests to determine 
the production of cinders and fly ash, contained mixtures of the 
smaller anthracite sizes. The range of the different sizes in the 
coal as fired is given in Table 2. 


TABLE 2 RANGE OF COAL SIZES 


Maximum, Minimum, Average, 
per cent per cent per cent 
7.5 1.4 4.2 
Barley and No. 4............ 75.8 50.8 63.2 
46.6 26.5 32. 


A preliminary study of the effect of the various percentages of 
No. 5 anthracite on the production of cinders is included in this 
report. 

Samples of coal were taken from the stock pile which are be- 
lieved to be fairly representative of the coal used for these tests. 
The ultimate analysis of this sample was made by the Fuel Engi- 
neering Company and agrees very closely with other samples which 
were analyzed by the U. S. Bureau of Mines. The results of the. 


* analysis are given in Table 3. 


TABLE 3 ANALYSIS OF COAL SAMPLES 
Moisture-free Moisture-ash-free 


0.8 0.9 
Hydrogem, per 3.0 3.5 
100.0 100.0 
British thermal units............... 12,670 14,840 


CINDER COLLECTION AND DisPposAL SYSTEMS 


Careful studies have been made in large utility installations of 
various methods of collecting and disposing of the cinders and 
fly ash. Many industrial plants, however, give but slight atten- 
tion to the economic value of the carbon in the cinders and fly ash, 
and make such provisions in their installations to collect the cin- 
ders and fly ash as the particular local situation requires. Fre- 
quently the disposition of the cinders decided upon is uneco- 
nomical whereas if they were properly returned to the furnace 
operating economies would result. 

Various methods of cinder and fly-ash disposal are in common 
use. In a few cases of the larger industrial and utility installa- 
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tions, an effective mechanical fly-ash collector is installed between 
the boiler outlet and the stack. Many industrial units, however, 
do not take this precaution unless induced to do so by local condi- 
tions. The fly ash and cinders which first precipitate out of the 
gases in the early passes of the boiler, as a rule, contain more car- 
bon and are coarser than the fly ash which is precipitated from the 
last pass of the boiler or from the base of the stack. . It is impor- 
tant that the cinders from the first stages of precipitation be col- 
lected and burned for economical reasons. The methods in gen- 
eral use divide into several classes as follows: 

1 Cinder hoppers in the boiler setting are connected with the 
furnace by an open chute or pipe directly through the roof of the 
rear extended arch. This arrangement results in the cinders be- 
ing held back by the upward back draft from the furnace until 
they collect in sufficient quantities on the sloping sides of the cin- 
der hoppers to avalanche and slide through the opening against 
the back draft. 

2 Cinders and fly ash are continuously or intermittently re- 
moved from the hoppers and are returned to the furnace by means 
of a pneumatic conveyer or other device. 

3 Cinders and fly ash are continuously or intermittently re- 
moved from the cinder hoppers and are mixed with the regular fuel 
entering the furnace. 


ORIGINAL CHEROKEE RECIRCULATION SYSTEM 


The boiler and furnace installation at Cherokee consisted of a 
110,000 lb per hr Babcock & Wilcox steam-generator set with a 
Lloyd-Coxe traveling-grate stoker, Ljungstrém air preheater, and 
individual forced- and induced-draft fans. The stoker was 14 ft 
wide X 28 ft long, with zone-controlled forced draft. There were 
nine zones and the effective grate area over the forced-draft zones 
was 371 sq ft. The boiler units were not equipped with fly-ash 
collectors, but the cinders, precipitating in the cinder hoppers of 
the boiler settings and stack base, were returned for reburning. 
The method of cinder withdrawal was the installation of a wind- 
swept valve at the outlet of each cinder hopper, from which the 
cinders were blown into the rear of the furnace by an air stream 
induced by a steam jet. There were three steam jets for each 
boiler. One of these jets was installed for cinders from the stack 
base, to be used as required at intervals. The other two jets were 
in continuous operation, first on two of the four cinder hoppers of 
the boiler and then on the other two hoppers alternately operat- 
ing for about 1 hr in each position. This system was designed fol- 
lowing the practice of other industrial installations burning simi- 
lar fuel. This arrangement proved inefficient and expensive to 
maintain. 

Improvep CinpER-REcovERY SysTEM 

After considerable experimental work, the system was devel- 
oped as is shown in the general arrangement of the 110,000 lb per 
hr steam generator, Fig. 1. This general-arrangement drawing 
shows the location of the cinder traps at the boiler cinder hoppers 
and at the base of the stack. Revolving cinder traps were de- 
signed for locations beneath the cinder hoppers A and B, there 
being two hoppers in each case so that each boiler would require 
four revolving traps. Each trap had an 8-in-diam inlet with a 10- 
in. X 4in. oblong outlet on the lower side of the trap cylinder. 
The outlet of the trap converged into a 4-in. pipe installed at 45 
deg from the vertical toward the front. A 6-in. pipe connection 
was made into the forced-draft duct at F which supplied heated 
air to each of the cinder-delivery pipes. 

The arrangement for operating the cinder traps was such that 
the vanes in the cylindrical section of the trap made 24 rpm to 
prevent back draft from the furnace from interfering with the de- 
livery of the cinders from the hopper outlets. The cinders fall- 
ing into the revolving vanes are discharged through the opening 
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GENERAL ARRANGEMENT OF 110,000 Ls PER Hr Steam 
GENERATOR WiTH TRAVELING-GRATE STOKER 


Fie. 1 


at the bottom into a stream of air from the forced-draft connec- 
tion and are forcibly projected into the furnace. . 

In normal operation, the sixth or seventh forced-draft zone of 
the stoker is the most active, and there is created a forward draft 
at the points of cinder discharge so that the cinders surrounded, by 
fresh heated air from the forced-draft connection at F are in a 
proper atmosphere for ignition. There existed at the A and B 
hoppers a draft or suction pressure of from 0.75 in. to 1.00 in. 
water, whereas at location D at the base of the stack, there was nei- 
ther pressure nor draft. It was thereupon decided to connect the 
stack cinder hopper directly with one of the B hoppers, as indi- 
cated by the dash line on the drawing, so that there would be a 
continual recirculation of the cinders from D to B. Thus, the 
stack cinders and fly ash when delivered into the hopper B were 
mixed with the other cinders and were discharged into the furnace 
through one of the B cinder traps. This system of cinder recov- 
ery has performed very well, and no evidence of need for main- 
tenance was indicated within the first year of operation. 

However, in spite of the reversal of downward flow between the 
second and third passes of the boiler which precipitated cinders 
out at the A hopper, and the reversal of flow taking place 
above the B hopper, there were sufficient cinders and fly ash re- 
maining in the furnace gases which escaped to the atmosphere to 
warrant an investigation of its economic value. It was evident 
that there was a considerable waste of carbon from the stacks, and 
it was thereupon decided to determine the quantities of cinders 
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and fly ash produced and to investigate the characteristics of this 
material. Two series of tests were conducted, one series desig- 
nated “Cinder-Quantity Tests’ and the other series designated 
Cinder-Recirculation Tests.” 


CrinpER-QuANTITY TEsTS 


The purpose of this series of tests was to determine the amount 
of cinders and fly ash which was discharged from the furnace 
through the gas passes of the boiler. During these tests, none of 
the cinders and fly ash were returned to the furnace for reburning 
but were collected at the two A and the two B cinder hoppers 
of the boiler and at the hopper D at the base of the stack. Since 
the carbon content of the material at these locations ranges from 
70 to 90 per cent of the total weight, the material will be desig- 
nated as “cinders.” The material discharged from the stack has 
a much greater ash content and will be designated as ‘‘fly ash.” 
A simultaneous series of tests was made to determine the quan- 
tities of cinders and fly ash that passed section C of the discharge 
duct from the induced-draft fan. Having determined the weight, 
per cent of carbon content, and fineness of the material at C and 
D, the corresponding weight and characteristics of the fly ash 
escaping to the atmosphere at F are easily calculated. 

Analysis of Cinders From Cinder Hoppers. The amount of cin- 
ders deposited by the two hoppers at location A, by the two hop- 
pers at location B, and at the stack base at D were weighed and 
the rate of cinder production per hour was determined separately 
for each location. Also, a riffled sample of the cinders was ana- 
lyzed for the per cent of carbon, and the percentage retained on 
testing screens of */¢ in., '/s2 in., Nos. 50, 80, 100, and 200 stand- 
ard mesh. During the test, the connections from the four cinder 
traps under the A and B hoppers were disconnected, and the 
cinders were allowed to fall into pans on the roof of the furnace 
from which they were shoveled into ash cans, and the quantity 
accurately weighed over the period of the test. At the base of the 
stack, a vertical pipe was arranged to deliver the cinders directly 
into an ash can on the upper fan-operating floor. 

Cinder and Fly Ash Determined at Fan Discharge. A‘ the C 
section of the induced-draft-fan discharge duct, the method used 
in determining the amount of cinders and fly ash passing this 
location was similar in principle to that described in the A.S.M.E. 
“Test Code for Dust Separating Apparatus.” In these tests the 
sampling funnel was 4 in. diam and was attached to a 2-in. suction 
pipe, in a vertical section of which an orifice plate was located 


Test no. 

Date (1944) 

Coal data: 
Total coal fired per hour, Ib 
Moisture, as fired, per cent 
Total dry coal fired 


Ash, dry basis, per cent 
British thermal units 
Cinders removed between 2nd and 3rd boiler passes: 
Total cinders per hour, lb 


Cinders per square foot of grate per hour, Ib....... 


Per cent carbon in cinders. . 
Carbon per square foot of rate per ‘hour, Ib 
Cinders removed between 3rd 
preheater: 
Total cinders per hour, lb 


Per cent carbon in cinders 


Cinders removed at base of stack: 
Total cinders per hour, |b 


Per cent carbon in cinders 


to atmosphere: 


‘otal fly per hour, UW... 
Fly ash per square foot of grate per hour, lb........ 


Per cent carbon in fly ash 
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TABLE 4 COAL AND CINDER QUANTITIES; TESTS WITH NO RECIRCULATION 


per hour, Ib. 
Dry coal per sq ft of grate® per hour, Ib.......... 


pass (boiler outlet) and air 


Cinders per square foot of grate ‘per hour, Dihideivsens 


Carbon per square foot of grate per hour, |b........ 


Cinders per square foot of grate per hour, ib. p ae ms 


Carbon per square foot of grate per hour, lb........ 


Carbon per square foot of grate per hour, lb........ 


* Effective area of stoker grate over 9 zones of controlled forced draft, 371 sq ft. 


with manometer connections on each side of the plate. The 2-in. 
suction pipe was then connected by means of a 2-in. rubber hose 
to the inlet of a 12-in-diam X 18-in-high cyclone separator. 
The suction at the top of the separator was connected to the 
suction of a 3500-rpm blower which was capable of producing 
about 20 in. water of total differential static pressure. A large 
cotton-flannel bag was attached to the discharge of the blower to 
collect any dust that may have passed through the cyclone. At 
the base of the cyclone a quart glass jar was attached with a rub- 
ber cork and a sliding gate to facilitate changing the jar during a 
test if necessary. The duct at section C was 44 in. wide X 62 in. 
deep. Arrangements were made for sampling the gas at five posi- 
tions in each of three zones. 

A Pitot tube, with the velocity-pressure end level with the bot- 
tom of the sampling funnel and about 2 in. to one side, was in- 
stalled inside the horizontal run of the 2-in. suction pipe and 
emerged through tees at each end. This Pitot tube was-arranged 
to indicate the velocity of the gases in the duct. A chart was pre- 
pared to show what pressure differential was necessary at the 
orifice plate in the sampling suction pipe to obtain the same ve- 
locity at the inlet of the funnel as that which existed in the duct. 
Particular care was taken to see that the valve between the cy- 
clone and the suction of the fan was adjusted to give the proper 
differential pressure at the orifice plate to equalize the velocity of 
the gas in the sampling funnel to that in the main duct, as indi- 
cated by the differential pressure of the Pitot tube. 

Before each test, boiler-operating conditions were stabilized and 
maintained as uniformly as possible throughout the test. Fifteen 
separate samples for loading of cinders and fly ash were taken at 
section C during each test run, one sample at each of the five posi- 
tions in each of the three sampling zones. Samples were taken for 
12 min at each sampling point. Each sample was weighed sepa- 
rately and a weighted average was computed for the rate of cinder 
and fly-ash discharge for the duration of the test. Correction was 
made for the weight of dust collected in the bag at the discharge 
of the sampling blower. The fifteen samples and the dust shaken 
from the dust bag were then thoroughly mixed, and screened for 
fineness determination and analyzed for percentage of carbon con- 

tent. 

Results of Cinder-Quantity Tests. The results of the tests de- 
scribed are given in Tables 4 and 5. Table 4 gives the moisture, 
ash, and Btu analyses of the coal as fired, and the rate of combus- 
tion in pounds per square foot of active grate area. This table 


I II III IV Vv 
Nov. 1 Nov. 30 Nov. 27 Nov.7 Nov. 29 
eas 6634 8212 10760 11281 21750 
12.80 10.70 11.70 10.98 
a 5864 7161 9609 9961 19362 


eee 13.3 8.8 16.8 25.7 98.0 
«+. 0.036 0.024 0.045 0.069 0.264 
69.49 78.30 79.22 82.50 
0.025 0.019 0.036 0.053 0.218 
(53.8)6 71.3 130.6 96.3 466.0 
eee . 0.192 0.260 


6 Trouble with sa mpting f fan and dust bag. Figures in parentheses are estimated, based on “Fly Ash to 


Atmosphere” curve, 
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.... 15.23 16.32 °16.30 18.10 15.04 
12400 12340 12310 12180 12400 
261 726 1035 3269 
0.452 0.703 1.958 2.792 8.811 
| $7.71 89.88 89.32 89.32 90.90 
........ 0.397 0.631 1.749 2.494 8.009 
18.2 903 71.6 96.3 276.0 
0.049 0.082 0.193 0.227 0.744 
88.48 82,89 85.67 81.37 88.67 
0.043 0.068 0.165 0.185 0.660 
5 
... (0.082) 0.118 0.236 0.175 0.927 
it — 
3 
‘ 
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3/ss-in. Over !/32-in. 


Through No. 80 over No. 
ie | No. 100 over No. 


TABLE 6 DISTRIBUTION OF CINDER AND FLY ASH 


Test no. 


Total dry coal burned per hour, lb 


Test no. 
Date (1944) 
Coal screen tests: 
Over #/\s-in. mesh......... 7.5 6.5 
3/is-in. over 3/4-in. 
Through 3/ga-in. over 1/32-in. 
Through 1/3:-in. over No. 50 
5.8 10.2 
Through No. 50 over No. 80 
Gisonah No. 80 mesh...... 0.6 1.8 
100.0 100.0 
Through */si-in. mesh...... 16.7 26.5 
Cinders between 2nd and 3rd 
boiler passes: 
Over 3/es-in. mesh......... 2.7 2.0 
3/sa-in. Over !/32-in. 
Through 1/32-in. over No. 50 
Theses No. 50 over No. 80 
Through No. 80 over No. 
Through No. 100 over No. 
Through No. 140 over No. 
Through No. 200 mesh..... 1.2 0.6 
100.0 100.0 
Through No. 50 mesh...... 22.1 19.3 
Cinders between 3rd _ pass 
(boiler outlet) and air 
preheater: 
Over 3/s-in. mesh......... 0.4 0.4 


Ratio of total cinders and fly ash leaving 
furnace to total dry coal per hour, per cent...... 
Total cinders and fly ash per hour: 


(a) Through Ist and 2nd passes, lb............. 
Removed at A hoppers, lb 


Through 3rd pass, lb.. 


Removed at 


TABLE 7 CINDER AND FLY-ASH QUANTITIES, IN POUNDS PER 1000 LB GAS 


Test no. 


hopper, Ib... 

Through air heater and fan, Tb.. 
(f) Removed at base of stack D.\b.. ; me 
Discharged to atmosphere, lb............... 


I II III 
Nov. 1 Nov. 30 Nov. 27 
Per cent 


2.6 


59.6 
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TABLE 5 SCREEN ANALYSES OF COAL ‘gs CINDERS; TESTS WITH NO RECIRCULATION 


7 29 
2.9 1.4 
53.3 69.2 
15.3 14.1 
19.9 11.2 
4.1 1.8 
4.5 2.3 

100.0 100.0 
43.8 29.4 
5.6 7.9 
20.0 26.2 
57.3 55.2 
12.7 8.4 
2.4 1.3 

| 0.6 
0.4 0.2 
0.5 0.2 
100.0 100.0 
17.1 10.7 
0.2 1.4 


38.4 28.2 
12.1 7.4 
6.5 3.6 
1.8 0.8 
0.4 
100.0 = 100. 
59.5 40.4 


I II 
5864 7161 
4.3 5.1 
252.3 371.4 
167.0 261.0 
85.3 110.4 
18.2 30.3 
67.1 80.1 
13.3 8.8 
53.8 71.3 


Weight of gases including water vapor and correc- 
tion for leakage after passing air preheater: 


(a) Before air preheater, lb 


(b) After air preheater, lb 
Pounds per 1000 lb gas: 


(a) Through Ist and 2nd passes, lb.............. 


(b) Removed at A hoppers, lb 


(c) Through 3rd = 12 
(d) Removed at ers, ib. 
(e) After air fan, 


f) Removed at stack base D. Be: 


) Discharged to atmosphere, lb.. 


TABLE 8 CINDER AND FLY-ASH QUANTITIES IN GRAINS PER CUBIC FOOT OF GAS 


Test no. 


Volume of gases including water vapor corrected for 
temperature and leakage through air preheater 


seals: 


(a) At A cinder hoppers, cfm 
(ob) At B cinder cfm 


At base of stac 


(c) 
er cubic foot of gas: 


Grains 


(a) hrough Ist and 2nd passes................. 


(b) Removed at A hoppers 


Through 3rd 
Removed at 


hoppers 
Through air preheater and fan............... 
Removed at base of stack D................. 
Discharged to atmosphere Z................. 


I II 
96,940 110,140 
109,540 123,440 
2.60 3.37 
1.72 2.37 
0.088 1.00 
0.019 0.27 
0.061 0.65 
0.012 0.07 
0.049 0.58 


I II 
47,010 55,020 
37,430 43,090 

39,220 
0.627 0.786 
0.415 0.553 
0.266 0.299 
0.057 0.082 
0.234 0.238 
0.046 .026 
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Test no. I II Ill IV Vv 
Date (1944), Nov. 1 Nov. 30 Nov. 27 Nov.7 Nov. 29 
— cent-———--- 
Cinders at base of stack: 
Over 3/e-in. mesh......... 0.1 0.0 0.0 0.0 0.1 
Through #/s-in. over !/s2-in. 
RRA 0.6 0.5 0.6 0.4 0.8 
h over No. 50 
Through No. 50 over No. 80 
29.6 35.3 36.9 36.0 34.9 
Through No. 80 over No. 
100 mesh. . 15.7 17.8 17.6 a7.2 16.4 
Through No. 100 over No. 
140 mesh.. 12.9 14.0 13.4 14.4 12.5 
Through No. ‘140 over No. 
00 mesh. 7.3 6.1 7.9 6.3 
Thecus No. 200 mesh..... 12.0 5.9 4.3 7.2 4.7 
100.0 100.0 100.0 100.0 100.0 
Through No. 50 mesh..... . 82.1 80.2 78.3 82.6 74.8 
Fly ash to atmosphere: 
Over #/s-in. mesh. . 0.0 0.0 0.0 0.0 
3/sa-in. over a-in. 
0.2 0.0 0.1 0.3 
Throw h '/s2-in. over No. 50 
5.4 3.3 1.8 5.1 
Thecus No. 50 over No. 80 
12.8 12.1 11.0 15.8 
Through 80 over No. 
10.6 11.8 13.2 13.8 
Through °No. 100 over No. 
13.7 15.4 17.6 16.1 
Through No. 140 over No. 
13.0 15.0 16.3 14.1 
Through No. 200 mesh..... ve 44.3 42.4 40.0 34.8 
100.6 100.0 100.0 100.0 
Through No. 50 mesh..... . 94.4 96.7 98.1 94.6 


also gives the quantity of cinders removed at each of the cinder- 
collecting stations, and the carbon content of the cinders and 
fly ash; the quantities are also given in pounds per square foot of 
grate per hour. Table 5 is a tabulation of the results of screen 
tests of the coal and of the cinders at each point of cinder renewal, 
and of the fly ash to atmosphere. 

The quantities of cinders held in suspension and flowing with 
the furnace gases, as given in Tables 4 and 5, have been arranged 
to show the relative quantities passing 
through various sections of the path of 


Ill IV V the gases from the boiler furnace to the 
19362 atmosphere. The quantities removed 
9.8 12.5 21.2 are also shown progressively throughout 
944.8 1241.2 4109.0 the travel of the gases. The quantities in 
He HY an Table 6 are expressed in total pounds per 
71.4 84.2 276.0 hour. 
147.4 122.2 564.0 
16.8 25.7 98.0 The total weight of furnace gases has 
130.6 96.3 466.0 


been computed, based on observed CO;, 
moisture content formed by the fuel, 
loss of carbon in the cinders and fly ash, 


III IV 
and combustible in the ash refuse. These 
130,180 123,090 208,950 values and the distribution of cinders 
a a throughout the gas circuit expressed in 
7.25 10-08 pounds per 1000 Ib of gas are given in 
1.68 1.67 4.02 Table 7. 
0.55 0.68 1.32 
1.02 0.89 2.50 The cinder loading expressed in 
+ “grains per cu ft gas” at various positions 


in the path of the furnace gases has also 
been computed and is given in Table 


Hl IV V The temperatures at A cinder hoppers 
have been estimated. The temperature? 
68,500 65,610 114,600 2 other locations are from oer 
52,550 51,2 90,400 he ings. The 
ter and thermocouple readings 
density of the gases has been 
1238 puted for each cinder-trap location, ané 
0.486 0.410 1.080 » ach- 
0.158 0.167 0:355 the cinder loading of the gases approac 
0.371 0.321 0.868 ing the trap has been based on the g* 


density at the trap. 
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Through !/3:-in. over No. 50 
Through No. 50 over No. 80 
30.3 35.0 35.5 
12.5 11.3 12.1 
9.0 7.1 7.8 
Through No. 140 over No. 
Through No. 200 mesh..... 3.6 1.9 1.4 
Through No. 50 mesh...... 62.2 58.2 
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Effect of Returning Cinders to Furnace. The determination of 
cinder quantities as shown by these tests represents only the ac- 
tual amount of cinders and fly ash produced at the given rates of 
combustion. Actually, when the cinders are returned for recir- 
culation and reburning, the boiler-furnace gases will carry not 
only the normal production of cinders but also the cinders that 
are recirculated. However, the recirculated cinders are so rapidly 
consumed that the cinder and fly-ash loading of the furnace gases 
does not become excessive. If it may be assumed that the addi- 
tional cinder loading of the furnace gases due to recirculation is 
in approximately the same ratio as the additional fly ash escaping 
to the atmosphere under recirculation conditions, as compared to 
the stack fly ash when no recirculation occurs, then the cinder 
loading of the furnace gas may be 50 per cent greater when the 
combustion rate is 20 lb of coal per sq ft of grate per hr, or nearly 
3 times as great when the combustion rate is 30 lb per hr (see 
curves, Fig. 3). 


TABLE 9 RELATIVE QUANTITIES AND FINENESS OF CINDERS 
AT VARIOUS LOCATIONS 


Fineness average of 5 tests 
Per cent of Percent Percent Percent 
total cinders through through through 
and fly ash 50 mesh 1060 mesh 200 mesh 
Cinders between 2nd and 3rd 


boiler . 16.2 


to 


Cinders between 3rd pass and air 
Cinders at base of stack......... 3 79.6 28.1 6.8 
Fly ash to atmosphere.......... 12 95.9 70.7 40.4 
100 


The relative quantities and fineness of the cinders precipitated 
at the different collection locations is of interest. In general the 
cinders at each location become coarser as the combustion rate 
increases, and the percentages of the finer material increase pro- 


TABLE 10 CARBON LEAVING FURNACE AND ENTERING BOILER PASSES 


Test no. I II 
Rate of combustion, dry coal, Ib*................... 15.82 19.32 
Combustible burned per hr, Ib*..................... 18.41 16.17 
Carbon in combustible burned, Ib*.................. 12.30 14.71 
Carbon in total cinders and fly ash, Ib*.............. 0.547 0. 836 
Carbon in fuel leaving furnace, per cent............. 4.45 5.68 
Fines in coal through #/s-in. mesh, per cent.......... 16.7 26.5 


* Expressed in lb per sq ft of grate per hr. 


gressively as the cinder-collecting hoppers approach the stack. 
These factors are shown in Table 9. 

Carbon Percentage in Furnace Gases, The carbon leaving the 
furnace in percentage of carbon in the dry fuel as fired has been 
developed in Table 10. These data have been plotted to give a 
graphic presentation of the effect of the fines in the coal on the 
production of cinders. This is shown by the curves in Fig. 2. 
These curves are indicative only, as sufficient data are not availa- 
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ble to insure their accuracy. Based on the tests previously 
described, however, these curves indicate the approximate effect 
of fines in the fuel on the per cent of carbon or cinders leaving the 
furnace. The curves also indicate the economic value of the 
cinders for recirculation. 


CINDER-RECIRCULATION TESTS 


A series of four recirculation tests, Nos. VI to IX, inclusive, were 
conducted to determine the amount and characteristics of the 
fly ash discharged from the stack under normal operating condi- 
tions. 

Test Procedure. During these tests the cinders from the boiler 
cinder hoppers were continuously returned and recirculated in the 
furnace as in regular operating practice. The cinders from the 
stack base were not returned to the furnace but were collected, 
weighed, and analyzed. The procedures followed in determining 
the weight, fineness, and carbon content of the cinders and fly ash 
passing section C of the induced-fan discharge duct and of the 
cinders precipitated in the base of the stack D were the same as 
previously described. The fly ash discharged from the stack was 
determined by deducting the cinders deposited at the stack base 
from the cinders and fly ash passing through the induced-draft- 
fan discharge. The characteristics of the fly ash to the atmos- 
phere at EF were then computed as previously described. 

Results of Cinder-Recirculation Tests. The test data and the 
results obtained when the boiler cinders were returned and recir- 
culated are given in Tables 11 and 12. These tables contain 
analyses of the coal fired and of the cinders collected at the base of 
the stack and the computed quantities and characteristics of the 
fly ash to the atmosphere. 

The total cinders in the gases leaving the induced-draft fan, 
the amount removed at the base of the stack, and the quantity 
discharged to the atmosphere are given 
in Table 13. The cinder loading of the 


Prag gases at these locations has also been 
bp pg ee computed in terms of Ib per 1000 Ib gas 
19.86 20.06 40.60 and in grains per cu ft. These values 
Po 17207-8814 are included in Table 13 and may be 
46.6 43.8 29.4 


compared with corresponding data in 
Tables 6, 7, and 8, when the cinders 
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TABLE 11 COAL AND CINDER QUANTITIES, RECIRCULATION TESTS 


Test no. VI Vil VIII IX 
Date (1944) Dec. 2 Nov. 3 Nov. 28 Dec, 1 
Coal data: 
Total dry coal fired 6821 8374 9372 12795 
Dry coal per sq ft of grate per hour, lb.................. 18.39 22.60 25.28 34.50 
Combustible per sq ft of grate per hour, lb............... 15.79 18.94 21.35 29.75 
Cinders at base of stack: . 
Total cinders removed per hour, lb.................0000+ 16.4 47.4 43.8 111.0 
Cinders per sq ft of grate per hour, lb.................-- 0.044 0.128 0.118 0.297 
Per cent carbon in cinders. . 86.13 86.95 89.93 
Carbon per sq ft of grate per hour, 0.038 0.110 0.102 0. 267 


Fly ash to atmosphere: 


Fly ash per sq ft of grate per hour, Ib.................5. 0.239 0.479 0.725 1.775 

0.353 


Carbon per sq ft of grate per hour, Ib................006- 


RECIRCULATION TESTS 


OF COAL AND CINDERS, 


TABLE 12 SCREEN ANALYSES 


Test no. VI VII VIII IX 
Date (1944) Dec. 2 Nov. 3 Nov. 28 Dec. 1 
Per cent— 
Coal screen tests: 
Through 32/,-in. over 3/ea-in. 68.8 45.6 54.6 66.3 
Through ?/ss-in. over 1/s2-in. 13.9 16.9 17.8 15.2 
Through '/32-in. over No. 50 mesh...............20+0e008 12.3 24.2 17.8 15.8 
Through No. 50 over No. 80 mesh..............:0eeeeee 1.6 §.1 2.8 ee 
100.0 100.0 100.0 100.0 
Cinders at base of stack: 
Through !/s:-in. over No. 50 mesh.............-00000000. 21.8 23.2 24.7 30.1 
Through No. 50 over No. 80 mesh..............0000000e 41.0 41.6 41.0 38.6 
Through No. 80 over vlc 17.5 16.7 16.0 13.6 
Through No. 100 over No. 140 mesh...............00008 13.3 9.4 9.3 8.9 
Through No. 140 over No. S00 mesh... ......cccccvecess 4.7 5.1 4.9 4.4 
100.0 100.0 100.0 100.0 
Fly ash to atmosphere: 
Through !/ss-in. over No. 50 mesh..............0eeeeeees 3.9 4.3 4.1 7.0 
Through No. 50 over No. 80 mesh................00005- 16.8 18.9 16.9 20.2 
Through No. 80 over No. 100 mesh...................4. 14.7 15.8 14.2 14.3 
Through No. 100 over No. 140 mesh.................... 16.8 14.5 16.0 14.7 
Through No. 140 over No. 200 mesh.................06- 13.5 13.9 12.5 11.9 
100.0 100.0 100.0 100.0 


TABLE 13 QUANTITIES AND GAS LOADING OF CINDERS AND FLY ASH, RECIRCULATION 


Test no. VI VII VIII IX 
Weiaut per Hour 


Total weight of cinders and fly ash in lb per hour: 


(a) After air preheater and fan, 105.1 225.2 312.4 769.7 ' 
3 Removed at stack base D, lb 16.4 47.4 43.8 111.0 cind 
c) Discharged to atmosphere, lb 88.7 177.8 268.6 658.7 b 
(d) Corrected discharge to atmosphere when cinders urn 
from stack are recirculated (see Table 14), lb...... 89.6 183.6 276.5 690.0 as t 
Pounps Per 1000 Lp Gas bee 
Weight of gases including water vapor and cor- n 
rection for air leakage at air een Oe eee ee 114,870 126,150 137,750 172,780 ders 
Cinders and fly ash per 1000 lb g 
(a) After air preheater and 0.92 1.78 2.27 4.45 are g 
Removed at stack base D, 0.14 0.38 0.32 0.64 
c) Discharged to atmosphere, 0.78 1.41 1.95 3.81 norm 
(d) Corrected discharge to atmosphere when cinders ‘ ash 
from stack are recirculated, lb...............0005 0.79 1.46 2.01 4.00 pm 
Grains PER Cusic Foor or Gas Fly 
Volume of gases, including water vapor Car 
and air preheater leakage, 40,320 48,040 48,970 60,430 
Cinders and fly ash per cu ft data 
(a) After air preheater an ‘tan, ware 0.304 0.546 0.745 1.426 
(b) Removal at stack base, grains..................0... 0.048 0.115 0.105 0.154 carbo 
(c) Discharge to atmosphere, PA ere ore 0.256 0.431 0.640 1.272 fines j 
(d) Corrected discharge to atmosphere when 
‘ cinders from stack are recirculated, grains...... .-. 0.250 0.445 0.659 1.334 The 
calcul 


from the boiler cinder hoppers were removed from circulation. vious tests is also plotted. The curve, designated ‘Cinders From 
Correction to Include Recirculation of Stack Cinders. The Boiler Hoppers,” is the rate of cinder removal from the two sets 
amount of fly ash discharged from the stack was found to be of boiler cinder traps as determined in the “Cinder Quantity 
considerably greater than when the cinders were withdrawn, asin Tests.” It is assumed that the increase in the stack fly ash is due 
the “Cinder-Quantity Tests.”” The amount of fly ash per square to the burning and reduction to fly-ash conditions of the cinders 
foot of stoker grate area per hour has been plotted for the various normally returned to the furnace. 
rates of combustion in Fig. 3. The corresponding discharge of It is apparent that a correction to the fly ash discharged, % 
fly ash when not recirculating cinders as determined by the pre- shown in Table 11, should be made to include the burning of the 
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Test no. 
Rate of combustion, dry coal, lb? 


Rate of recirculation rd cinders from boiler hoppers, taken 


from curve (Fig. 3), 


to furnace, lb@ 


Increase in fly ash to ae when cinders from boilers are 


recirculated 
Increase in fly ash to 
cinders yecirculated, per cent. 


Rate of cinder precipitation in base of stack ‘during ‘these 


tests, 


Increase in rate of fly ash to atmosphere when cinders ‘from 


base of stack are recirculated, lb?. 


Corrected discharge to atmosphe re when cinders from ) beter 


and stack base are returned, lb@ 


Total correc ted discharge to ‘atmospher re when ¢ ‘Ts "from 
stack base in addition to the boiler cinders are recirculated, 
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cinders from the stack cinder hopper. It is assumed that the 
burning of the stack cinders will produce fly ash in the same ratio 
as the boiler cinders. Correction calculations have therefore 
been made to establish the normal discharge of fly ash when cin- 
ders from all cinder hoppers are recirculated. These calculations 
are given in detail in Table 14. The final total pounds of fly ash 
normally discharged per hour, the per cent of carbon in the fly 
ash, and the total ash are plotted on the curve sheet entitled 
“Fly Ash to Atmosphere,” Fig. 4. 

Carbon Loss to Atmosphere. A further study of the available 
data is presented to indicate what effect on the percentage of 
carbon loss to the atmosphere is produced by varying degrees of 
fines in the coal. 

The carbon in the coal burned and the carbon in the fly ash are 
calculated and given in detail in Table 15. 


Test no. 
Rate of combustion, dry coal, Ib®...........---++-+- 
Ash in dry coal, per cent...........cceeceecccccees 


Combustible burned per hour, Ib*...........-.+---+ 
fe burned per hour, ard 


Carbon in 
Carbon in fly ash to atmosphere, lb@ 
Carbon loss to atmosphere, per cent....... 


Fines in coal through */s-in., per cent.... 


@ Expressed in lb per sq ft of grate per hr. 
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TABLE 14 CORRECTION FOR RECIRCULATION OF CINDERS FROM STACK BASE 


Rate of fly ash to bate rail cinders from boiler are returned 


‘atmosphere in percentage of weight of 


@ All rates of combustion or cinder and fly-ash precipitation are based on lb per sq ft of grate per hr. 


TABLE 15 NORMAL CARBON LOSS TO ATMOSPHERE 


VI VII VII IX 
18.39 22.60 25.28 34.50 
ceeneiawae 1.00 1.80 2.31 4.38 


0.239 0.479 


0.725 1.775 


0. 58 0.310 
0.057 0.221 0.415 1.235 
5.7 12.3 18.0 28.2 
0.044 0.128 0.118 0.297 
0.002 0.016 0.021 0.084 
0.241 0.495 0.746 1.859 
89.6 183.6 276.5 690.0 


a 
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(All cinders from boiler hoppers and stack base returned for reburning in 
furnace.) 


The curves, Fig. 5, have been plotted using the data for tests 
Nos. VI, VIII, and IX from Table 15. This set of curves “Nor- 
mal Operation—Carbon Loss to Atmosphere” is based on only 
three points. The data are limited and while they may not be 
conclusive they give an indication of what may be expected with 
small sizes of anthracite coal. Considering the fineness of the fuel 
fired and the simple reliance upon reversal of flow of the furnace 
gases for precipitation of cinders, the carbon losses appear not to 
be excessive, except at the higher rates of combustion. 


MECHANICAL CINDER AND Fiy-AsH COLLECTORS 


The economic loss of the carbon accompanying the ash becomes 
excessive when the combustion rates exceed 25 lb per sq ft of 
grate per hr. This loss of carbon at the higher combustion rates 
presents the problem of further recirculation of escaping carbon. 
There are several commercial fly-ash collectors which may be 
introduced between the boiler and the stack which will effectively 
reduce the carbon loss to a negligible amount. The induced- 
draft fans require regular maintenance attention due to cinder and 
fly-ash erosion. The fan maintenance costs as well as the value 
of the carbon loss will usually justify a further investigation of 


VI VII Ix 
18.39 22.60 25.28 34.50 
14.11 16.22 15.54 13.76 
15.79 18.94 21.35 -75 
14.47 17.35 19.55 27.28 
aeVeens 0.161 0.353 0.510 1.406 
ecccces 1.11 2.03 2.61 5.15 
eeceees 29.8 52.0 41.6 32.9 
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the installation of the specially designed fly-ash collectors. 
For the arrangement shown in Fig. 1, it was found that a sys- 
tem of cinder and fty-ash collection could be installed between 
the boiler outlet and the inlet to the air preheater which would 
remove about 90 per cent of the material leaving the boiler. The 
cinders and fly ash from the collector could be recirculated in the 
boiler furnace, thus reclaiming the heat content of the cinders. It 
is estimated that the total emission of fly ash from the stacks 
would be reduced to about 15 per cent of the amount of fly ash 
found during these tests. The resulting fly ash would contain a 
high percentage of very fine material which would float in the 
atmosphere to remote areas; and the nuisance of cinders being 
deposited in near-by areas would be practically eliminated. 


RECIRCULATION SYSTEMS 


The selection of an effective system of recirculating the cinders 
from the boiler and stack cinder hoppers is most important when 
burning small sizes of anthracite. The over-all boiler and furnace 
efficiency is improved to the extent that more of the carbon con- 
tent of the coal is actually burned. 

The principle of introducing continuously the heated cinders 
inte the forward-moving furnace gases under the rear arch sur- 
rounded with heated air to support combustion has proved very 
successful for the arrangement of boiler and furnace described in 
this paper. The furnace design with the front ignition arch and 
extended rear arch is typical of modern design for burning small 
sizes of anthracite on traveling-grate stokers. In a furnace of this 
design, the carbon in the cinders is consumed mostly in suspension 
as it passes through the hottest and most active regions of the fur- 
nace. It can readily be observed through the side doors that the 
small cinders immediately flash into flame and the larger cinders 
may be seen to fall forward on the grate or be guided upward into 
the throat of the furnace with the furnace gases. It is probable 
that the larger cinders pass through the furnace several times be- 
fore finally being consumed. 

It is submitted that the system of cinder and fly-ash recircula- 
tion described in this paper, with the addition of an effective me- 
chanical dust collector near the boiler outlet, would constitute a 
highly efficient method of burning small sizes of anthracite on 
traveling-grate stokers. 


Discussion 


C. H. Bean.? Much of the data submitted in this paper are 
new, particularly those showing the amount of solids moved by 
the gases in a form that the author describes as cinder. Most 
of us who have had extended practical experience with anthracite- 
firing are fairly well acquainted with the character of this mate- 
rial, with the damage it can do within the unit setting, and the 
nuisance it can create if liberated directly to the atmosphere- 
However, we may not perhaps have much information on the 
amount of such solids for different rates of combustion, es- 
pecially when recirculating the cinder. This paper is particu- 
larly illuminating in this respect. 

At our Bound Brook plant, we have been burning small-sized 
anthracite for nearly 16 years and have always returned the 
cinder to the furnace for burning-out the carbon. However, until 
1941, the fly ash had always been rejected to the atmosphere 
and at times caused much nuisance and trouble, not to men- 
tion economic loss, particularly when forcing boilers to high 
ratings. 

A so-called fly-ash or dust collector was installed on our No. 7 
boiler, a 100 M lb per hr 750 F chain-grate anthracite-fired unit, 
in 1941, but the fly ash so collected was not recirculated. How- 


2 Supervising Engineer of Power Plants, Calco Chemical Division, 
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ever, it was weighed and sampled before hauling to the dump. 
The samples were run for moisture, ash, and mesh test. 

Data were accumulated in this manner daily over a period of 
several months, a typical month being that of November, 1941. 
The net results are given in Table 16 of this discussion. 


TABLE 16 FLY-ASH COLLECTION TEST FROM NO. 7 BOILER, 
NOVEMBER, 1941 


Maximum Minimum Average 
Dust: 
Combustible, per cent......... 78 57.1 68.4 
Screen test: 
4.6 1.0 2.1 
On 50 mesh.. 8.2 23 6.2 
On 60 mesh.. 8.1 bik 3.5 
50.7 20.2 32.7 
ee 32.4 10.9 27.2 
Through 200 mesh.......... 27.5 5.5 15.9 
Coal: 
Per cent undersize (3/6 in.)...... 13.6 3.8 7.8 
eee 12.0 8.6 9.2 


It will be noted that we have calculated that a minimum of 
1.1 per cent, a maximum of 5.8 per cent, and an average of 2.7 
per cent of the coal was found to be wasted to the dump, and these 
figures are indicative of the amount and character of the mate- 
rial that, without a dust collector, would have been expelled 
to the atmosphere and not only would have been a dead loss 
but would also have created a fly-ash nuisance. These figures 
correspond remarkably well with the figures in the author’s Table 
13. 

As a matter of information, we can advise that these test 
data were collected while the boiler in question was being operated 
at about 85 M lb to 95 M lb of steam per hr, where 100°M lb is 
top rating; thus representing a fuel-burning rate of around 30- 
35 lb of dry coal per sq ft of effective grate area. 

Because of the showing of these fly-ash tests on No. 7 boiler, 
it was planned in the next unit to incorporate not only fly-ash 
collection but also fly-ash reinjection to the furnace for burning- 
out the carbon. Early in 1942 we put into operation a much 
larger anthracite-fired boiler; namely, a 200 M lb per hr, 900-lb- 
psig 750 F Riley, equipped with a particularly large furnace, 
economizer, air heater, forced-draft and induced-draft fans, and a 
24-ft  28-ft Lloyd Coxe stoker. What is more important from 
the point of view of the present paper, it was equipped with our 
usual cinder-collecting and reinjection system and, in addition, a 
260-clone Western Precipitation Company’s multiclone fly-ash 
collector, which we call a dust collector, and a means of steam-jet 
reinjection of such collected fly ash through the rear wall into the 
furnace above the grate. This latter unit has now been in 
operation over 4!/, years and has been unusually successful both 
from a point of view of continuity of operation and of high ther- 
mal efficiency, the latter equaling that of some of the most 
modern large bituminous P.C. installations. 

To date, the collection and reinjection of the fly ash has re- 
duced the maintenance on the induced-draft fan, rotor, and cas- 
ing practically to zero. The paddles of this last-described fan, 
after 4'/2 years of almost constant service, have never required 
welding repairs. 

The ash in the fly ash, of course, cannot be consumed by re- 
injection into the furnace, but practically all of its 70 per cent car- 
bon content is apparently consumed, and the residual ash escap- 


ing to the atmosphere is so fine that it is hardly noticeable. The — 


recovery of the carbon value of the fly ash we have reason to 
believe, results in somewhere between a 2-3 per cent additive 
increase in the boiler-unit efficiency. This gain will vary with 
the character of the coal and the rate of steaming. 

The results obtained with this last unit have been so satis- 
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factory that our company about a year ago added fly-ash col- 
lectors, and fly-ash-burning facilities to our remaining three 
boilers, with resulting noticeable improvement in over-all 
efficiency and, what is perhaps almost equally important, is the 
fact that this action has practically eliminated the fly-ash nuisance 
about the plant. 


C. H. Frick.’ The writer’s company operates 97 boilers, 
burning small-size anthracite on traveling-grate stokers, and 17 
boilers which burn anthracite in pulverized form in its electric- 
generating and steam-heat plants. The capacity of stoker-fired 
boilers varies from 20,000 Ib of steam per hr to 185,000 lb of 
steam per hr. The capacity of pulverized-fuel-fired boilers var- 
ies from 40,000 to 365,000 lb of steam per hr. 

The problem to which attention is called, exists when burning 
No. 3 buckwheat (barley), No. 4 or small sizes on stokers, and be- 
comes increasingly serious as the size of the particles decreases. 

All of the company’s boilers have hoppers at certain locations 
throughout the boiler-gas circuit in order to trap the larger par- 
ticles, and the larger and more important boilers have commer- 
cial cinder traps installed in the breeching ahead of the stack, 
particularly where coal used is smaller than No. 3 buckwheat. 

The author reports on a method of reburning the collected fines 
by admitting them through the rear furnace arch and blowing 
them into the gas stream with hot air. For our conditions, we 
have found the best way to reburn the fines is to mix them with 
the incoming coal in the stoker hopper so that, as far as possible, 
a uniform fuel bed is presented to the furnace at the front. This 
means that the fines are not immediately put into suspension but 
are reburned to a large extent on the grate. When they are 
directly put into suspension, they recirculate a considerable addi- 
tional number of times through the boiler circuit before being 
finally consumed or discharged to waste. In one of our plants 
the fines are collected and put into bins on top of the boilers by a 
pneumatic transport system, then distributed by gravity to the 
stoker coal hoppers, where by experience, we find that the dry 
collected material sifts through the wet fresh coal and is ad- 
mitted to the furnace on the bottom of the fuel bed. Therefore 
the wet coal holds the fines on the grate and minimizes the 
amount that is again carried through the boiler. 

In a few cases, we do admit the collected fines from the rear- 
pass hoppers through the rear arch, as a convenient means of 
disposing of the material. This is done only where the boilers 
operate on peak load or stand-by, 

In the case of some of our boilers, fly-ash tests have been 
conducted, results of which are given in Tables 17 and 18 of this 
discussion. These data are averages of results of two 24-hr 
tests conducted according to A.S.M.E. Test Code for Dust Col- 
lectors. 

Fines collected are not reburned on stoker-fired boilers, but are 
transferred to pulverized-fuel boilers in the same plant. These 
are collected in railroad cars and weighed on railroad-track scales 
regularly. 

The paper ably illustrates the difficulties which are encoun- 
tered with respeet to the carry-over from the furnace and dis- 
charged from the plant stack, when burning the smaller sizes of 
anthracite on traveling-grate stokers, particularly, at combus- 
tion rate in excess of 25 lb per sq ft of grate per hr. In a large 
built-up community, a condition such as described in this paper 
would be intolerable and would require installation of an exten- 
sive system of commercial dust-collecting equipment to minimize 
the discharge from the stack. 

When the plant is located relatively close to the source of coal 
supply, incurring comparatively low transportation charges, the 
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TABLE17_ TEST RESULTS ON MULTIPLE-CYCLONE COLLECTOR 
ON BOILERS RATED AT ee? OF STEAM PER HR, MARCH, 


Without 
reburning Reburning 
fines fines 
team produced, lb perhr.................. 186000 90000 
Coal fired, lb per sq ft per hr: ' 
(a) Not including fines.................. 47.8 47.8 
Dust loading entering separator, grains per 
Separator catch in relation to coal fired, per 
Coal and 
-——Raw coal— fines 
Fuel characteristics 
Ash, dry basis, per cent.............. 15.3 15.8 15.6 
Size analysis: 
Over 5/ie-in. round-hole screen, per. 
Through 4/\s-in. round-hole screen 
over */,¢in., per cent............. 1.3 1.4 1.6 
Through #/,-in. round-hole screen 
over */s3in., percent............. 6.7 5.7 4.9 
Through */-in. round-hole screen 
over '/isin., percent............. 27.5 24.5 23.8 
Through '/,s-in. round-hole screen, 
over ?/4 in., percent............. 32.4 34.2 26.5 
Through round-hole screen, 
over '/yin., percent............. 37.3 29.1 25.6 
Through '/-in. round-hole screen, 
Normal daytime combustion rate, lb per 


TABLE 18 TEST AND OPERATING RESULTS ON BAFFLE-TYPE 
COLLECTOR ON 60,000 LB OF STEAM PER 
, JUNE, 1940 


Without 
reburning 
of fines 
Steam produced, |b per hr per boiler...................... 59000 
Dust loading entering separator, grains per cu ft.......... 1.2 
Separator catch in relation to coal fired, per cent.......... 4.5 
Fuel characteristics 
Size analysis: 
Over */1-in. round-hole 0.0 
Through 5/,.-in. round-hole screen over */\sin., per cent.... 0.2 
Through 3/\s-in. round-hole screen over ?/32in., percent. . . 13.6 
Through 3/3:-in. round-hole screen over '/isin., percent... 22.8 
Through '/,s-in. round-hole screen over #/ain., percent... 17.4 
Through 2/e-in. round-hole screen over '/32in., percent. . . 17.3 
Through !/32:-in. round-hole screen over, per cent.......... 28.7 
TABLE 19 OPERATING DATA, 1945 
Without 
reburning 
fines 
Average coal fired, lb per sq ft per hr.................... 36.9 
Normal daytime combustion rate, lb per sq ft perbr........ 41.8 
Fines collected in relation to coal fired, per cent............. 10.3 


(Boiler-pass hoppers + cinder-trap collection) 


smaller sizes are economical to use even with the attendant dif- 
ficulties described, but at a more distant point, such as Phila- 
delphia, it is a serious question whether it is justifiable to burn 
any size smaller than No. 3 buckwheat, as in burning this larger 
size, the difficulties pointed out by the author would be of very 
much smaller magnitude. 

As an example, at one of our plants where the freight rate is 
very low, No. 3 buckwheat of standard quality delivered costs 
$3.91 per net ton, while No. 4 buckwheat costs $3.01 per net ton. 
In Philadelphia, the comparable figures are $5.63 and $4.73, 
respectively. The differential based on No. 3 buckwheat price 
is 23 per cent in our case and 16 per cent in the case of a plant in 
Philadelphia. This indicates less economic justification for using 
sizes smaller than No. 3 buckwheat when the plant is located at a 
considerable distance from the mines. 


J. H. Kerricx.‘ Mr. Gladden ably demonstrates the prob- 
lems involved in burning river coal. The writer is particularly 
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impressed by two important factors brought out in this paper. 
First, the quality of the product from dredging operations used in 
the data submitted, is, as clearly indicated in the paper, inferior 
to the product produced by the Anthracite Industry for such pur- 
poses. The Bureau of Mines’ generously qualify dredged river 
coal as follows ‘Ordinary drainage, but more particularly freshets 
and floods, wash scum of the old culm bank material into tribu- 
taries of the Susquehanna, Schuylkill, and Lehigh Rivers from 
which a small amount of coal is reclaimed yearly by dredges.” 
Along with the culm an appreciable percentage of cinders, sand, 
and other detrimental constituents combine to develop a high ash 
product which is generally poorly sized for use and is uneconomi- 
cal excepting in areas adjacent to the point of removal from the 
rivers. A Bureau of Mines survey indicates an average of only 
slightly over 2 per cent of the industry production from dredging 
operations. 

As the author reports average of 18 per cent ash for the river 
coal used in the tests and the sizing represented an average of 
over 30 per cent minus */g in. round mesh screen, the product 
does not represent an anthracite of acceptable quality within the 
standards set by the Anthracite Committee and would have been 
condemned for shipment by producing companies operating under 
the Anthracite Committee standards. 

Secondly, the boiler used for this plant is almost identical in 
capacity with boilers installed in one of the plants we have in 
operation at our mines, However, the stoker proportions are 
considerably different. Whereas the stokers in the subject plant 
are 14 ft wide X 28 ft long, having an effective grate area of 371 
sq ft, we have stokers 18 ft wide X 23.7 ft long with an effective 
grate area of 424.5 sq ft.6. The advantage of the broader stoker is 
primarily in being able to feed a given amount of fuel in a thinner 
layer or bed thus providing better fire control as well as generally 
lower zone pressures, resulting in better control of gas velocities. 
These factors are direct contributors to fly-ash control. The 
additional grate area permits a lower burning rate per square foot 
for a given demand which further reduces the gas velocities with 
corresponding reduction of solids entrained in the gases. 

In a series of tests conducted in our plant using several classi- 
fications of anthracite we determined that the susceptibility of a 
particular anthracite to rapid initial ignition and ignition through 
the bed had much to do with the pressurés required in the various 
zones through the stoker. The more susceptible the anthracite 
the lower pressure required with resultant lower gas velocities 
and correspondingly lower carry-over. 

Spot samples of carry-over at our operations over a period of 
time justify the present practice of returning the carry-over in 
the first pass to the furnace through slots in the rear arch roof 
and the balance, which represents only about 15 per cent of the 
total carry-over, and is of extremely low Btu value, is passed 
directly to the ash sluice. 

River coal which has oxidized through the years and is further 
contaminated by foreign material in its travel down streams pre- 
sents problems in burning not encountered with properly cleaned 
and sized anthracite. 

Mr. Gladden’s carefully developed paper serves a useful pur- 
pose. It demonstrates the poor economy in the general use of 
river coal. 


Joun Van Brunt.’ It has been the practice in all recent in- 
stallations burning No. 4 buckwheat to recover and reburn all 
cinder collected from the boiler passes, as well as that collected 


5 Bureau of Mines Technical Paper No. 659. 

*“‘The Performance of Anthracite on Traveling-Grate Declines 4 
by J. H. Kerrick, Miscellaneous Paper No. 15, 1941. 
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in efficient dust collectors between the boiler and the stack. 

The first installation in which cinder recovery was practiced 
was made about 25 years ago at the Nanticoke plant of the Glen 
Alden Coal Company. A portable motor-driven blower was 
moved from boiler to boiler and connected to the third-pass boiler 
hopper, and the dust accumulated in the hopper was blown into 
the rear of the stoker furnace. Thus the cinders were inter- 
mittently fired, during which period the capacity of the boiler 
would increase about 20 to 25 per cent for periods of 10 to 20 
min, depending upon the time in which the cinder was burned. 

Recent practice dictates that this cinder should be returned to 
the boiler continuously. 

With a coal of a given fineness content, there is a direct rela- 
tion of cinder carry-over to capacity or rating. These losses are 
proportioned to some power of the capacity, depending upon the 
arrangement of hoppers, the design of the furnace, and the size 
distribution of the coal. 

Also, at a constant combustion rate, the losses are propor- 
tional to the undersize probably in a straight-line relation. The 
standard screening for No. 4 buckwheat is through a #/3:-in. 
and on a 3/-in. screen with not over 20 per cent through a 3/g-in. 
screen. Undersize is considered to be that coal which passes 
through a */-in. screen. 

In tests 1 to 5 of the paper, the losses due to unburned carbon 
are, respectively, 3.6, 4.4, 8.9, 11.4 and 19.8 per cent. Neglect- 
ing that portion of cinder which goes to the atmosphere, and 
returning only the cinder caught in the second and third passes 
and the stack base, and burning 85 per cent of this cinder, the 
losses would be reduced by 3.05, 3.7, 7.5, 9.8, and 16.8 per cent, 
respectively. Taking No. 4 test as an example, it may be as- 
sumed that the efficiency of the unit without cinder return would 
be approximately 70 to 71 per cent. By returning the cinder and 
saving 9.8 per cent, the efficiency would be raised approximately 
to 80 to 81 per cent. Test No. 5 shows an operation which is 
beyond the proper range of capacity for this type of fuel. If 
all of the cinder is returned and burned, the dust-loading of the 
gas would be so high as to result in excessive erosion on the boiler 
tubes and baffles. 

Recent heat-balance tests on a 200,000-lb unit at the Jennison 
Station of the New York State Gas and Electric Company, fired 
by a C-E traveling-grate stoker, burning No. 4 buckwheat, 
showed over-all efficiencies of 84.7, 87.6, 86.3, and 85.3, at ca- 
pacities of 153,000, 208,000, 107,000 and 126,000 lb of steam per 
hr, respectively. The corresponding combustion rates were 24, 
31, 16.4, and 19.2 lb per sq ft of grate. The corresponding cinder 
losses were 3.8, 2.88, 3.2, and 4.32 per cent. Of this figure ap- 
proximately one third is ash-pit losses, and the balance is due to 
cinder passing through the dust collector. 

At the Cedar Street plant of the Pennsylvania Power and Light 
Company, a similar installation is operating at an efficiency of 
about 83 per cent by the month. Also, a similar installation at 
the Caleo Chemical Company, Bound Brook, N. J., operates at 
an over-all efficiency of close to 87 per cent. These efficiencies 
would not be possible without the installation of a dust collector 
and the reburning of all material collected in the boiler hoppers 
and by the dust collector. 


AuTHOR’s CLOSURE 


There are several items of interest which have been developed 
and are presented in the discussions of this paper. The economic 
value of the carbon in the cinders and fly ash when burning small 
sizes of anthracite on traveling grate stokers has been recognized 
and roughly evaluated by a number.of consumers of this type of 
fuel. Unless this carbon is reclaimed by an efficient fly-ash 
collector and recirculated or reburned with the raw fuel there will 
result a distinct loss in over-all efficiency. The evaluations of the 


fue 
bu 
we 
the 
Be. 
No 
thr 
oth 
Mr 
sets 
due 
and 
tion 
A 
bur 
iner 
is be 
30 
of tl 
inere 
5.9 | 
less 
prov 
betw 
TI 
cinde 
settir 
comn 
The | 
recir¢ 
the a 
furna 
interf 
assist; 
result, 
been 
flame 
tendin 
partic! 
and th 
At 
steam 


] 
t 
7 
F 
A 
T 
elt 
Be 
t y 
= 
Son 
— 
= 


cinder losses by the discussers of this paper as compared with 
results found by the author are given in Table 19. In this table, 
the calorific value of the carbon in the fly ash passing over the 
cinder hoppers of the boiler setting and through the gas outlet 
to the stack or to fly-ash collectors is given in per cent of the 
heat in the dry fuel burned. 


TABLE 19 FUEL VALUE OF CARBON IN FL 
FINENESS OF FUEL AND AT D er y 
COMBUSTION 


~ 
& 
~ 


Test reference (See notes) A B Cc D E 
Rate of combustion 

Lb per sq ft grate per hr............ 18.4 25.3 30-35 34.5 54 
Fineness of fuel 

Per cent over */e in. mesh........... 70.2 58.4 92.2 67.1 56.8 

Per cent through */e in. mesh......,. 29.8 41.6 7.8 32.9 43.2 
Ash in fuel, per cent... .2.scccccsses 14.1 15.5 11.6 13.8 15.6 
Carbon in fly ash, le aving boiler setting, 

Calorific value of carbon in fly ash in 

per cent of Btu in fuel Le | bashbare 1.24 2.84 2.70 5.53 11.97 
Test Rererence Notes: 

Columns A, B, and D are computed from data given in Table 11, Tests 


VI, VIII, and IX. ‘The cinders returned from the base of the stack are in- 


cluded with the fly ash to atmosphere. 
Column C is from the ** 
Bean's discussion 
Column E is summarized from Table 17 and supplemental! data supplied 
by Mr. Frick. 


Average” column of Table 16 submitted with Mr. 


If the calorific value of the carbon in per cent of the Btu in the 
fuel burned is plotted as ordinates with the corresponding com- 
bustion rates as abscissas the results are found to conform to a 
well-defined curve, with the exception of the 2.70 per cent loss in 
the test data submitted by Mr. Bean. The coal used in Mr. 
Bean’s data, however, conforms to the standard specifications for 
No. 4 anthracite and contains less than a quarter of the fines 
through */s in. mesh that are present in the fuels used in the 
other test data. This would account for the lower carbon loss in 
Mr. Bean’s test data. It should be pointed out that the three 
sets of data compared in Table 19 were obtained from tests con- 
ducted with substantially the same general type of furnace setting 
and the same length and design of stoker. 
tion was in the stoker and furnace width. 

As Mr. Van Brunt indicates, the effect of reclaiming and re- 
burning the carbon in the fly ash leaving the boiler setting is to 
increase the over-all efficiency. Roughly, if the combustion rate 
is between 25 and 40 lb per sq ft per hr and the fuel contains over 
30 per cent fines through 3/ in. mesh, and assuming 80 per cent 
of the carbon is burned, the data of Table 19 indicates that the 
increase in efficiency should be in the order of 2.2 per cent to 
5.9 per cent. If the fuel is commercial No. 4 anthracite with 
less than 10 per cent fines through */¢ in. mesh the expected im- 
provement in efficiency would be from 0.8 per cent to 3.7 per cent 
between the same limits of combustion rates. 

The means provided for reburning the carbon in the reclaimed 
cinders and fly ash both from the cinder hoppers in the boiler 
setting and from the fly-ash collector is important. The methods 
commonly employed have been briefly described in the paper. 
The system of continuously returning the reclaimed fly ash for 
recirculation in the furnace gases or mixing with the raw fuel 
apparently gives the best results. In the arrangement used by 
the author where the cinders and fly ash are returned to the 
furnace through rotating traps which prevent back draft from 
interfering with the free gravity flow of the material, and with the 
assistance and admixture of a jet of preheated air, very excellent 
results have been obtained. Through inspection openings it has 
been observed that the finer particles ignite at once and form a 
flame beginning near the entrance through the rear arch and ex- 
tending forward around the nose of the arch; some of the cinder 
particles become incadescent and follow the furnace gas stream 
and the coarser cinders fall well forward onto the grate. 

At the Cherokee Ordnance Works, the two 110,000 Ib per hr 
steam generators operated for several months at over-all monthly 


The principal varia- 
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average efficiencies of over 80 per cent. A series of boiler and 
furnace efficiency tests were conducted on one of the Cherokee 
110,000 Ib per hr steam generators using coal from the same 
stock pile and of similar fineness to that described in Tables 5 
and 12. The description and results of these tests have been 
published* and in Table 20 a summary is given of the results ob- 
tained. The coal used in these tests was approximately 80 per 
cent dredged river coal and 20 per cent freshly mined No. 4 and 
No. 5 anthracite. Cinders from boiler setting and fly ash from 
base of stack are recirculated. 


TABLE 20 HEAT BALANCE OF EFFICIENCY TESTS OF 110,000 
LB PER HR STEAM GENERATOR 

Output in lb per hr.. 54,160 73,548 97.433 119,720 
Comision rate, per. sq ‘ft ‘grate 

14.2 18.9 25.4 32.2 
Heat ghesstoed by water and steam in 

boiler and superheater, per cent.... 81.9 83.1 82.2 80.8 
Loss due to moisture in coal, combus- 

tion of hydrogen, and continuous 

blowdown, per cent........ ‘ 4.1 4.1 4.9 5.0 
Loss due to dry gases, per 

Loss due to combustibles in ash refuse 

and siftings through grate, per cent. 3.0 1.9 1.6 ) 
Loss due to combustibles in fly ash, per 

0.6 1.2 2.6 4.4 
Radiation and unaccounted for per 

2.7 2.5 2.3 2.1 


Mr. Kerrick’s remarks are of particular interest in emphasizing 
the inferior quality of dredged river coal as compared with that 
acceptable for shipment by the Anthracite Committee. As both 
Mr. Kerrick and Mr. Frick point out, it is unquestionably true 
that anthracite of the fineness and high-ash content as described 
in the author’s paper cannot compete with higher-quality fuels 
in regions remote from the source of the river coal. A simple 
economic study at a given locality of the prices of the various 
small sizes of anthracite steam coal, considering also the trans- 
portation and handling charges and the relative over-all efficien- 
cies to be expected, will reveal the most economical fuel available. 
It is the one of the purposes of this paper to indicate the over-all 
efficiency that may be expected when burning the smallest sizes 
of anthracite in furnaces and boiler settings of recent design. 
Table 21 is a tabulation of production statistics from the Anthra- 
cite Institute in which the production of steam coal sizes of anthra- 
cite for 1944 is compared with that for 1940. 


TABLE 21 ANNUAL PRODUCTION OF ot tt ITE STEAM 
COAL IN MILLION NET TON 

1940 1944 Increase 
Buckwheat. 7.08 8.53 20.5% 
Barley... aware . 4.59 6.26 36.5 
No. 4 and No. 5. eve See 3.30 103.7 
Dredged River Coal. ; 94 1.37 45.7 


This table indicates that on a percentage basis the production of 
the finer sizes of anthracite steam coal has been increasing more 
rapidly than the coarser sizes. This increasing use of the smallest 
sizes of anthracite has no doubt been stimulated by the scarcity 
of fuel during the war years. Meanwhile, however, stokers have 
been designed to effectively burn the smallest sizes without ex- 
cessive carbon loss through siftings or to the ashpit, water- 
cooled furnaces are available which will prevent fusion of the fly 
ash, and mechanical fly-ash collectors and fly-ash recirculation 
systems are procurable which enable this type of fuel to be 
utilized very efficiently in boiler furnaces. Mr. Frick, in the 
presentation of his paper on “Grinding of Anthracite for Pul- 
verized Fuel’’® and in other papers by the same author, has 


8 Published in Combustion, November, 1945. 

® “Grinding of Anthracite for Pulverized Fuel,” by C. H. Frick. 
Presented at the A.S.M.E. Fuels Division and the A.I.M.E. Coal 
Division, Philadelphia, Pa., Oct. 24 and 25, 1946. 
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zed anthracite. that in the future mining and dredging operations will have no 
fine anthracite difficulty in finding an active market for the very fine fuel that 


years it is likely formerly was wasted. 


described designs of furnaces for burning pulveri 
Since many installations designed for burning 
have been in successful operation during recent 


Rah 
cha 
the 
= 
OP 
PORE 
ern 
Ste 
: 
A. 
ee 


Burning Low-Grade Midwestern Coals on 


Spreader Stokers With Continuous Ash 


Discharge 


[nstallation at the Lowa Falls, Towa, Generating Station of 


The use of a spreader stoker with continuous ash dis- 
charge for firing a combustion boiler rated at 125,000 Ib 
per hr, 420 psig, 750 F, at the superheater outlet, is de- 
scribed. Design data relating to the furnace, waterwalls, 
the convection section of the boiler, superheater, air 
heater, forced- and induced-draft fans, cinder-return 
system, overfired-air system, combustion control, and the 
stoker are given. The characteristics of the coals of north- 
ern Illinois and Iowa fields are discussed, together with the 
operating results obtained. Experiences of this public- 
utility company in the operation of the unit are described 
and comments of other operators of similar equipment in 
central-station service are included. Conditions found in 
the furnace, convection section of the boiler, superheater, 
air preheater, precipitator unit, fans and stoker, are de- 
scribed. The inspection condition covers 6000 hr of opera- 
tion of the unit. 


N order to meet the increasing demand for electric service in 
northwestern Iowa, the Central States Electric Company 
placed in operation its new generating unit at the Iowa Falls 

Station on July 20, 1945. The boiler and turbine unit have been 
in continuous and uninterrupted operation for 5352 hr since that 
date. The purpose of this paper is to describe the salient fea- 
tures of the steam-generating unit, its stoker-boiler appurte- 
nances, the reasons for their selection, and the operating results 
obtained. 

The fuel readily available is bituminous coal of the lower rank 
from the Illinois and Iowa fields. Coals of this character, while 
economically desirable to use, nevertheless present: certain prob- 
lems in their burning, due to their rather high ash and moisture 
contents and particularly the softening point of the ash which 
approximates in the Northern Illinois and Iowa fields a softening 
temperature of 1950 F, as determined by the A.S.T.M. specifi- 
cation. 

The grindability index (Hargrove) varies between 52 and 62. 
Obviously, such coals used in a pulverized form réquire a large 
amount of power for their pulverization. Pulverizers for a steam- 
generating unit of 125,000 lb per hr capacity would require two 
pulverizing units, each driven by 125-hp motors, including the 
exhauster power, each pulverizer unit representing approximately 
70,000 lb of steam capability. It was desirable to reduce the so- 


+) Engineer, Central States Electric Company. Mem. 
S.M.E. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 17-20, 1946, of Taz AMERICAN 
Sociery or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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By J. M. DRABELLE,' CEDAR RAPIDS, IOWA 


TABLE 1 DESIGN DATA; TYPICAL PROXIMATE ANALYSES; 
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Iowa coal 
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Illinois coal 
Laboratory no. 203A 
Particulars........... 
Moisture, per cent 


As received Dry basis As received Dry basis 
17.91 6.56 


Volatile matter, per 

errr 34.27 41.00 38.88 41.63 
Fixed carbon, per cent. 32.82 40.00 45.75 48.94 
Ash, percent.......... 15.00 18.30 8.81 9.43 
Sulphur, percent...... 2.58 3.1 2.37 2.54 
Btu content. ......6.5. 9625 11756 12404 13281 

ULTIMATE ANALYSES 

rere 53.6 65.4 65.6 70.4 
4.2 5.1 5.1 5.3 
Os, per'cent........-.. 5.6 6.8 9.4 10.1 
Ne, POF COME... 1.2 1.5 1.5 1.6 
eee 2.5 3.0 2.4 2.5 
percent......... 17.9 6.6 wes 
Ash, per cent.......... 15.0 18.2 9.4 10.1 


Ash-softening A.S.T.M.; 1950 F 
Analyst: Dr. H. L. Olin, Department of Chemistry, University of Iowa. 


called “station light and power,” or perhaps better described in 
railroad language ‘‘parasite’’ power, to the absolute minimum; 
consequently, the adaptability of the spreader-type stoker was 
investigated. While perhaps the theoretical efficiency of spreader 
firing is slightly below that of the pulverized-fuel system, never- 
theless a difference between 250 hp installed, 200 hp input to 
motors, and 30 hp for the operation of the fuel-burning equip- 
ment was a factor that could not be overlooked. 

The entire design of the new generating section of the Iowa 
Falls Station has been based on the effort and, incidentally, the . 
results obtained by keeping parasite power to the absolute 
minimum, at the expense of a few theoretical heat units. 

The auxiliary power required by the stoker and the cinder- 
return system is given in Table 2. 


TABLE 2 AUXILIARY POWER REQUIREMENTS 


No. Horsepower each Total horsepower 
Spreader units...... 2 3 
Chain sections...... 2 1 2 
Overfire air......... 1 10 10 
Cinder return....... 1 15 15 
Total stoker and firing sytem...................220-. 30 


“The cinder-return fan is rated 2100 cfm, 300 F, delivery pres- 
sure 15 in. water gage. 

The overfire-air fan is rated 3000 cfm, 70 F, delivery pressure 
10 in. water gage. ‘ 

The successful firing of fuel by a spreader stoker depends on 
the sizing of the coal in order to get good and uniform distribution 
throughout the furnace. A sizing crusher has been installed 
which reduces the coal as received from whatever size it may be, 
usually 1!/,-in. screenings, to °/,-in. and undersize. 

When firing coals of this type, the temperature and velocity 
of the furnace gas entering the boiler section is of course extremely 
critical. In order to prevent the deposit of fly ash forming into 
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a slag and choking the gas passages and the superheater, every 
other tube of the back-wall section of the furnace is bent forward 
into the furnace as shown in Fig. 1, thus providing liberal gas 
passages, and at the same time preventing the superheater from 
“seeing” the fire. 

The furnace is essentially a cold furnace, being completely 
water cooled, except for the incidental refractory around the 
front end of the furnace at the point the spreader units throw the 
coal into the furnace. The heat release in the furnace proper at 
125,000 lb of evaporation per hr is 22,700 Btu per cu ft of fur- 
nace volume. The furnace volume is 6850 cu ft. The heat re- 
lease per square foot of back wall and roof surface is 99,000 Btu 
per sq ft per hr. 

The heat absorption in the several sections of the unit based 
on the design data of the Combustion Engineering Company at 
the 125,000 lb per hr steaming rate is as follows: 


31.4 per cent 


The average temperature of the furnace gases entering the 
boiler is 1980 F under the foregoing conditions. 

No refractory is used at or around the stoker ledge, and at no 
time has the furnace been smoky or dirty, nor has there been any 
difficulty with ignition. 

All fly ash collected in the various passes of the boiler and the 

- dust collector is returned and reinjected into the furnace. In 
order to reduce wear on the induced-draft fan, it is installed after 
the dust collector. The amount of combustible in the fly ash, 

collected at the various passes of the boiler and the Western Pre- 

cipitator ‘“multiclone” collector is given in Table 3. 


SreamM-GENERATING Unit aT Iowa Favus STATION OF CENTRAL States Evectric CoMPANY 


TABLE 3 FLY-ASH ANALYSIS 


Point of sample , Combustible, per cent 


No. 1 pass (superheatersection).............. 19.58 
No. 2 pass (convection section).............. 10.36 
No. 3 multiclone 17.96 


The combustible in the ash discharged from the stoker after 
the reinjected fly ash, as in Table 1, has been discharged into the 
furnace and upon the fuel bed, as given in Table 4. 


TABLE 4 COMBUSTIBLE IN STOKER ASH 


Sample no. Combustible, per cent 
1886 3.00 
1889 2.33 
1893 1.92 


There has been absolutely no cinder nuisance around the sta- 
tion. The stack has been clean at all times. 

The combustion rate and other data pertaining to the firing 
of coal on the stoker are given in Table 5. 


TABLE 5 COMBUSTION-RATE DATA; CONTRACT CONDITIONS 
(Coal 9500 Btu, as received) 


Steam Coal 7S sq ft Btu per sq ft 
output fired, of grate of grate 

lb per hr Ib area per hr area per hr 
125000 16600 54.0 511000 
80000 11020 36.4 345000 
40000 5500 18.3 173000 


The boiler unit is a Combustion Engineering Company type 
VUX unit, having a rating of 125,000 lb of steam per hr. design 
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pressure 450 psi, steam temperature 750 F. The principal 
boiler data are given in Table 6. 


TABLE6 STEAM-GENERATING-UNIT DATA 


Boiler: 
3 in. on 7 in. centers® 


« First two rows arranged 3 in. on 3!/2:-in. centers, opened up at entrance 
to first pass to 3 in. on7-in. centers. 


Superheater: 
Henting surlace, 06 
Diam, Centers, Total 
Waterwalls: No. tubes in. in. HS, sq ft 
Front wall ....... 35 3 7 440 
60 3 51/5 1220 
35 3 7 
2140 
Nore: Heating surface is total surface of tube for its exposed length. 


Per cent 


Total area, Tubes only, wall 
Projected area: sq ft sq ft surface 
Front wall......... 545 140 25.6 
278 118 42.5 
Rear.. 565 450 79.6 
2078 1098 
Stoker: 


Size 20 ft, 3in. wide X 15 ft, 8in. center line to center line shafts; Equiva- 
lent to 14 ft, 10 in. from stoker front plate to center line rear stoker shafts 
Airheater; tubular type: 
Heating surface, sq ft 
No. of air passes............. 3 
Steam temperature control: _ 
By-pass damper to maintain 750 F from 80,000 lb to 125,000 lb evapora- 
tion; manually operated 
Soot-blowing system: 
14 standard revolving elements (double system) for the boiler; 4 retract- 
able elements in furnace roof; 10 additional wall boxes inside walls for 
future wall blowers 


The blowers listed in Table 6 are of Diamond manufacture. 
The retractable elements in the furnace roof are for the purpose 
of cleaning the tube section at the entrance to the superheater 
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and convection section of the boiler. Slag deposits, their point 
of deposit, and their removal are always uncertain. Ten addi- 
tional wall boxes were provided in furnace side walls for future 
wall blowers if furnace conditions indicate their necessity. How- 
ever, furnace temperatures and general cleanliness of the furnace 
have been such that they have not been installed. 

The furnace is completely water-cooled, Fig. 1. No refrac- 
tory is installed in the furnace proper, except the refractory which 
“looks” at the fire between the furnace wall tubes and at the 
stoker. The principal dimensions of the furnace are as follows: 


Average height, grate to roof.................. 26 ft 6 in. 
Depth center*line front wall to center line of rear 

Width, center to center of tubes................. 20 ft 11'/4in. 


Provisions are made for gas-firing if and when natural gas 
might become available, by allowing openings in the front wall 
of the furnace with the front-wall tubes suitably bent and trained 
for the gas burners. Up to now no gas burners have been in- 
stalled. 

The stoker is a Detroit Stoker Company rotograte spreader- 
type unit, having six feeders, Fig. 2. These are grouped into 
two sections of three units, each section driven by a 1'/2-hp motor. 
The rotograte is of the continuous ash discharge, discharging 
into the ash pit at the front of the boiler. Fig. 3 shows the fur- 
nace and ash discharge. This grate section is divided into two 
sections, each independently driven by a 1-hp motor. Pre- 
heated air is used under the grate at a temperature maximum of 
300 F. 

Cinder Collector. A Western Precipitation Corporation multi- 
clone collector, rated at 60,000 cfm at a temperature of 390 F, 
2 in. water-gage pressure drop, type 9-V-G-12, size 120-8, is in- 
stalled for the purpose of catching any cinders or fly ash which do 
not drop out in the several passes of the boiler. From this and 
the other passes of the boiler, this collection is returned to the 
furnace. This collector also acts to protect the induced-draft 
fan from cinder and fly-ash corrosion and erosion. 
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Fic. 3. FuRNACE AND ASH DISCHARGE 


Fans. The fans for the unit consisting of the forced-draft 
and induced-draft fans are of American Blower manufacture. 

Forced-Draft Fans. The forced-draft fan is a double-inlet 
high-speed type, equipped with variable inlet vanes for volume 
control, ball bearings mounted on independent pedestals, and 
direct-connected to a 75-hp, 1760-rpm, 440-volt, 3-phase, 60-cycle 
squirrel-cage across-the-line type starting motor. It has a 
maximum rating of 43,700 cfm at 8 in. SP when running 1760 
rpm and requiring 77.5 bhp at 100 F. 

Induced-Draft Fans. The induced-draft fan is a double-inlet 
“Sirocco”’ low-speed type with forward curved blade wheel with 
blade wearing pads, complete with two inlet boxes, each with 


TRANSACTIONS OF THE A.S.M.E. 


BOILER METER 


APRIL, 1947 


dampers. The fan housing is made slightly oversize to allow for 
1!/,-in-thick Gunite lining to resist abrasion. 

The fan has water-cooled self-aligning bearings mounted on 
independent pedestals and is driven through an American Blower 
Corporation hydraulic coupling by a 150-hp, 720-rpm, 440-volt, 
3-phase, 60-cycle motor, squirrel-cage type, for across-the-line 
starting. 

The hydraulic coupling is used for varying the fan speed to suit 
boiler requirements, and the inlet-box dampers are used for 
shutoff purposes and control at very low ratings, because of the 
unusually high stack draft available on this installation. It has 
a maximum rating of 74,000 cfm at 7.75 in. when running 675 
rpm and requiring 133 bhp at 396 F. 

Auziliary Fans. 

Cinder-Return System. Buffalo, 2100 cfm, 300 F, 15 in. water- 
gage pressure, 15-hp motor. 

Overfire Air System. Clarage, 3000 cfm, 70 F, 10 in. water-gage 
pressure, 10-hp motor. 

The cinder-return fan gets its air supply from the outlet of the 
air preheater. 

The overfire-air fan takes its supply from the boiler room. 

Combustion-Control System. The co-ordinated system of 
Bailey boiler control for combustion and feedwater has performed 
in a most satisfactory manner. 

As illustrated in Fig. 4, this system controls both the fuel 
feed rate of the rotograte stoker and the induced-draft fan and 
damper from steam pressure. To insure optimum combustion 
efficiency at all times, automatic readjustment of the induced 
draft is provided when required by a control impulse originating 
on the boiler meter. 

Furnace draft is controlled by regulation of the foreced-draft- 
fan inlet vanes. The overfire-air damper is controlled in parallel 
with the forced-draft inlet vanes. 

The Bailey three-element feedwater control system which is 
based upon measurements of steam output from the boiler, feed- 
water input, and boiler-water level, receives its operating im- 
pulses from the boiler meter, the feedwater meter, and the boiler- 
water-level meter. 
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Complete flexibility of the control system is provided by man- 
ual-automatic selector valves located on the boiler control panel. 
By use of these valves, operators may apply remote manual con- 
trol to forced draft, induced draft, fuel feed, and feedwater. 


OPERATING RESULTS AND EXPERIENCES 


The operating data and conclusions are based upon a con- 
tinuous and uninterrupted run of the unit from July 20, 1945, 
to February 28, 1946, and the month of March, 1946, included 
in comments, together with the inspection results shown when 
the unit was taken down for a shakedown inspection on March 
31, 1946. These data are from the records of the recording in- 
struments and station records. They are not code test results. 
The operating record is given in Table 8. 


TABLE 7 ANALYSIS OF FUEL THAT HAS BEEN BURNED 


Class. Btu per Moisture 

Lab. Ib as Ash, air dry, 

Type no. Field firemen received percent per cent 
Strip pit.... 1886 Nor. Ill. Bad 9296 9.47 8.12 
Strip pit.... 1889 Nor. IIl. Fair 11410 7.58 12.56 
Shaft. Wor. Good 12065 8.51 6.72 

Ash fusion A.S.T.M; 1950 F softening. 
TABLE 8 BOILER AND STOKER OPERATING DATA 

No. of days continuous operation..................000005 223 
No. of hours continuous operation...................6.. 5352 
Steam flow, 48,000 lb per hr, COs percent ................ 11 
Steam flow, 70,000 lb per hr, CO: percent................. 12.2 


Note: With the steam-flow and air-flow pens of the Bailey Boiler Meter 
in coincidence, 146 per cent total air is supplied, corresponding to a CO: 
value of 12.5 per cent, O: of 6.7 per cent, and CO of 0 per cent. 


From the recording charts of the Bailey instruments, the data 
given in Table 9 are indicative of the performance of the unit 


at various rates of steam flow. 


TABLE 9 BOILER, STOKER, PERFORMANCE 


Feedwater Steam Gas leaving Air leaving 
Steam flow, temp temp, air heater, air heater, 
Ib per hr deg F deg F deg F deg F 

55000 295 690 345 290 
64000 310 682 352 293 
7 308 700 350 295 
103000 350 735 375 292 
120000 360 740 390 292 


No code test has been run on the combined unit, but from a 
test of 8 hr duration, using the station instruments, an indicated 
efficiency of 84.97 per cent has been obtained at an evaporation 
tate of 88,000 Ib per hr. 


The dollar performance of the combined unit is given in 
Table 10. 


TABLE 10 BOILER-ROOM OPERATING DATA 


Cost per M lb of 
water evaporated 


Water exclusive of 
Month maintenance,* 


59711 30.38 
1946 

59618 31.68 
300116 30.62 


* Boiler-room cost, exclusive of maintenance, includes boiler-room oper- 
ating labor (firemen, coal- and ash-handling and supervision), water and 
treating chemicals, fuel and cost of storing fuel. 


Note: The water evaporated and fuel burned during the period August 
1,1945, to January 31, 1946. 


No basic or serious difficulties in the operation of the stoker, 
fumnace, or boiler occurred after the grate speeds and the adjust- 
ment of the coal feeders had been made to conform to and be a 
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part of the combustion-control system. The operating difficulties 
such as have occurred were minor in character and concerned 
the auxiliaries. Some of these are noted as follows: 


1 The cinder-collector return system gave some difficulty 
due to the fact that the cinder gates which are motor-operated 
were too large and were underpowered. This was corrected by 
changing these gates from 10 in. to 6 in. and reducing the speed 
from 19 rpm to 3 rpm. 

2 The cinder-return system gave some difficulty in the fur- 
nace owing to too-high air pressure, causing the return material 
to be thrown against the side wall of the boiler, resulting in 
slagging and clinkering on the side walls. This was corrected 
by cutting down the air pressure on the return system, and ad- 
justing the nozzle, so this returned material was thrown down 
upon the grate of the stoker. 

3 An automatic control system actuated by ‘Bindicators”’ 
is used for filling the stoker hopper. This gave some trouble be- 
cause of failure to operate properly. It was corrected by changing 
the weights on the Bindicators, making them more sensitive to 
fuel level in the stoker hopper. 

4 The usual difficulties of coal sticking in the day hopper 
have occurred. This day hopper receives the sized coal from the 
sizing crusher. The principal difficulty was due to wet and frozen 
coal. With the addition of a few poke holes, this difficulty 
disappeared. 


As previously stated, the unit has been in continuous and un- 
interrupted operation from July 20, 1945, to March 31, 1946, 
and has not been shut down for any cause. A shakedown 
inspection was made, beginning March 31, 1946, when wear 
conditions on the grate, the coal-firing mechanism, the coal- 
feeder mechanism, and other parts were then determined. 

The unit has been extremely flexible, handling all grades of 
coal without operating difficulties; the firing has been extremely 
flexible, in fact, the men operating the unit consider it to 
be flexible on either gas or oil, and it has followed all system 
load changes without any difficulty. 

There has been only one instance of trouble with the boiler, 
which involved a defective casting for a water column; this was 
replaced. The steam temperature is about 50 deg F, low at the 
80,000-Ib point; this will be corrected by the installation of 
a ‘‘kicker baffle” in the superheater pass of the boiler, Fig. 1. 

The chemical treatment of the make-up water to the boiler 
has been entirely satisfactory, the treating system consisting of a 
filtering bed of carbonaceous material; for softening, carbona- 
ceous zeolite operating on the sodium cycle is used. Phosphate is 
pumped directly to the boiler drum to take care of any residual 
hardness. The steam purity as indicated by an L. & N. recorder 
runs consistently at an average value of 1.2 micromhos per cu 
em at the superheater outlet. The feedwater treatment has 
been under the supervision of Dr. Frederick G. Straub of the 
University of Illinois. 


COMMENTS ON FrrRING WITH SPREADER STOKERS 


The following observations may be made relative to the use 
of the spreader stoker for firing boilers of the larger classifications 
in both public-utility and industrial plants: 

These stokers are operating satisfactorily on coals of Northern 
Illinois, Iowa, Kansas, and the Missouri fields in the bituminous 
groups, and on lignites of South Dakota, Montana, Wyoming, 
and Colorado. 

The stoker is particularly adaptable to firing coals of the types 
which are high in volatile, moisture, and ash. Reported main- 
tenance on all units is low owing to the very low speed of the 
chain-grate section of the stoker, and the fact that the firing 
mechanism is located outside of the furnace. 
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There is a definite preference on the part of the larger industrial 
and public-utility operators for the continuous-ash-discharge 
system as compared to the dump-type grate for the following 
reasons: 


1 Acleaner boiler room results. 

2 No loss in rating on the continuous ash discharge as com- 
pared to approximately 20 per cent average drop in capacity 
where dumping grates are used. 

3 Lower combustible loss in the ash pit with the continuous- 
ash-discharge system, as compared to the dump-grate system. 


A throw of coal of about 14 to 15 ft is regarded as the maxi- 
mum, Consequently, as boiler outputs are raised, a longer drum 
boiler obviously results. A sizing crusher was the universal 
recommendation of all those using this type of firing, as the 
spreader mechanism is apparently sensitive to variation in coal 
sizes, and for good continuous operation a uniform size of fuel is 
necessary. 

Fly ash is troublesome if a collector is not used for the return 
of this material to the furnace. The fly ash contains a considera- 
ble amount of combustible, and if discharged from the stack 
can constitute a definite nuisance around the power station. 
Further, the collector is very desirable to reduce the wear on the 
induced-draft fans by reducing ash impingement. 

Numerous cases of growth of castings on the dump grates of 
the dumping type of spreader stokers have been reported, causing 
binding and other difficulties as well as a tendency for ash to 
collect in air holes, requiring cleaning and outage of the unit 
at approximately 3-month intervals. 

When operating under a banked condition, the fuel bed re- 
quires frequent renewal due to its basic thinness and tendency 
to burn out rapidly. 

Due to a thin fuel bed and small amount of coal actually 
burned on the grate, in case of fuel interruption, the fire burns 
out very quickly, in approximmtely 3 to 4 min if the coal feed or 
stoker spreader stops. 

The good points of the stoker as emphasized by all users may 
be summed up as follows: 


1 It will burn practically any coal available if the sizing is 
reasonably uniform and not too high in moisture to prevent 
proper feeding. 

2 It has a very quick pickup in rating, following the com- 
bustion-control system very closely. 

3 It will come up very quickly on a live bank. 

4 When cold, a fire can be started rapidly, and the unit 
brought up to header pressure very fast; in fact, faster than the 
safety of other parts of the boiler and brickwork might dictate. 


Our conclusions on the Central States system after operating 
this unit for several months may be summed up as follows: 


1 The operation of the stoker, boiler, furnace, and all auxilia- 
ries has been eminently satisfactory, and the few difficulties that 
have been experienced have been minor in character and easy of 
correction. 

2 The stoker will burn and has burned successfully any type 
or kind of coal fed into the hopper with good consistent operating 
results. - 

3 There has been a minimum of operating labor around the 
unit and it is particularly adaptable to automatic combustion 
control. 

4 All indications are that the maintenance on the unit will 
be extremely low. 

5 There has been no cinder nuisance around the station due 
to the operation of the cinder-collecting and return system. The 
stack has been clean and clear at all times. 

6 The purchasing department has not been handicapped in 
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the purchase of fuel due to the fact that no specially selected 
type of fuel has been required for firing the unit. 


INSPECTION SUMMARY 


During the period of March 31, 1946, to April 10, 1946, the 
combined unit, boiler, turbine, and all auxiliaries were taken 
down for a shakedown inspection. The unit at that time had 
an elapsed running time of 6072 hr of continuous and uninter- 
rupted operation. 


1 No deposits of slag were found on the waterwall, roof tubes, 
or at the gas inlet to the superheater pass of the boiler. 

2 No slag or fly-ash deposits were found on the superheater 
tubes. 

3 The convection section of the boiler was clean and no tube- 
cutting was found from the soot-blowing equipment. 

4 There was no evidence of any erosion or corrosion in the 
tubular-type air preheater. 

5 The precipitator unit was found to be in excellent condi- 
tion. The only change made on this was that the 10-in. dust 
valves were removed and 6-in. dust valves installed. 


There was no observable wear on the induced-draft-fan wheel 
or the Gunite case lining. 

The stoker mechanism, including the rotating spreaders, 
feeders, chain, grate, and chain-grate, drive, was examined; no 
wear was found. The drive chain on one chain section was 
tightened 1 in. 

The water surfaces of the boiler, waterwall headers and tubes 
were examined, and were found to be clean and free from deposits. 
The drum and the tube surfaces had a very thin dark reddish 
brown layer through which shop paint could be clearly read. 
The chemical feed line carrying phosphate into the drum was 
found nearly plugged with a dark black material, probably car- 
bonized tannin that is used in the phosphate mixture. 

The unit was returned to commercial service April 10, 1946. 


Discussion 


J. M. Bowman.? Similar operating results and experiences 
as those given by the author have been obtained at the writer's 
plants. The following operating data on spreader stokers are 
given to supplement those of the paper. 

We are burning */,-in. and 1'/,-in. raw screenings from the 
Illinois and Indiana coal fields on 6-section Detroit Rotograte 
stokers in Foster Wheeler 3-drum bent-tube boilers having a 
steam capacity of 210,000 lb per hr for each boiler. These 
boilers are completely waterwalled. They operate at 220 psi and 
a total temperatu:”¢ of 520 F at the superheater outlet. Each 
boiler is equipped with an economizer but not air preheater. 

The first installation of, a Rotograte stoker in our power- 
house was made in November, 1940, and the first complete in- 
spection and overhaul on the grate was made in May, 1946 
with the following conditions found: 


Number of hours in service.............eeeeseeeee 37,845 
Tons of coal burned on grate...............-s000. 285,605 
Pounds of water evaporated by boiler, M lb........ 4,728,860 
Total cost of grate maintenance for service hours... $1201.49 
Total cost of spreader maintenance for service hours.. $1500 
Cost of grate maintenance per ton of coal burned, 

Cost of stoker maintenance per ton of coal burned, 


Upon inspection of the grate at the end of the 37,845 service 
hr, we found the rear shaft on each section was undercut from 
2 Superintendent of Power Plants, The Studebaker Corporation, 
South Bend, Ind. 
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1/4, in. to 3/16 in. and the sprockets slightly worn on top but 
badly grooved on the inside owing to lack of lubrication and the 
fine siftings working their way between the sprocket and shaft. 

Also the grate-bar pins showed signs of wear and most of them 
were badly bent. The pins that were worn were replaced and 
those that were badly bent were straightened by placing in dies 
and then heat-treated to be brought back to their original hard- 
ness. The loss of hardness between the old pins and a new pin 
was about 20 per cent. 


All other parts were in good condition. 

In removing the first six grate bars to make the inspection and 
overhaul, the hook on the bottom of the bar had to be broken in 
order to remove the bar because of the bent pins. These bars 
were the only ones that had to be replaced; the entire set of 
grate bars showed no signs of wear. 

To put the grates back in their original operating condition, it 
was necessary to metal-spray the undercut portions of the shafts 
and then turn them down to the original diameter of 47/\ in. 
New sprockets were installed on the rear shafts and 100 new 
grate pins were installed on the chains. 

These conditions were very gratifying, particularly in com- 
parison with the maintenance cost on underfeed, chain-grate, 
or pulverized-fuel methods of firing. 


H. C. 


The author is to be complimented on a full 
and complete record of installation and operation of the 125,000- 
lb unit installed at Iowa Falls over a period of operation long 
enough to establish the high availability of high-pressure stoker- 
fired units. Availability of these units fairly well equals pul- 
verized-fuel units of similar sizes. However, it should be borne in 
mind that the load factor on this unit over the period of operation 
noted was only 53.8 per cent, or an average output of 67,300 lb of 
steam per hr. This would indicate that the unit is not running 
as a base-loaded unit, and if it were, it is our opinion more diffi- 
culty would be experienced to sustain the base load over such a 
long period of operation. No doubt load conditions dictate this 
condition. 

It would seem that the only really low-grade fuel in the list 
shown is the Iowa coal and some of the Northern Illinois fuels. 
What portions of these coals burn are not shown, as the other 
samples of Illinois coal are quite standard. 

To the writer, the low combustible in the fly ash is unusual, 
and brings up the question whether the quantity involved pays 
to return it to the furnace. Without recirculation, we have 
found that these values run as high as 50 per cent and it would 
be interesting to know what these values are when fly ash is not 
returned to the furnace. It would be enlightening to know just 
how the overair system of reinjection is laid out. It is unusually 
difficult to reinject ash from a lower level to a higher level with- 
out difficulty, and just how this was accomplished would be 
interesting to all who have tried it. 

The combustible in the stoker ash is unusually low but it is 
characteristic of this stoker to show very low combustible 
matter in the ash. 

The high percentage of ash in the fuel used is the answer for 
low maintenance on the continuous-ash-discharge stoker grates, 
and is in proportion to the ash contained in the fuel. 

The parasite load referred to in comparing an overthrow 
stoker to pulverized-fuel operation is well taken. The power for 
reduction of coal in pulverized-fuel units cannot be overcome by 
the claimed increase in economy over overthrow operation. 
The real truth is that the overthrow type of stoker with con- 
tinuous ash disposal is establishing a preference over pulverized- 
fuel units, at least up to units of 200,000 lb of steam per hr. The 
need for the best automatic control is brought out in this paper, ° 


~~. 


*Mechanical Engineering Director of the Commercial Testing 
and Engineering Company, Chicago, II]. Mem. A.S.M.E. 
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and we do not believe that one can go too far in putting the most 
advanced equipment on these units. 

Our experience with this type of fuel-burning equipment is 
that we can fully subscribe to the advantages noted in the paper, 
and would like to add some others, as follows: 

1 The ability of this stoker to use preheated air without in- 
creased grate maintenance lends itself to the use of preheaters 
over more expensive economizers with almost equal economic re- 
sults. 

2 The burning of such a proportion of the fuel in suspension 
lends itself to a wide-open furnace, low combustion rates per cubic 
foot of furnace volume, and extensive waterwalling as noted in 
this unit. 

3 This means low heat release with less trouble from slag 
formation, which this paper fully brings out. 


A. G. Immense deposits of low-grade coals 
ranging from lignites to subbituminous varieties, occur in the 
Middle Western states and in Canada. The demands for elec- 
tricity are increasing and it is becoming necessary to use these 
low-grade fuels under boilers. These coals have different char- 
acteristics from the better grades of bituminous coals. Their 
grindability factors are generally low, requiring much power per 
ton to pulverize. The moisture content is high and frequently 
sulphur also forms an unduly high percentage. Some of these 
coals will burn on underfeed stokers but many will not. Conse- 
quently, chain-grate stokers are frequently used with more or 
less satisfactory results. Hence this paper presenting experiences 
and results with spreader stokers and a water-cooled furnace has 
special value. 


CuRISTIE.* 


One is impressed by the low power requirements of this instal- 
lation. At normal output of 125,000 Ib of steam per hr, Table 
5 of the paper indicates a fuel consumption of 16,000 lb per hr 
or 8 tons. With 30 hp for the stoker and firing system, this 
gives 3.75 hp per ton per hr, a low figure. The fan requirement 
of 200 hp is equivalent to 25 hp per ton of coal per hr. The total 
auxiliary power of the fuel-burning system is therefore 28.75 hp 
per ton per hr. 

While the combustion rate at 125,000 lb per hr of steam out- 
put is stated as 54 lb per hr per sq ft of grate area, it must be 
remembered that this fuel has comparatively high moisture 
content and also that a larger portion burns in suspension. The 
rate of heat liberation, 22,700 Btu per cu ft of furnace volume is 
moderate. 

These data show that these low-grade fuels can be burned 
successfully in a water-cooled furnace. Although the fuei had 
a low ash-softening temperature, the author states that on in- 
spection no slag was found on the water-cooled walls of the fur- 
nace or on the so-called screen tubes. Was there any slag de- 
posit on the refractory above the spreader throwers? Also what 
was the condition of the ash leaving the ash conveyer? Was this 
slagged or was it friable? 

Probably the most interesting statement to a western boiler 
operator is the author’s remark that the unit showed an operating 
efficiency of 84.97 per cent at an evaporation rate of 88,000 lb 
per hr. He also comments on the lack of smoke. This is indica- 
tive of good combustion, although some of the northern lignites 
emit little smoke in any case. 

The author has earned the thanks of engineers who have to 
deal with these low-grade fuels, for his timely contribution on an 
effective method for their utilization. 


A. J. Dory.’ This paper offers valuable data for those now op- 


‘ Professor of Mechanical Engineering, John Hopkins University, 
Baltimore, Md. Past-President, A.S.M.E. 


5 Chief Engineer, American Box Board Company, Grand Rapids, 
Mich. Mem. A.S.M.E. 
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erating or contemplating the purchase of spreader-stoker-type 
fuel-burning equipment. The information given is believed to 
confirm, in general, the findings of other operators of continuous- 
ash-discharge spreader stokers. The extreme flexibility in fuel 
selection which this equipment permits is of great advantage to 
operators who are continually striving toward steam-cost re- 
duction, 

The writer believes the comparison of power requirements 
of the spreader stoker, as against those of a comparable pulver- 
ized-fuel unit, is slightly unfair in that the requirements of the 
sizing crusher referred to as necessary for successful firing are 
not charged against the stoker operation. Perhaps this is of 
such small consequence that it has been ignored. 

It is believed by the writer that an actual accounting of the 
maintenance-cost rates per ton of fuel burned would be of value. 
It is the writer’s experience that low maintenance-cost rate is one 
of the most advantageous features of this type of fuel-burning 
equipment. During a 7-month period of operation, when such 
an accounting was made of the 90,000-lb per hr unit operated 
by the writer, this cost per ton of fuel-burned rate was found to 
be well under 1 cent. This can be compared with a rate of 27 
cents per ton of fuel required by a former fuel-burning equipment, 
firing the same boiler unit and covering a similar period. The 
outage of the unit for this maintenance work followed a similar 
comparison. 

It is believed that a word of caution is in order in connection 
with the design of steam-generation equipment to be operated 
with spreader-type stokers. The writer’s experience indicates 
that care should be used in designing the gas passages of these 
units in order to avoid excessive velocities of the abrasive cinder- 
laden gases. Holding these velocities to suitable limits will mini- 
mize the tendency toward erosion of tubes and other parts of the 
equipment. Erosion is apt to be especially severe in sections 
where crossflow occurs and where velocities exceed 35 fps. 

It is interesting to note that the percentage of combustible in 
the collected fly ash increases considerably during periods of 
nonreinjection operation. This percentage of combustible was 
found to be 66.98 during nonreinjection, as compared to a value 
of 22.92 during reinjection. These determinations were made 
while burning eastern bituminous screenings. It would be ex- 
pected that the per cent combustible in the collected fly ash 
would be lowered by burning the lower-grade Midwestern fuels 
as indicated by the 17.96 per cent shown by the author. 


J. A. Keeru.6 This paper deals with a subject of great 
interest to those using Midwestern fuels in the smaller- and 
medium-size boilers. Generally, it can be stated that the in- 
stallation described is outstanding both from the viewpoint of 
efficiency and reliability. A period of 8-months’ uninterrupted 
continuous operation, using low-grade coal, is a most com- 
mendable performance, and one which would have been con- 
sidered practically impossible a few years ago. It speaks well for 
the engineering on this job. 

To those who have had experience with these low-grade fuels 
and spreader stokers, however, certain points are somewhat ob- 
scure. The first comment which might occur to one familiar 
with low-grade Illinois, Iowa, and Missouri coals is that the 
average fuel used in this installation during the 8-months’ run was 
actually a good grade of Midwestern fuel, its heat value being 
over 11,000 Btu as fired. This is considered good coal in the 
plants operated by the writer, much of the fuel used in his plants 
being under 10,000 Btu, and very little of it above 10,500 Btu. 
None of the coals used in the Iowa Falls boiler had over 10 per 
cent ash, whereas much of the Midwestern coals run around 15 


« Manager, Power Production, Kansas City Power & Light Com- 
pany, Kansas City, Mo. Mem. A.S8.M.E. 
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per cent. Similarly, the moisture content of the Iowa Falls boiler 
coal was far lower than much of the Midwestern strip-mined coal. 
It would be interesting to know what the performance record of 
this boiler would have been with actually low-grade Midwestern 
coal. 

The author has given the total auxiliary power chargeable to 
this type of fuel-burning and has drawn comparisons with pulver- 
ized-coal-fired equipment. However, it appears that he has not 
charged the stoker installation with the power required by the 
crusher for reducing the 1'/,-in. coal to 8/,-in. The larger size is 
common for pulverizer installations. 

One cannot avoid commenting on the extremely low com- 
bustible in the stoker ash, particularly with spreader stokers. 
Undoubtedly the ability to completely burn out the fuel bed on 
the traveling grate is the answer and is a strong argument for the 
traveling grate as compared with the dump grate. 

The boiler design is liberal with regard to heating surface, 
water cooling, and furnace volume and undoubtedly has aided 
materially in keeping the boiler relatively free from slag deposits. 

We note that preheated air at 300 F is used and wonder if the 
engineers consider this the limit without getting into coking 
troubles. Likewise, we would like to question the almost constant 
air temperature out of the air heater over a wide range in load. 
Is this obtained without cold air by-passing or other means of 
control? The exit-gas temperature out of the boiler and a state- 
ment of the excess air used at various ratings would possibly 
have furnished the answer to this question. 

The author does not state where his values for CO, were ob- 
tained; that is, whether they were taken at the top of the fur- 
nace, the boiler outlet, or the air-heater outlet. In any case, we 
would call the 11 to 12 per cent low as compared with pulver- 
ized-coal-firing and therefore raise some question with regard 
to the 84.97 per cent efficiency reported for the 8-hr test. It 
seems probable that the CO, was higher during the test or that 
error might have existed in the instruments. 

We note the author’s comments relative to the difficulty ex- 


_ perienced with the high-velocity injection of the ash-return mate- 


rial causing clinkering on the side walls. This same difficult 
has been experienced by the writer on a spreader-stoker installa- 
tion. We can, likewise, concur in the author’s comments on 
growth of grate castings where the dump-type grate is used. ‘This 
is troublesome and may prove the principal factor in reducing 
uninterrupted service hours with the dump-type grate. 

The author states that the continuous-ash-discharge type of 
stoker will burn practically any coal available if properly sized 
and not too high in moisture. We wish to emphasize particularly 
this last limitation. High moisture becomes a serious problem 
and places a rather definite limit on the equipment. 

It would be valuable to have the author’s comments on the 
suitability of this type of coal-burning equipment where rather 
long banks are required. Possibly the traveling-grate feature of 
this job makes it more adaptable than the dump type. 


E. C. Mruter.”? The traveling-grate spreader gives fine per- 
formance from the standpoint of combustible in ash-pit refuse 
as shown in Table 4 of the paper. There are, however, the prob- 
lems of cinder carry-over from the furnace and the furnace turbu- 
lence, both of which the author has touched upon. He states 
that the cinder-return system originally was supplied with ai" 
at 15 in. SP water gage and that the resulting high velocity 
created slag trouble by impingement on the side walls. We have 
found that for furnaces of the proportions described, discharg' 
velocities of from 2500 to 3000 fpm give good distribution 
cinder and eliminate impingement. We would like to know 
whether this corresponds to the author’s experience. 


7 Design Engineer, Riley Stoker Company, Worcester, Mass. 
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The velocity of the cinder-return air is too low to create effective 
furnace turbulence and, since this air serves only to carry and 
distribute the cinder, it should be kept to a minimum. The use 
of overfire air in spreader-stoker units is for turbulence and can 
best serve the purpose by the use of high pressure and reduced 
volume. It is important to pass through the grates the greatest 
possible percentage of the total air supplied. This is particularly 
true of Midwestern fuels of low-fusion ash where there is a tend- 
ency for the ash to “pancake’’ on the grate. The total overfire 
air, overfire plus the cinder return given in the paper, represents 
approximately 28 per cent and 56 per cent of theoretical air at 
80,000 and 40,000 Ib of steam per hr, respectively. We would 
like to know if the author uses all of the cinder-return air and 
overfire air at the 80,000 and 40,000 lb per hr steam loads? 

Also does he consider 146 per cent total air as the optimum 
value when both efficiency and operating problems are taken into 
account? What factor establishes this requirement? 

The author gives some very interesting information in Table 
3, covering the per cent combustible in fly ash collected at vari- 
ous points in the setting. We are surprised to find that the 
combustible content in the collection of the second pass is lower 
than the collection in the multiclone separator, for we would 
have expected the combustible at this point to lie somewhere 
between combustible of the first-pass collection and the com- 
bustible of the separator. Could he give us the load at which 
these samples were taken and the fuel being burned at the time? 

Has the author found any material difference in efficiency 
when burning the three coals listed in Table 7? 


R. C. Porrer.s The author has called particular attention 
to the desire on the part of his company to hold parasite power 
to a minimum in this plant, even at the expense of a few Btu. 
It is true that such power has all too frequently been regarded 
as a necessary evil, and in some cases has been allowed to assume 
fairly large proportions, particularly in the case of small indus- 
trial plants which have a direct use for exhaust steam. When this 
design detail is carefully worked out, the cost of fuel and other 
operating elements, and the fixed charges involved, are essential 
factors in determining the most economical design. Undoubtedly, 
these charges were carefully studied in the case of the plant under 
discussion, with due consideration for the cost of the equipment 
necessary for reclaiming the fly ash. 

The author states that the induced-draft fan requires 133 hp 
when working against 7.75 in. of water. He also states that the 
cinder collector has a pressure drop of 2 in. of water. On the 
basis of the cinder collector being essential to the spreader- 
stoker installation, it is apparent that approximately one fourth 
of the induced-draft-fan power requirement, or about 33 hp, has 
been necessary here, and is parasitic power which is properly 
chargeable to the spreader-stoker installation. To this must be 
added the power required by the crusher and its conveying equip- 
ment, which is necessitated by the coal-size limitation imposed 
by the stoker. 

As indicated in Fig. 3 of the paper, the thickness of the fuel 
bed decreases from front to rear of the furnace. Apparently 
there is no provision for zoning the air supply, and since the 
chain grate is necessarily uniform, it would appear that the air 
supply through the grate would vary from front to rear to a 
greater extent than it would in the case of a stationary-grate 
stoker wherein either the fuel bed is of uniform thickness, or 
tuyére openings are sized to grade the air supply from front to 
tear of the furnace. 

The author has not mentioned specifically the number of the 
smoke issuing from the chimney of this unit, under average 
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conditions and under extreme conditions. This is a highly im- 
portant design consideration for many plants. 


Cart Srripe.? The performance figures presented in this 
paper provide further justification for the increasing popularity 
and acceptance of the continuous-discharge spreader stoker for 
burning the low-grade high-ash low-fusion coals of the Midwest. 

In commenting on the physical limitations of spreader firing, 
the author states, ‘‘a throw of coal somewhere between 14 and 
15 ft is regarded as the maximum. Consequently, as boiler’ 
outputs go up, a longer drum boiler obviously results.”’ This is, 
in general, consistent with present-day practice as applied to 
existing installations, although there are in operation a considera- 
ble number of spreader stokers with grates 16 ft long. Recog- 
nizing the handicap of this limitation in spreader throw, the 
writer’s company carried out an extensive laboratory investiga- 
tion on full-scale models and learned that, with the proper de- 
sign of distributor and proper size consist of the coal, uniform 
distribution could be maintained with grates up to 24 or 25 ft in 
length. On the basis of these investigations, we now have con- 
tracts in production for continuous-discharge spreaders with 
grates 20 ft in length. 

This increase in permissible length of spreader throw has con- 
siderable economic significance. Variations in both stoker width 
and stoker length provide a two-dimensional method of adapting 
spreader-firing to larger boilers and higher rates of steam pro- 
duction. Thus there is sufficient flexibility in the proportioning 
of grate width and grate length to permit proper co-ordination 
of stoker, furnace, and boiler, in determining the most economical 
combination of these elements for the intended service. 

If the length of spreader throw were limited to the present 
maximum of 16 ft, any increase in the steaming capacity of a 
particular design of spreader-fired boiler could be accomplished 
in only two ways, as follows: 


By an increase in furnace width. 


2 By an increase in combustion rate. 


If the steaming capacity of a particular design of boiler could 
vary only in direct proportion to furnace width, increases in size 
would ultimately result in boilers which would be disproportion- 
ately wide and hence disproportionately costly to build. 

This economic limitation provides the incentive to increase 
combustion rates. Engineering judgment should be balanced 
against this commercial incentive in order to hold combustion 
rates within reasonable limits. Although continuous-discharge 
spreader stokers have been in satisfactory service for some years, 
the art is comparatively new. If errors are to be made in” 
its application, it would seem prudent that they be on the 
side of conservatism. This applies particularly to combustion 
rates. 

The design standards of the unit under discussion were based 
upon a heat release of 511,000 Btu per sq ft of grate per hr at 
the maximum continuous rating of 125,000 lb of steam per hr. 
Despite the low ash-fusion temperature (somewhat below 
2000 F), this represents a reasonable combustion rate in considera- 
tion of the conservative heat-release rate of 22,700 Btu per cu 
ft per hr in the completely water-cooled furnace. 

It is significant that the reported efficiency of 84.97 per cent 
for an 8-hr run was at an evaporation rate of 88,000 lb per hr, 
which corresponds to a combustion rate of around 40 lb, and a 
grate heat release of around 380,000 Btu per sq ft per hr, with a 
furnace heat release of 16,000 Btu per cu ft per hr; all conserva- 
tive values. 

This capacity although somewhat higher than the average 
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ratings reported, is perhaps close enough to approach average 
operating conditions. 

The very creditable results reported in this paper reflect a 
properly co-ordinated design, comprising a good stoker, a good 
furnace, and a good boiler, plus a good operating organization. 


AuTHOR’s CLOSURE 


The service hours’ data and operating costs as presented by 
Mr. Bowman, are particularly pertinent to those considering the 
use of the continuous ash-discharge spreader-stoker method of 
firing, particularly the low cost of maintenance for grate and 
stoker amounting to approximately 9.5 mills per ton of coal 
fired, also experiences based on inspections as to where to look 
for wear and proper maintenance procedure. 

Referring to the discussion of Mr. Carroll, it is pertinent to this 
installation. It must be borne in mind that this boiler is in cen- 
tral-station service and the loadings to which it is subjected vary 
throughout the 24 hours. The minimum load during the central 
heating season is approximately 35,000 lb of steam per hour; the 
maximum loading over the evening peak, including the central 
heat, is 118,000 lb per hour. 

In his discussion Professor Christie particularly points out the 
desirability of this type of fuel-burning equipment for boilers of 
medium size and the application of such fuel-burning equipment 
to the lignites and subbituminous coal of western United States 
and of the Dominion of Canada, as well as some of the trouble- 
some operating factors involved when pulverized-fuel operations 
of these coals is attempted. No slag deposits have occurred on 
the refractory immediately above the spreader throwers. The 
condition of the ash leaving the grate is friable and not cindered 
or clinkered together. It is possible to reach through the front 
door of the stoker frame and remove by the naked hand a sample 
of the ash—it is that well cooled down. The ash is somewhat 
abrasive in character to steam-jet ash-conveyer operation. Pro- 
fessor Christie points out the comparative power requirements 
between this type of firing and pulverized coal, and while there is 
a small gain in efficiency due to pulverized firing, it is more than 

offset by the large increase in “parasite” power. 

The comments of Mr. Doty are pertinent in regard to the drop 
out of cinders and fly ash through the boiler passages and the 
avoidance of high velocity at points which cause tube wear due to 
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abrasion by the highly abrasive material in the fly ash. In ref- 
erence to the comment in regard to the preparation crusher, it is 
the practice in most central-station installations, whether they 
are pulverized coal or not, to provide a crusher to prepare the 
coal, either for the stokers to a uniform size or for the mills. 

Mr. Keith’s discussion shows that he has had a very extensive 
experience with spreader stokers on the Kansas City property and 
has conducted numerous experiments and investigation concern- 
ing their limitations and their performance. It is true for the pe- 
riod reported in this paper we did not have any particularly bad 
coal; however, during the recent coal strike and generally cur- 
tailed coal production, the coal has been highly variable in qual- 
ity and the stoker has handled it without any disturbance or op- 
erating difficulties. In respect to preheated air temperatures, it 
has been our experience on forced-draft, chain-grate stokers that 
with preheated air temperatures in excess of 300 deg, “‘pancaking”’ 
as our operating men term it, occurred. Whether or not this effect 
would be observed with this type of firing is not known, but cau- 
tion seemed to dictate preheat temperatures not in excess of 300 
F. 

In his discussion Mr. Miller comments on the cinder-return 
system, and the final adjustments at Iowa Falls are in conformity 
with Mr. Miller’s figures. Due to the general labor shortage, 
A.S.M.E. tests of course have not been carried out on the unit; 
consequently, it is impossible to state as to the relative perform- 
ance with the three different types of coal. However, in the 
daily station results, there is no material difference. 

In his discussion Mr. Porter raises the question of zoning. The 
stoker is not zoned from front to back; it is divided into two see- 
tions, left and right, with a partition wall and with a normally 
open equalizing damper to equalize the pressure between the two 
sections. 

In his discussion Mr. Stripe points out certain progress that is 
being made in the matter of increasing the coal throw of this type 
of stoker. Obviously, the furnace geometry and output is de- 
termined by the length of the boiler drum, assuming a 16-ft throw. 
Equally obviously, if this can be increased, the pounds of steam 
per sq ft of grate area can be increased without materially in- 
creasing the length of the boiler drum. As to how high the com- 
bustion rate per sq ft can be pushed, only experience will fi- 
nally show. 
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Deposits in turbine steam passages, formed from the 
steam during operation, are reducing the efficiency and 
capacity of an appreciable portion of steam turbines in 
use in central stations today. In many power plants 
periodic cleaning is required to remove these deposits. 

This paper is the result of an effort by a steam-turbine- 
manufacturer's engineering group to collect existing 
operative practices of removing deposits from turbine 
steam passages; to subject these practices to the critical 
examination of the turbine designing engineers; and then 
to write a group of recommended procedures for such 
cleaning. It is not intended that the present paper with 
its recommendations is to be either complete or final, but 
rather that it will answer an immediate need, and serve 
ag a starting point for discussion, criticism, and experi- 
mentation looking toward substantial improvement in the 
technique. Further, and perhaps more important, it is 
hoped that it will serve as an inspiration for the develop- 
ment of a much more needed technique, that of so de- 
signing boilers or of so operating power plants that turbine 
steam-passage deposits will not develop, because only by 
such prevention will complete economic loss from this 
difficulty be eliminated. 


N certain instances the operators of steam turbines have 
experienced trouble from solids collecting in the steam 
passageways of their units. This action persists to a vary- 

ing degree and the removal of the deposits becomes accepted 
as a normal maintenance requirement; however, it is much more 
frequently encountered during the early life of new power plants 
when there are many unknown factors to be evaluated and un- 
tried apparatus to be tested and adjusted. Usually, by careful 
attention to details and by adhering to accepted steam-genera- 
tion principles and practices, these difficulties can be overcome 
or at least satisfactorily minimized. To illustrate how exacting 
this may be in the modern high-pressure central station, Straub 
and Grabowski’ point out that when silica in the steam becomes 
greater than 0.1 ppm, deposits can form. 

It is better to prevent the deposition of solids in turbines than 
it is to have to remove the deposits after they have formed. 
Unfortunately, however, none of the manufacturers or users of 
the equipment involved in the production or use of steam for 
electric power generation has been able to offer a general rule 
which will insure freedom from this operating complication. 
Each application seems to offer a separate and distinct problem. 

The evidence does: not indicate that the deposition of solids 
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The Removal of Deposits From Steam- 


Turbine Steam Passages 
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is prevalent in any particular design or type of turbine. It has 
been noted that plants located on tidewater or on ocean-going 
ships seem to be less troubled with water-insoluble deposits than 
those built on inland sites. Possibly a small amount of brackish 
condenser leakage accumulating in the boiler has an effect on 
the silica in the boiler, thus minimizing carry-over in the steam. 
Another possible explanation is that condenser leakage is more 
quickly detected and corrected in plants with salt-water circulat- 
ing water. 

Deposits in those sections of a turbine operating well above 
the dew-point temperature are usually water-soluble. Deposits 
in those sections subjected for the most part to saturated steam 
are usually water-insoluble. 

The hazards associated with the formation of deposits are 
sometimes not fully understood. Often the operators are gov- 
erned entirely by the loss in unit capacity and when that be- 
comes great enough to make action necessary, corrective steps 
are taken. This criterion may be safely used only when 
the deposit formations are uniform throughout all stages of the 
turbine and are about of equal magnitude on the rotating and 
stationary elements. Perhaps the most common situation is 
for the deposits to collect in some particular location within 
the turbine. Such deposits have a marked detrimental effect on 
turbine efficiency as well as capacity. Extensive nonuniform 
plugging can result in thrust failure, wheel rubbing, and other 
serious troubles. 


DerectinG Deposits 

To detect turbine deposits certain definite practices should 
become a standard procedure whenever a turbine is put in opera- 
tion, and they should be continued throughout the operating 
life of the unit, such as: 

(a) Read and record all available stage pressures, with corre- 
sponding throttle flow, inlet temperatures and pressure, exhaust 
pressure, feedwater temperatures; make notations as to the feed- 
heaters in operation and'the load on the unit. These readings 
should be compared with design data (either from the instruction 
book or from the contract, or from special curves) and, if in 
doubt, submitted to the manufacturer’s engineers for comment. 
Include also data on thrust-bearing oil temperature in and out. 

(b) Make it a regular practice to compare these first readings 
with those taken as time goes on, at least from week to week. It 
is important that these readings be taken under comparable 
conditions. A more complete explanation of the reasons for 
this procedure and corrections for various changes in inlet pres- 
sure and temperature, etc., so that accurate comparison can be 
made, will be found in various references.‘ 5-6 

It is, of course, possible for the internal parts of a new turbine 
to be damaged, due, for example, to weld beads or some other 
foreign material having been carried over from the boiler, super- 
heater, or incoming pipe lines. Such damage may cause high- 
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stage-pressure indications similar to those due to deposits, but 
in the absence of vibration, rubbing, or other evidences of dis- 
tress and with a gradual increase in stage pressures, it is custom- 
ary first to suspect deposits and to attempt their removal. If 
washing fails to make any change in the abnormally high pres- 
sures in the region of the soluble deposits, then mechanical 
damage may be suspected. 


WASHING 


For normal variable-load operation much greater rates of 
temperature change are permissible than can be approved in a 
washing procedure. The prime reason for this is that in the 
former case the steam flows are large, the distribution of steam 
and moisture in the turbine is uniform, and the entire change in 
temperature is under exact control and will not exceed pre- 
determined limits. Furthermore, the turbine is designed, in so 
far as it is possible to design a structure such as a turbine, to take 
such changes of temperature. In the case of washing, however, 
the condition is altogether different, the temperature distribution 
is completely abnormal, gravity and centrifugal effects on the 
entrained water may make the temperature stresses in the ma- 
chine extremely marked and severe, and furthermore, the entire 
procedure is by no means so well under control, and the extreme 
rate of heat conduction from wet steam to cold surfaces or from 
hot surfaces to wet steam can result in severe temperature strains 
and distortions. 

The following is probably a safe rule to use: For all washing 
procedures applied to turbines of 10,000 kw rating and above, 
the temperatures should not be reduced faster than 25 F in any 
fifteen minutes or 100 F in an hour. For units in sizes up to 
10,000 kw, the rate of change may be increased inversely as the 
size of the unit up to a maximum change of 50 F in fifteen minutes 
or 200 F in an hour for the smaller ratings. 

Washing apparatus should be as reliable, and instruments 
should be provided to indicate the progress of a wash, as com- 
pletely as is the case with usual plant-operating equipment. 
Very often washing equipment is of a temporary character, per- 
haps with the hope it will be used but once, and thereby un- 
necessary hazards to the turbine are introduced. 

The turbine manufacturer cannot be responsible for any wash- 
ing cycle, neither is he in position to outline boiler-feed treat- 
ments, or other operating schemes designed to solve the problem 
of carry-over.?. However, since this complication continues to 
arise, the company with which the authors are associated desires 
to help the operators as much as possible in dealing with it until 
effective prevention is established; hence there is offered herein 
a review of the various methods now currently used in removing 
deposits from steam-turbine passageways. 


Metuops or Deposit REMOVAL 


1 Removal of Water-Soluble Deposits by Shutdown. All types 
of deposits tend to build up more rapidly under steady high- 
load conditions; and the soluble types are usually absent in 
turbines that are subjected to variable loads or frequent shut- 
downs. These observations lead to the most simple method of 
treating soluble deposits, namely, to shut the unit down for two 
or three days, or even longer, thus allowing the temperature of 
the entire structure to drop. When restarting, condensation 
from the incoming steam is then picked up by the solids so that 
upon restarting a degree of washing is accomplished which may 
be quite effective. 

2 Removal of Water-Soluble Deposits by Light-Load Operation. 
On installations where the initial temperature of the boiler drops 


1? The numerous stations free from this sort of operating difficulty 
demonstrate that it is a local problem and not a fault of the turbine 
design. 
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with reduced load, soluble deposits can frequently be removed 
by dropping the load to a relatively light value for several hours 
each week. The machine should be operated on one control 
valve, with that valve in a wide-open position, thus avoiding 
the increase in superheat associated with throttling. Such 
operation advances the moisture region much nearer the inlet 
and thus produces a washing effect over those areas where the 
deposits are forming under higher-load conditions. 

3 Saturated Steam Wash by Water Injection. This is the 
conventional and well-tried method of removing water-soluble 
deposits from turbines. Briefly, it consists of a piping arrange- 
ment for the atomization and injection of water into the steam 
supply to insure a gradual and uniform reduction in the tempera- 
ture of the turbine inlet steam until it reaches saturation, and is 
several per cent wet. That condition is then maintained until 
the soluble deposits are washed into the condenser. 

During the entire wash the unit should be carefully watched 
for signs of rubbing or other distress. The effect of rubbing is 
much less severe at low speeds; therefore the wash should lx 
conducted with the rotor turning at from one fifth to one quarter 
normal speed. 

Solid water injection through a drain line into a header is 
hazardous since the water is most likely to flow along the bottom 
of the steam pipe in a stream, its cooling effect on the steam is 
not fully utilized and the casing of the turbine is then subjected 
to unusual strains. 

With installations of moderate pressure and temperature, 
water can rather easily be introduced through a suitable spray 
into the steam admission line. When the temperatures and 
pressures are high it is very difficult to maintain saturation 
temperatures after admitting the water due to the throttling 
necessary to reduce the pressures. To avoid this throttling, 
with its associated rise in superheat, both the emergency stop 
valves and the control valves should be held wide-open during 
the washing operation. As this condition exists normally only 
with full steam pressure and at full load, a piping scheme has 
been devised that permits the admission of low-pressure saturated 
steam through a by-pass around the main steam gate valve. 
This by-pass line is arranged so water can be introduced and 
mixed with the by-passed steam. 

Another important advantage associated with such an arrange- 
ment is that it is then possible to maintain relatively high steam 
velocities through the pipes between the point where the water 
is admitted and the first-stage nozzles. This feature was specifi- 
cally designed for turbines having valves on the lower-half shell, 
or with stop valves located several feet below the turbine-room 
floor, in which cases it becomes necessary for the water to be 
picked up by the steam and carried vertically upward to reach 
the turbine. 

Figs. 1 and 2 show the suggested piping arrangement for the 
admission of the water and the steam, as well as a simple assembly 
of fabricated pipes to form a desuperheater. This device insures 
atomization of the water, ard it allows the water to be carried 
through with the maximum velocities possible for the relatively 
low steam flows. 

It will be noted from the piping diagram that the steam is 
supplied from the main header on the boiler side of the 
boiler stop valve. When washing, this steam is mixed with boiler 
feedwater to obtain saturation of the steam, and the mixture is 
fed through the turbine in an amount just sufficient to run the 
turbine at the recommended low speed. It is advisable to use 
properly proportioned needle valves for controlling the water 
in order to insure an exact adjustment. 

To start the washing procedure, operate the turbine off the 
line and at approximately one fifth normal speed, but under 
control of the control valve. Close the boiler stop valve and 
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open the live-steam valve to the mixer, after which the control 
valves may be opened wide and the speed held at the proper value 
by the small live-steam valve to the mixer. Feedwater is then 
supplied through the mixing chamber in quantities sufficient to 
reduce the steam temperature at the recommended rate until the 
temperature of saturation is reached and enough more water is 
injected to insure saturated temperature throughout the turbine. 

Saturated steam should be passed through the turbine for a 
sufficient length of time to remove the greater portion of the 
solids deposited on the nozzles and buckets. The progress and 
effectiveness of the wash can be checked by analysis of the exhaust 
Steam from the turbine (condensate samples) or by test samples 
from the stage drains. The time required as well as the exact 
procedure can be determined only by a study of each particular 
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installation, or by previous experience. During the 
washing cycle the condensate is dumped overboard. 

One operator reports reducing by one third to one 
half the machine outage time for a saturated wash, sub- 
stituting for a long wash period a cycle consisting of 
two washes each of about seven hours’ duration and 
with a shutdown period of about three hours in between. 

To complete the washing cycle, the steam tempera- 
tures should be increased to normal by slowly shutting 
the boiler feedwater valve to the mixer; and as before, 
the rate of this increase should not exceed that pre- 
viously specified for the type of turbine being washed. 
The control valves may then be shut to a point where 
pressure ahead of them is brought up to the line pres- 
sure, the speed still being held at approximately one 
fifth normal. The boiler stop valve may then be opened 
and the turbine brought up to speed for the normal 
loading cycle. As an alternative, the turbine may be 
shut down entirely, then brought up in accordance with 
the usual cycle for a cold unit. 

Noncondensing turbines should be washed at at- 
mospherie back pressure in order to decrease the leakage of steam 
from the packings. If washing is attempted at full back pres- 
sure, a differential of at least 175 lb being needed between ad- 
mission and exhaust, the flows become large with corresponding 
difficulty in realizing the required cooling. 

As an aid in insuring proper temperature control, the installa- 
tion of a recording thermometer is recommended in the steam 
inlet as close to the turbine as possible, or the use of thermo- 
couples on the top and bottom of the inlet pipes. These devices 
should be capable of reading temperatures as low as 150 F. 
Lubricating oil should be checked after the wash for moisture 
contamination due to gland leakage. 

4 Hot-Water Wash on Turning Gear. This procedure is one 
of the several ways soluble deposits can be removed. The 
unit must be shut down for several days in order to insure uni- 
formly low temperatures throughout the structure, and to permit 
the hot water to soak off the deposits while the rotor is turning. 
With a single-casing machine the condenser steam space is filled 
with warm water up to the bottom of the turbine shaft which 
is slowly rotated on the turning gear. In the case of tandem 
units with top cross-over pipes, the high-pressure section can be 
so washed without filling the condenser with water. 

The principal objection to this method is that unless the de- 

posits are limited primarily to the rotor, it is extremely difficult, 
if not impossible, to effectively wash the top-half diaphragm 
partitions. Additional temporary supports are needed to carry 
the condenser load which is greatly increased due to the large 
volume of water in the steam space. The manufacturer does 
not favor this type of water wash. 
5 Saturated-Steam Wash Under Load by Lowering Boiler 
Temperatures. With a modern-unit-type high-pressure boiler 
and heat-exchanger-type temperature control, it is possible to 
lower the pressure at the throttle and also to realize a degree of 
desuperheating by the manipulation of the boiler and its ac- 
cessories. This provides a way to wash a turbine under load 
when the flows are appreciably greater than for low-speed opera- 
tion. 

The maximum rate at which the temperature of the incoming 
steam may be changed without distress to the turbine is usually 
considerably higher than the rate at which the boiler itself can 
be adjusted, the latter often being in the neighborhood of 50 
degrees per hour, so the boiler becomes the limiting element. 

If the boiler control will not permit a large enough tempera- 
ture reduction to attain saturation, then water must be admitted 
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with the incoming steam. Even with larger flows, the use of a 
stop-valve drain or some other existing drain line for the admis- 
sion of a stream of water may have a seriously detrimental effect 
on the piping or on the turbine, or both. Therefore atomization 
of the water is necess;, as is outlined in method 3. 

Here it is well to emphasize again that any turbine-washing 
procedure involves some hazard, and a process in which the 
turbine is operated with load and at full speed is more hazardous 
than one in which the load is zero and the speed is low. One of 
the dangers is temporary loss of control of the process such as 
failure of the desuperheating water, or even such a failure with 
a subsequent return of the water quantity to its original rate. 
Another is the improper vaporization of all the desuperheating 
water over the whole flow range used. 

Perhaps the most serious danger with this procedure is that if 
a turbine is quite dirty, the operators may wash the deposits 
from the earlier stages down into the lower stages and then com- 
pletely plug up a stage with a consequent rapid rise in pressure 
across that stage and with danger of a failure resulting. This 
danger is lessened if a turbine is washed regularly before any 
appreciable deposits are accumulated. 

6 Caustic Soda Wash for Removal of Water-Insoluble Deposits. 
The deposit of a water-insoluble silica precipitate on tur- 
bine nozzles and buckets is now causing some trouble in turbine 
operation. 

The washing of turbines with condensate removes little if any 
of the silica deposit. Turbines with silica deposit have been 
washed with sodium hydroxide and this procedure will probably 
be developed into a usable technique. However, the losses in 
capacity and efficiency due to deposit are costly and aggravating, 
and means for preventing the deposit would be much more de- 
sirable than means of cleaning. Perhaps until more convenient 
preventive measures are developed, steps should be taken to 
reduce by a substantial amount the quantity of silica in the 
boiler 38 

Caustic washing under load offers objections similar to those 
reviewed in method 5, and in addition it is not yet definitely 
known if the residual accumulations from this procedure will 
have a detrimental effect on bucket fits or other internal parts 
of the turbine. 

The following suggestions are not intended to be the turbine 
manufacturer’s recommendations pertaining to a well-established 
procedure; rather, they represent a summary of the results 
experienced in a number of cascs where the operators have been 
desirous of using this method and have requested guidance in 
the process. 

Several broad generalizations may be considered: 

(a) It is desirable to keep the caustic solution away from 
valve-stem packings; otherwise it will be necessary to renew 
the packings. Therefore the caustic solution should be intro- 
duced after the governing valves, if this is possible. In the case 
of nitralloy bushings it may be possible to use the leakoff lines 
for the admission of saturated steam or pure condensate which 
will keep the relatively small clearance spaces between the stems 
and the bushings free of caustic accumulations. The valves 
should be moved through their stroke several times during wash- 
ing procedure to insure removal of any deposit. 

(b) A final washing should be sufficiently thorough to remove 
all caustic from out-of-the-way passages and pockets. Bleed 
connections, shell drains, and instrument connections should be 
closed during the wash, then afterward opened and flushed until 
all residual caustic is removed. It is good practice, if practical, 
to provide a means of accounting for all the caustic used so as to 


8 “Removal of Water-Insoluble Turbine Deposits by Caustic 
Washing,” by W. L. Webb and R. G. Call, Trans. A.S.M.E., vol. 65, 
1943, p. 713. 
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reveal any accumulation of the solution in places where it is not 
wanted. 

(c) The corrosion resistance of the packing springs in dia- 
phragms and high- and low-pressure packings will be somewhat 
reduced since the corrosion-resistant coating used on most of 
these springs is definitely attacked by the caustic solution. 

(d) The washing should always be performed in a wet atmos- 
phere and the solution should have an initial quality sufficiently 
low to assure moisture in the exhaust. 

(e) A speed of rotation from '/; to '/, of the operating speed 
has proved to be effective during the injection and washing 
periods, and even with smaller machines the speed should not 
exceed !/3 rated speed of the turbine. 

(f) The caustic injection solution is usually a 10 per cent 
solution of sodium hydroxide. This is added in gradually in- 
creasing quantities replacing equal quantities of injection water, 
so that the turbine will continue to rotate at the desired speed 
with the proper amount of moisture. 

A suggested caustic-washing cycle follows: 

(a) Drop turbine speed to from !/; to '/, of the normal operat- 
ing speed. 

(b) If the turbine operates noncondensing, change gradually 
from rated back pressure to atmospheric-exhaust pressure, main- 
taining the speed range in item (a). If the turbine operates 
condensing, decrease the vacuum gradually until the exhaust 
pressure is between 5 in. and 10 in. Hg abs, maintaining speed 
constant by increasing admission steam. 

(c) Inject sufficient water to obtain saturated steam in the 
exhaust. The rate of injection of cooling water should be such 
that the incoming steam temperature is not dropped faster than 
the maximum permissible for the rating involved. The injec- 
tion water should be thoroughly mixed with the steam to avoid 
water slugs that would suddenly cool any parts (see method 3). 

(d) Begin injecting the 10 per cent caustic solution reducing 
the desuperheating water by the same amount, so both the 
temperature and speed will be maintained constant. Continue 
to decrease water and increase caustic until all desuperheating 
is done by caustic solution. Caustic supply pipes require flush- 
ing to prevent plugging. 

(e) After pumping caustic solution at the foregoing rate 
until the exhaust-pipe drip shows the presence of caustic, 
the turbine should be shut down for fifteen minutes to allow the 
solution to soak into the deposit. 

(f) Again bring the turbine up to from 750 to 1000 rpm, 
desuperheating with the same amount of caustic solution as 
before, and run for fifteen min. Analyze the exhaust drip for 
silica toward the end of each caustic injection period. 

(g) Shut turbine down for fifteen min. 

(hk) Repeat the injection and rest cycle until exhaust drip 
shows negligible silica. 

(‘) Wash turbine with Saturated steam until neither caustic 
nor silica shows in exhaust drips. The exhaust drip should show 
maximum silica during second or third caustic injection and 
should decrease thereafter. As in method 3, condensate should 
be dumped during the wash. 

(7) Replace all soft packing exposed to caustic. 

One operating company prefers to introduce the caustic 
solution into a hot machine, the underlying theory presupposing 
that the caustic soda solution coats the affected surfaces and is 
evaporated by heat until it reaches a highly concentrated state. 
During the process of concentration the caustic soda is believed 
to convert the silica to sodium silicate which is water-soluble 
and is then removable at a point where there is approximately 
150 F superheat. 

This same operating company has found that a start-and-stop 
cycle during the flushing period is more effective in cleaning the 
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machine than continuous running. Consequently, after reaching 
saturation temperature, a cycle of one hour running and one 
hour on turning gear is instituted. The speed at which the 
caustic injection and flushing is done is alternated first at 1000 
rpm and then at 600 rpm on a 3600-rpm unit. 

7 Acid Cleaning. There has been some thought given to the 
use of hydrofluoric-acid vapor as a means of dissolving silica, 
although a more practical acid cleaning and one once used, 
involves the disassembly of the turbine and placing the rotor 
over a tray containing about a 10 per cent solution of hydro- 
fluoric acid. The liquid comes up to the base of the blades 
only, and as the rotor is slowly turned, all the blades come in 
contact with the solution. Later, a thorough neutralizing 
treatment is necessary, followed by a water wash. 

None of these more severe treatments is favored by the concern 
with which the authors are associated. Acid enters the bucket 
fits where it is next to impossible to remove it all, so damage may 
be done later on by corrosive action. 

8 Removal of Water-Insoluble Deposits by Increasing Steam 
Temperature. Certain theories as to the formation of solids as 
the steam passes through its temperature cycle lead to the con- 
clusion that the precipitate may be dissolved again and pushed on 
through the turbine by raising the temperature of the steam in 
those areas where the deposition occurs. It is difficult to realize 
such an increase in actual practice and such data as are available 
indicate this procedure is satisfactory only when the deposits 
are soluble. 

9 Mechanical Cleaning During Internal Inspection. It may 
finally be necessary to resort to mechanical cleaning in order 
to remove completely deposits from steam-turbine passage- 
ways; and in any event this is usually done during periodic over- 
hauls, 

Hand files, scrapers, emery cloth, and other such devices are 
often used for this operation but the buckets may thus be left 
with scratches and marks and it is extremely difficult to get all 
the solid matter out in the early stages where the buckets are 
small and close together. 

About the best-known method of cleaning out steam passage- 
ways during inspections is by means of a fly-ash blast. Many 
other abrasives have been tried but sifted stack ash from pul- 
verized-coal boilers offers the best-known material for this work. 
A smooth satin finish results and with proper care the parent 
metal will not be cut away to any extent during the removal of 
the deposit. 

Installation supervisors can usually supply detailed instruc- 
tions on this method of cleaning. 


Discussion 


C. B. CampsBE.u.® This paper deals with a subject of broad 
interest to steam-power-plant operators. The general obser- 
vations recorded and the cleaning methods mentioned are very 
closely in line with our experience. 

It is worth while to re-emphasize the point made by the authors 
that turbine-deposit removal by washing is an operation attended 
by\substantial risk. It should be undertaken only after thorough 
study of local plant conditions, and with extreme care. Primary 
consideration should be toward the end of eliminating the possi- 
bility of scale formation at the source. 

Removal of water-soluble deposits is a relatively old problem. 
A considerable degree of success has been experienced with 
methods 1, 2, 3, and 5. 

Of these, method 2 is to be preferred, when applicable, as it in- 
volves the least interference with service commensurate with a 
_* Manager of Engineering, Steam Division, Westinghouse Electric 
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high order of safety. It is seldom, however, that a sufficient 
lowering of supply-steam temperature can be obtained to give a 
thorough cleaning. 

A word of caution is in order regarding method 1. 
the water-soluble deposits, while dry in the superheated-steam 


In general, 


range, are chemically inactive. Many of them are deliquescent 
and become moist and strongly corrosive during shutdown 
periods. This is notably true of sodium-chloride deposits on 
steel and 12 per cent chromium-steel blading. In one instal- 
lation experiencing heavy salt deposits and operating on a sched- 
ule involving periodic shutdown intervals of a week or there- 
abouts, severe corrosion occurred until provision was made to 
circulate warm dry air through the turbine during the outages. 
It is suggested that consideration be given this matter in con- 
nection with adoption of cleaning by the first method described. 

Hot-water washing on the turning gear, listed as method 4, for 
water-soluble deposits, should never be adopted. The authors 
give the reason for refusal to sanction the scheme; that is, the 
impossibility of cleaning the upper-half stationary steam pass- 
ages effectively. Not only does this mean an incomplete job is 
done, but it has in at least one instance resulted in such derange- 
ment of operating-steam-pressure distribution that a thrust- 
bearing failure ensued. 

With regard to removal of water-insoluble deposits, methods 6 
to 9, inclusive, cover the field at present. 

We have no satisfactory experience to report with an acid- 
cleaning process. Particular care is recommended before at- 
tempting use of patented compounds for injection into the steam 
turbine. In one installation this was done immediately following 
shutdown and against our recommendation. The blading was 
examined after several such injections and was found to be badly 
honeycombed. It was then demonstrated that the agent used, 
while very mild at room temperature, was violently corrosive at 
200 F. 


L. H. CoykenpDauu. As we are interested in boiler design 
and operation and their effect on turbine deposits, we will confine 
our comments to the prevention of deposits, which is what the 
authors state really should be done. How much progress has 
been made in reducing the amount of carry-over? During the 
1920’s boiler manufacturers were having a hard time meeting the 
standard guarantee of 99.5 per cent steam quality because of 
the great increase in capacity per foot of drum length resulting from 
the rapid progress in boiler and furnace design and water treat- 
ment. It was necessary to develop better purifying equipment. 

In 1931 we installed the first corrugated steam scrubber and 
in 1937 the first cyclone steam separators. Actual field results 
with this equipment at steaming capacities of over 25,000 lb per 
ft of drum length run between 0.3 and 0.7 ppm solids carry-over. 
The progress made by the boiler manufacturers during the last 
20 years has been to reduce carry-over in the steam from 5 ppm to 
0.5 ppm, while the capacity per foot of drum length has been 
more than doubled. 

Even so, some turbine operators still are troubled with turbine 
deposits, and therefore we are continuing to develop means for 
achieving our goal of 100 per cent purity by washing the steam or 
by mechanical separation. 

In conjunction with this program, early in 1943 we started de- 
velopment work on what we call the “dummy turbine” nozzle. 
This nozzle, as shown in Fig. 3 of this discussion, is a single- 
expansion nozzle through which steam is adiabatically expanded 
from main steam-line pressure and temperature to a vacuum, so 
that the steam will pass through the same temperature and pres- 
sure range as in the main turbine. The purpose of this instrument 


1 The Babcock and Wilcox Company, New York, N. Y. 
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Fic. 3 Dummy TurBInE Nozz_e 


is to provide a relatively rapid means of determining the nature, 
extent, and location of carry-over deposits to be expected in the 
turbine and to trace the cause of these deposits back to boiler 
operating conditions. Some measure of success has been realized, 
such as collection and analysis of deposits in the same pressure 
ranges as in the turbine, but accurate correlation of temperature 
with pressure has not been accomplished due to conduction along 
the nozzle wall. Thin-walled nozzles have been fabricated and 
will soon be placed in service in several of our customers’ stations. 

During 1944 a survey was made of users of our equipment de- 
signed for pressures above 600 psi to determine their experience 
with regard to turbine-blade deposits. A questionnaire was sub- 
mitted and the desired information was received from 107 of 
these companies operating boilers having a total steaming capac- 
ity of 69,447,000 lb per hr. Table 1 on page 7 shows the ex- 
tent of the trouble being experienced. 

As a whole, 67 per cent of the capacity does not experience 
troublesome deposits, 10 per cent experiences troublesome soluble 
deposits, and 23 per cent experiences troublesome insoluble de- 
posits. While the percentage of troublesome units in the lowest- 
pressure class is surprisingly high, the trend definitely points to 
the conclusion that troublesome deposits become more general 
with increasing operating pressure. The authors’ observation 
that more trouble seems to be experienced in plants located in- 
land than in seaboard plants is confirmed. As a whole, 35 per 
cent of the inland capacity had troublesome deposits as against 
17 per cent of the seaboard capacity, and, in the range above 
1000 psi, 46 per cent of the inland compared to 25 per cent of the 
seaboard had troublesome deposits. 

There is evidence to indicate that troublesome turbine deposits 
will be minimized, if the following general boiler-water conditions 
are maintained: For the 600- to 800-psi class, silica should be 
less than 25 ppm, total dissolved solids less than 2500 ppm, and 
pH of 11 to 11.5; for 801 to 1000 psi, silica less than 15 ppm, 
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dissolved solids less than 1500 ppm, and pH 11.0 to 11.5; above 
1000 psi, silica less than 5 ppm, dissolved solids less than 750 ppm, 
and pH of 11.0 to 11.5. The difference in amount of trouble ex- 
perienced between inland and seaboard plants, coupled with 
several other factors, leads to the belief that magnesium may be a 
partial answer to the search for a chemical means of controlling 
troublesome .turbine deposits. A number of plants are using 
magnesium treatment in one form or another for control of silica 
concentration, and several are using it to reduce or eliminate in- 
soluble turbine deposits with good results reported. 

There is one suggestion we would like to make in connection 
with turbine design. While it is obvious that the carry-over of 
salts from the boiler to the turbine is not caused by faulty turbine 
design, the turbine designer should continue to investigate the 
possibility of reducing the loss of efficiency and capacity caused 
by deposits through turbine-design modifications. 


I. B. Dicx."' The authors state: “It has been noted that 
plants located on tidewater or on ocean-going ships seem to be 
less troubled with water-insoluble deposits than those built on 
inland sites.” Our experience with water-insoluble deposits has 
been limited largely to silica, and we have found that silica de- 
posits appear only in turbines taking steam from high-pressure 
boilers. In our experience, which is limited to boilers up to 400 
psi and above 900 psi, silica deposits do not occur in turbines 
operating on steam generated up to 400 psi, and we have the im- 
pression that significant silica deposits generally do not appear 
until boiler pressures approach 900 psi. This may account for 
relative absence of trouble on ships. In so far as tidewater plants 
are concerned, our experience is contrary to that of the authors. 
There is some evidence, however, to substantiate the authors’ 
belief. In general, it appears that plants reporting little silica 
fouling carry a high ratio of chlorides to silica in boiler water, 
a point that we observed first in 1942, and which has been de- 
veloped independently by the Hall Laboratories. High chlo- 
rides would be most prevalent in tidewater plants. It may be 
that presence rather than absence of condenser leakage is the 
determining factor. 

The authors also state that deposits in those sections of a tur- 
bine operating well above the dewpoint temperature are usually 
water-soluble. As this statement applies to steam from high- 
pressure boilers, it is contrary to our experience. Silica generally 
appears at about the 200-psi stage in the turbine, whereas dew- 
point is reached at about 40 to 60 psi. 

In removing water-soluble deposits by washing with wet steam 
saturated by water injection, the degree of saturation of the 
steam will control the completeness of the wash and the time re- 
quired. The total pounds of water put through the machine in 
the saturated steam is the important factor. 

In removing insoluble silica deposits by washing with caustic 
soda, it must be recalled that this is not a matter of solution but of 
chemical reaction; consequently, the factors that control rate 
of chemical reaction will control the removal of silica. Among 
these are time, temperature, concentration, and contact. 

Silica deposits are removed most readily at temperatures in 
excess of 400 F. Experienee indicates that silica deposits in cer- 
tain machines cannot be removed at temperatures much below 
this level; however, in the larger condensing units, the last 
stages appear to be cleaned satisfactorily at saturation. Examin- 
ation of the analysis of silica deposits from 200-psi condensing 
turbines shows that the silica in the 200-psi to 100-psi range ® 
largely in the form of quartz, whereas, from about 100 psi t 
vacuum, it is in the form of Cristoballite; the form being a func 
tion of the metastable characteristic of silica, probably deter 


11 Process Engineering Department, Consolidated Edison Con- 
pany of New York, Inc., New York, N. Y. 
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mined by temperature, pressure, and the atmosphere in which it 
deposits. This difference in form of the silica may account for 
the apparent relative ease of removal in the lower pressure stages. 
In general, it can be said that the better job can be done at the 
higher temperature, certainly well into the superheat range at the 
throttle. In order to maintain high temperature at the throttle 
and conserve heat in the turbine, the amount of water introduced 
in the caustic-soda solution can be reduced by increasing the con- 
centration of the solution. It has been found desirable in some 
instances to go as high as 40 per cent NaOH. 

Time factor is accomplished by introducing caustic into the 
machine for a certain period, then stopping the introduction for a 
time, and then resuming. Repetition of this cycle as many times 
as necessary, or as temperature considerations will permit, will 
generally convert much of the insoluble silica into the soluble 
form. It is then removed from the turbine by a saturated-steam 
wash, such as described by the authors for the removal of water- 
soluble deposits. 

Concentration of caustic is controlled by the strength of solu- 
tion used and by the amount of superheat or degree of saturation 
ofthe steam. Dilute caustic solution will of course concentrate 
in a turbine rolled with superheated steam. It appears that 40 
percent NaOH in contact with the silica is the minimum desira- 
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Contact is obtained by the following: (1) Rolling the ma- 
chine at low speed while injecting the caustic, so as to prevent its 
being thrown out to the outer ends of the blades without ade- 
quate time and contact toward the root of the blades; (2) using 
ample caustic to cover all surfaces; (3) closing casing drains to 
prevent draining off caustic solution before it passes through the 
entire machine; and (4) after several caustic injections, employ- 
ing a partial saturated-steam wash to remove such silica as has 
been already attacked by caustic, before completing the caustic 
injections, in this manner presenting fresh surfaces of silica to 
the action of the caustic. 

If caustic soda is to be used to remove silica deposits, the wash 
should be continued until substantially all silica is removed. A 
partial or incomplete wash may result in loosening chips or flakes 
of hard silica which will be thrown off the blades during subse- 
quent operations and which may damage the machine. 

Casing drains should be opened and cleared if necessary during 
the saturated-steam wash following the caustic wash, as there is 
a tendency for them to become stopped up with particles of un- 
dissolved silica and partly dried caustic soda. It is essential to 
remove any loose particles of silica before returning the machine 
to service to prevent abrasion and damage to the machine. We 
have no difficulty in restoring turbines to design capacity by 
caustic-washing in the proper manner and with adequate controls. 
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T. J. Frynecan.'* A review of this paper suggests several 
topics of discussion based on experience with three single-shell 
condensing units rated at 80 Mw and operating with steam at 
1250 psig and 900 F. 

Straub and Grabowski are quoted as setting 0.1 ppm silica as 
the concentration in the steam which results in silica deposits in 
the turbine. This figure may govern the formation of heavy 
deposits which cause loss of capacity and necessitate caustic- 
washing or fly-ash blasting for their immediate removal, but ac- 
tually silica deposits can form with much lower silica in the steam. 
For example, the three machines mentioned are supplied with 
steam which contains about 0.01 or 0.02 ppm silica and, never- 
theless, silica deposits form. They are not heavy enough to 
cause an appreciable capacity loss nor to require shutting down 
the machine for their removal but they reach sufficient thickness 
by the time of the regular overhaul of the turbine every 3 years to 
require dismantling the machine for their removal by fly-ash 
blasting. It is interesting to note that the boiler water from 
which this steam is produced contains but 1 or 2 ppm of silica. 

A report which is frequently heard is repeated in this paper, 
namely, that turbines which use salt water for condensing have 
less trouble from water-insoluble deposits than those which oper- 
ate on fresh water. This point has never been convincingly 
demonstrated, and it would be a valuable contribution to the 
general study of turbine deposits if someone would make a thor- 
ough investigation and settle the question one way or the other. 
If the advantage of using salt water for condensing is the leakage 
of chloride into the feedwater, one would expect that the deliber- 
ate addition of chloride to the water would assist the operators of 
plants on fresh water to avoid silica turbine deposits. On the 
other hand, the advantage might be the introduction of mag- 
nesium, which is a normal constituent of sea water and which can 
remove silica from water as an insoluble silicate. 

If chloride should be added to the boiler water there is the risk 
‘of its carrying over to the turbine and depositing in the front end 
because the nature of the material governs the location where it 
deposits. Just as silica tends to deposit in the low end of the 
superheated-steam range, chloride tends to deposit in the high- 
pressure section. Such chloride deposits can be as much of a 
nuisance as silica in the operation of the machine, although they 
are easier to remove because they are soluble in water. 

If an operator were tempted to try the addition of magnesium 
to the boiler water, he should remember that it can form an un- 
desirable magnesium-phosphate boiler deposit if the boiler water 
is treated with phosphate. He might have to choose between 
adding phosphate for protection against boiler scale and adding 
magnesium for protection against silica turbine deposits. 

A successful control of chloride deposits was achieved by the 
use of method 2 of the paper, that is, low-load operation. Chlo- 

ride had been added to the boiler water for protection against in- 
ternal corrosion by concentrated boiler water. A gradual rise of 
the extraction pressures in the front end of the turbine indi- 
cated the formation of chloride deposits. Washing by water 
injection according to method 3 was used a few times but it was 
superseded by the much simpler method 2 which was adopted as 
a regular weekly practice. The somewhat alarming rise in ex- 
traction pressures which had formerly occurred was reduced to a 
slight amount which could be removed by the low-load operation. 

In order to obtain successful results with this method, however, 
it was necessary to take special steps to lower the steam tem- 

perature below that which would result from low-load operation 
alone. Superheat temperature is controlled by a surface-type 
attemperator between the first and second sections of the super- 
heater. When applying method 2 the attemperator valves were 

12 Chemical Engineer, Buffalo Niagara Electric Corporation, 
Buffalo, N. Y. Mem. A.S.M.E 
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opened wide by hand in order to pass the maximum amount of 
steam through the attemperator. In addition, the excess air was 
considerably reduced. This gave a final steam temperature of 
about 680 F, or about 100 F above the saturation temperature. 
With all the steam entering the turbine through the No. 1 control 
valve as prescribed, the load was at about 12.5 Mw. 

Shortly after establishing these conditions, the removal of the 
deposits was indicated by an increase in the conductivity of the 
hot-well condensate. When this conductivity returned to its nor- 
mal value, the turbine was considered cleaned and restored to its 
normal operation. 

The method was rapid, taking but about 3 hr to apply and its 
results were at least as effective as those of the more complicated 
water-injection process, and in the opinion of some observers 
were superior, 


Martin Friscu.'® The procedures and precautions suggested 
by the authors for cleaning turbines will surely be welcome to 
operators who are troubled by turbine-blade deposits. Unfor- 
tunately, turbine-blade deposits may accumulate even when 
steam, which to all intents and purposes might be considered 
chemically pure, is delivered by the steam generators. 

There are few high-pressure steam generators currently in 
operation which do not include steam-purification equipment 
capable of reducing the soluble salt carried over in the steam to 
less than 1 ppm. The equipment does it too as shown by con- 
tinuous analysis of condensed-steam samples. However, tur- 
bine-blade deposits, particularly of troublesome silica compounds 
in the low-temperature stages, continue to accumulate, in some 
instances with steam reported to carry over less than '/; ppm 
impurities, and have to be removed by the methods described so 
well by the authors. This indicates that boilers will be expected 
and required to do a better job of purification in the future. 

Steam purifiers in high-pressure boilers fall broadly into two 
categories, as follows: 


1 Steam washers employing feedwater. 
2 Steam driers or moisture eliminators. 


While steam washers have proved quite effective under favor- 
able conditions, the trend toward the use of efficient steam driers 
has been very strong because of some of the difficulties associated 
with steam-washing. Steam-washing is a two-stage process in- 
volving in the first stage a thorough mixing of all the feedwater 
with all of the steam produced, and in the second stage a drying 
or moisture-elimination operation. The first stage washes out 
about 80 per cent of the boiler water entrained by the steam and 
replaces it with the much purer feedwater. The second stage 
reduces the entrained moisture in the steam to about 0.2 per cent. 
Thus if the soluble-salts concentration in the boiler water is 1000 
ppm and in the feedwater 20 ppm, the moisture in the steam will 
carry 

(1000)0.002 x 0.2 = 0.4 ppm solids from boiler water 


+(20) X 0.002 X 0.8 = 0.03 ppm solids from feedwater 
= 0.43 ppm total solids 


A steam drier to do an equally good job will have to dry the 
steam so that the moisture content (boiler water) will be about 
0.04 per cent. 

On the basis of the work of Prof. F. G. Straub and his co- 
workers, the silica content of the steam now is believed to come 
over in vapor form, the quantity depending on the concentration 
of silica in the boiler water, its pH value, and its temperature. 
It is quite independent of the soluble-salts carry-over. 


13 Director, Engineering and Development, Foster Wheeler Cor- 
poration, New York, N. Y. Mem. A.S.M.E. 
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Washed steam of a given purity therefore might be expected to 
contain less silica than dried steam of equal purity because in the 
washing process some of the silica vapor might be expected to be 
redissolved by the feedwater in which the silica concentration is 
much lower than in the boiler water. It would be interesting to 
know from the authors whether they have found any difference 
in the rate of fouling of turbines using steam purified by drying 
only, as compared with those using steam purified by washing and 
drying. If experience and data are now lacking to answer this 
question, it might be worth while to determine whether washed 
steam of a given purity contains less silica than equally pure steam 
purified by other-means. Such data would be valuable in corre- 
lating the findings of Professor Straub and his associates with the 
performance of steam purifiers in use today, and perhaps point 
the way in our strivings for steam of greater purity in silica as 
well as less harmful substances in the carry-over. 


E. C. Gaston.'* We have had two cases of serious carry-over 
and subsequent turbine deposits in two 22,500-kw 850-psi 900 F 
turbines. The most unfortunate part of our experience was that 
we were in serious trouble before we realized that we had any 
trouble at all. The average plant operator is not sufficiently in- 
structed regarding the importance of keeping a close check on 
extraction pressures and likewise interpreting gradual or sudden 
changes in those pressures for specific load conditions. 

In far too many cases the evidence of turbine deposits is not 
noted until the steam flow increases to a point where no more 
steam can be passed through the unit, and thus it becomes neces- 
sary to reduce the load on the machine because of the inability to 
pass the required steam through it. It is our opinion that oper- 
ating instructions issued to plant operators both by the turbine 
manufacturers and supervising engineers have been too incom- 
plete with regard to instructions as to the use of extraction press- 
ures, differential pressures, ete. When a new unit is started up 
the operating personnel should be advised the normal expected 
shell pressures for each specific load condition, and likewise 
should be advised regarding the significance of changes in these 
pressures. It is equally important that the operator also be given 
the differential pressures between stages as established in the 
initial turbine design, and also the maximum allowable limit of 
these differential pressures. 

Our experience in connection with the turbine-deposit problem 
clearly indicates that many such problems would never reach a 
serious stage if proper information and instructions were given to 
plant operators prior to the starting up of a unit. When the 
trouble was first noted in the two cases mentioned, it was too late 
to do anything about it except to wash the turbines. Every 
effort was made to remove the deposits by shutting down the 
units, by reducing load, by changing steam temperature, etc., all 
without any success whatsoever. Finally, a turbine washout job 
was attempted and successfully accomplished on both turbines. 
The washout in both cases required mechanical injection of water 
into the steam supply to the turbines in a sufficient amount to 
reduce the steam temperature to saturation temperature at the 
turbine throttle. 

After the washing-out of our two turbines, plant operators were 
fully instructed regarding the significance of extraction and differ- 
ential pressures. A complete analysis of the problem clearly 
dictated the advisability of certain feedwater-treatment changes, 
among which was the addition of sulphite which had not been 
previously used. Changes in feedwater treatment, combined 
with closer attention and maintenance of strict control of treat- 
ment at all times, closer control of tot=1 solids and silica by blow- 
down, all have been factors in preventing a recurrence of any 
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turbine-deposits problem on these two machines. 
feel that the most important benefit obtained from the entire ex- 
perience was the education of plant-operating personnel in the 
meaning of turbine-extraction and differential-pressure readings, 
and the use which these readings can be in anticipating carry-over 


and turbine deposits in the early stages before serious trouble 
develops. 


However, we 


J. A. Keeru.'® During the last 18 years the writer has passed 
through almost the complete gamut of turbine-washing and scale 
removal. In general, we have found it more effective to wash 
turbines with load on them. This of course provides a much 
larger volume of steam and therefore we believe does a quicker 
and more thorough job of washing. Our practice on high- 
pressure topping turbines is to start washing with about one half 
load on the turbine and to let the load drop further as the steam 
temperature is reduced. The reduction in steam temperature is 
accomplished at even a slower rate than recommended by the 
authors of this paper. The same can be said of the rate of tem- 
perature increase after washing. With soluble scales, this me- 
thod has been found satisfactory. 

On condensing turbines of 30,000 to 35,000 kw capacity, we 
have started washing at about 10,000 to 12,000-kw load and have 
permitted the load to drop at a rate corresponding to the drop in 
steam temperature. The rate of steam-temperature reduction 
and increase was about the same as in the case of the topping tur- 
bines. 

The authors express the belief that the cleaning effect from 
shutting the turbine down and allowing it to cool comes from the 
condensation of the steam on the cool buckets on restarting. 
While this may contribute to the cleaning process, we are of the 
opinion that part of the scale is removed by actual cracking off, 
due to the differences in expansion rate between scale and buckets 
or metal parts. 

The piping arrangement the authors show in Fig. 1, and de- 
scribe in the text, is unquestionably a good setup and probably 
provides one of the safest methods of procedure. The elimination 
of the superheating through throttling action of the admission 
valves is essential where the practice of washing under no load at 
reduced speed is followed. 

In the case of the writer’s plants, the insoluble-silica scale has 
been removed by sandblasting at periods of overhaul. Any me- 
thod which offers the possibility of acid reaching such points as 
bucket attachments would not be permitted by us. While fly 
ash from pulverized coal systems is commonly used for blasting, 
as mentioned by the authors, we have substituted Missouri River 
quicksand without any deleterious effect. This is an exceedingly 
fine silica sand which is very effective in scale removal and does 
not roughen the bucket material noticeably. 

It is indeed unfortunate that some universally effective method 
has not yet been found for preventing turbine-scale deposits. 
While progress to this end has been made, the ultimate and com- 
plete solution still appears distant. Until the final solution is 
found there is no course open to us except turbine-washing, and 
the authors have unquestionably given us much useful infor- 
mation on procedures that have been found satisfactory. 


H. J. Kuorz."* The authors of this paper have done an admira- 
ble job in summarizing the present status of the situation with 
respect to deposits in steam turbines, a matter which interferes to 
an undesirable extent with turbine operation in many modern 
high-pressure plants and is a major difficulty in some installa- 

1% Manager of Power Production, Kansas City Power & Light Co., 
Kansas City, Mo. Mem. A.S.M.E. 
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‘tions. In view of the fact that the condition is there and some- 
thing has to be done about it, the description by the engineers of 
manufacturers of turbines of several possible means of accomplish- 
ing removal of deposits with special reference to the limitations 
which should be followed to avoid possible damage to the equip- 
ment, should be of great assistance to plant operators. 

There would appear to be slight likelihood, however, of fulfill- 
ment of the expressed hopes of the authors that boilers could be 
so designed or power plants so operated that turbine steam-pass- 
age deposits will not develop. Designers of boilers have done a 
remarkable job in perfecting the reduction of solid carry-over with 
steam, but it would be impracticable even if it were possible to 
reduce the carry-over to zero. Therefore, inasmuch as even in- 
finitesimal amounts of carry-over in proportion to the correspond- 
ing steam outputs result in large total amounts of solids with the 
large quantities of steam delivered over long periods of operation 
of modern high-capacity boilers and turbines, the deposits under 
certain combinations of conditions cannot be avoided. 

It would seem that the best hope of minimizing the difficulty 
from normally insoluble deposits lies in a chemical approach to 
the problem looking toward the production of a solid content of a 
nature which preferably will have the least possible tendency to 
adhere to steam passages but, to the extent that such deposits 
cannot be entirely avoided, the solid content should be altered to 
include constituents which will facilitate removal of the deposits 
by some feasible washing program at suitable intervals. For 
example, recent investigations indicate that the nature and pro- 
portion of the silica content with respect to other constituents are 
important factors in the occurrence of water-insoluble deposits. 
It is understood that the Prime Movers Committee of the Edison 
Electric Institute is sponsoring a research program in connection 
with this problem which should develop possibilities in this field. 

In regard to water-soluble deposits, experience in many plants 
with which the writer’s organization has contact corroborates the 
preference of the authors for saturated-steam washing by water 
injection and has demonstrated the effectiveness of the arrange- 
ment described for this procedure. 

In addition to the usual ability to remove soluble deposits by 
the periodic shutdown of units which are normally run at steady 
high loads for long periods, it has been found possible in some 
cases to accomplish the same result by periodic reduction of the 
load to a low value for a comparatively short time. 


E. L. McDonatp." Our first experience dates back 18 years 
when we were the third large central station in America to install 
1400-psi equipment. The installation of a 10,000-kw 1250-psi 
725 F topping turbine, exhausting at 300 psi 520 F, gave us our 
first real experience with turbine scale. A book could be written 
on data we have collected since that date. Various forms of 
boiler-drum steam purifiers have been tried, along with various 
boiler-water concentrations and levels, feedwater chemicals and 
combination of chemicals to permit various ratios. Hundreds of 
steam samples have been taken to determine the ppm of impuri- 
ties under the various conditions, and all of little value. 

The answer is not in the amount of carry-over, but in the nature 
of the carry-over. The ultimate result of any change was always 
found in the increased pressure drop across the turbine or the 
drop in maximum turbine load over a given period of time. The 
latter is the simplest method of detecting deposits. 

Load drops of over a thousand kilowatts in a 1-week period on 
the 10,000-kw turbine, which originally necessitated weekly wash- 
ing, has long s‘nce been eliminated. Scale has not disappeared 
completely, but the bulk of such scale as does deposit is removed 
periodically by bringing the unit down over a week end, the 
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change in metal temperature causing the scale to crack off or 
more readily dissolve when the unit is again put into service. A 
similar unit, installed in 1937, has never been washed. 

The remedy in our case was chiefly lower boiler-water concen- 
tration, not a desirable solution from a standpoint of boiler-room 
economy, but a desirable solution from the standpoint of sta- 
tioneconomy. The ultimate solution to this problem, if one is to 
be found, must be in the boiler room. Boiler manufacturers have 
made progress. The last two-steam-drum 700-psi unit we in- 
stalled is far more satisfactory than the last 1400-psi single-steam- 
drum unit installed 8 years ago. The former can operate with 
concentrations of 1800 to 2000 ppm, the latter is limited to about 
250 ppm. 

Two things are of course in favor of the recent 700-psi installa- 
tion: (1) The density of saturated steam at 700 psi is less than 
one half of that at 1400 psi; (2) and perhaps more important, it 
is far easier to separate moisture from steam in two steam drums 
than in one steam drum. 


W.S. Parrerson® anp B. J. Cross. While this paper deals 
primarily with the removal of deposits from turbine blading, the 
authors point out that the only satisfactory solution to the prob- 
lem is the prevention or minimizing of such deposits. 

Boiler manufacturers recognize the desirability and necessity 
of delivering pure steam from steam-generating units not only be- 
cause steam turbines require it, but also because superheaters 
may give trouble if they receive badly contaminated steam. 
Contamination of steam is caused by mechanical carry-over of 
water containing dissolved solids and by vaporization of certain 
solids of which silica is the most troublesome. 

The correction of mechanical carry-over may be considered a 
joint problem of boiler design and water treatment. The prob- 
lem is aggravated by high concentration of total solids in the 
boiler water. The individual effects of certain salts such as phos- 
phates and hydroxides also add to the difficulties. By keeping 
the total solids concentration and the concentration of treatment 
chemicals to a minimum consistent with economical operation and 
adequate protection, the problem of the mechanical removal of 
solids from steam can be greatly simplified. 

The contamination of steam by the vaporization of solids or by 
the solution of solids in steam is of course not a mechanical prob- 
lem. The solution of this problem, as indicated in reference (3) 
cited by the authors, lies in limiting the concentration of silica, 
the most troublesome component of the boiler water, to below 
critical values. Means for the removal or reduction of silica in 
water have been developed and there is only the question of their 
economical application. 

Incidentally, it is brought out in reference (3) and also in the 
recent University of Illinois Bulletin No. 364 which gives a more 
complete report of Professor Straub’s studies, that silica in steam 
is reduced by contact with feedwater of low silica content. This 
indicates an advantage in the use of low-concentration feedwater 
for washing the steam when conditions are favorable for its appli- 
cation. 

Boiler manufacturers consider 1 ppm of impurity as a reasona- 
ble minimum at the present time. This represents a steam pur- 
ity of 99.9999 per cent but some boilers have been operated with 
less than one half this much contamination even at maximum 
load. Therefore it may be said that most high-pressure high- 
capacity boilers are consistently producing one of the purest com- 
mercial products which is being manufactured anywhere in the 
world. 


18 Assistant Manager, Forced Circulation Boilers, Combustion 
Engineering Co., Inc., New York, N. Y. Mem. A.S.M.E. 
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The authors undoubtedly realize that since the steam is gen- 
erally being evaporated from the boiler water which is contami- 
nated with 500 to 5000 ppm of dissolved solids, there is a practical 
and economical limit to steam purity. There is considerable 
difficulty in determining the amount of contamination in steam 
when it is less han 1 ppm, and it is impossible to carry on an im- 
provement program on apparatus if there is no reliable means of 
measuring the improvement. The subject of measurement of 
steam purity has been discussed in several papers presented 
before this Society. It must be recognized that the electrical- 
resistance method cannot give the correct answer when silica or 
dissolved gases are present in the condensed sample. 

The evaporation method has been developed by the Research 
Department of the company with which the writers are asso- 
ciated, to the point where they believe reliable results were ob- 
tained down to about 0.30 ppm total solids. A special evapora- 
tor was used in connection with an extensive research program 
carried out at Somerset Station of the Montaup Electric Com- 
pany. The method and results are discussed in the series of 
papers before this Society, pertaining to the forced-circulation 
boiler at the plant mentioned.”?! Assuming that instruments, 
apparatus, and techniques will be developed to permit measure- 
ments of steam purity up to, say, 99.99999 per cent (0.10 ppm im- 
purities) and that boiler manufacturers will thereby be enabled 
to determine with greater accuracy the results of their develop- 
ment and research work and to perfect apparatus to give this 
purity, the fact still remains that the amount of solids leaving the 
boiler over a long period of time would be quite appreciable. For 
example, a boiler delivering steam to a turbine or turbines at the 
continuous rate of 1,000,000 lb per hr, with steam of the purity 
cited, would discharge solids at the rate of about 875 lb per year. 
What part of this will be deposited in the turbine depends upon 
many factors some of which are mentioned by the authors and 
some of which are unknown, but conceivably turbines might still 
collect sufficient deposits to require cleaning. 

The composition of the solids carried to the turbine will depend 
on the composition of the chemical solution in the boiler, com- 
monly called the “boiler water,” which is different in every plant 
and even different in boilers located in the same plant. The per- 
centage of individual dissolved solids varies with the concen- 
tration of total solids and is also affected by contamination of the 
feedwater due to condenser leakage, evaporator carry-over, etc., 
and by the treatment chemicals added to maintain proper boiler- 
water conditions. The boiler manufacturer has no control over 
these variables, yet they do affect the performance of steam- 
purity apparatus and the composition of the solids carried into 
the turbine. 

The composition of the boiler water also affects certain physical 
properties of the water, such as its foaming tendency, but a ra- 
tional evaluation of the effect of water composition, solids con- 
centration, pressure, and temperature on this or other properties 
will be difficult because it is nearly impossible to duplicate all the 
service-operating conditions in laboratory apparatus. 

One of the fundamental steam-purification problems is the re- 
moval of water droplets, spray, and foam films from the steam, 
because in the average case it is the water in wet steam that 
carries dissolved solids out of the boiler. At 500 lb operating 
pressure, the water Was a density 50 times greater than steam 
whereas at 2500 Ib it is less than 5 times greater. Therefore 


” “Operating History and Performance of 2000-Psi Forced-Circu- 
lation Boiler at Somerset Station of Montaup Electric Company,” 
by G. U. Parks, W. 8S. Patterson, and W. F. Ryan, Trans. A.S.M.E., 
vol. 68, May, 1946, pp. 411-427. 

*1 “Special Studies of the Feedwater-Steam System of the 2000-Psi 
Boiler at Somerset Station of Montaup Electric Company,” by 
W. D. Bissell, B. J. Cross, and H. E. White, Trans. A.S.M.E., 
vol. 68, May, 1946, pp. 429-442. 
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water separation is more difficult in high-pressure boilers, other 
things being equal. 

Another consideration is the ratio of water to steam in the mix- 
ture leaving the steam-generating tubes. Experience with a 
single-drum forced-circulation boiler, in which the ratio of water 
to steam in the mixture entering the drum could be varied while 
the total steam output was held constant, has indicated that the 
steam purity was improved as the pump circulation was reduced. 

Summarizing, it may be said that although some modern high- 
pressure high-capacity boilers are capable of continuous produc- 
tion of steam with less than 0.5 ppm solids contamination 
(99.99995 per cent steam purity) a figure of 1 ppm is generally 
accepted as satisfactory because of the difficulty of establishing 
proof of better results. A boiler delivering steam with 1 ppm con- 
tamination and generating steam continuously at the rate of 
1,000,000 lb per hr would in the course of a year discharge 8760 
lb of solids with the steam. It is fortunate that this does not all 
deposit in the superheater or turbine, but also fortunate that 
American boiler manufacturers are able to deliver steam of such 
good purity. 

The authors suggest that by ‘adhering to accepted steam- 
generating principles and practices’ the problem of turbine- 
blade deposits can be overcome or minimized. However, it 
does not appear that anything like complete standardization of 
methodg for steam purification will be soon attainable which will 
allow for the differences in boiler type, operating pressures, feed- 
water, boiler water, water-treatment methods, etc. Neverthe- 
less, a continuous program of research on this subject is being 
carried on by the company with which the writers are associated 
and much progress has been made. 


B. G. A. Skrorzx1.2*_ Until methods are developed to elimi- 
nate the impediment of turbine fouling it will prove profitable to 
set up a washing schedule that will minimize the total cost in- 
curred by fouling. This cost consists of two principal elements: 
(1) loss of energy caused by the turbine-efficiency reduction; and 
(2) washing-operation cost. 

The time for washing can be indicated by finding the degree of 
fouling the turbine should be permitted to reach or alternately 
the number of service hours that should elapse from the time of 
last cleaning. 

Optimum washing time measured either in terms of degree of 
fouling or hours of operation is a function of the following: 


(a) Increase in turbine heat rate caused by fouling. 
(b) Rate of fouling. 

(c) Total generation produced by turbine. 

(d) Unit fuel cost. 

(e) Washing cost. 


Turbine fouling has two direct manifestations, an increase in 
nozzle-bow] and turbine-stage pressures for a given output and a 
loss in maximum capacity. Probably the easiest method of 
measuring degree of fouling is periodically to test the maximum 
generation produced with wide-open governor valves. If oper- 
ating conditions do not permit such tests, pressure gages tapped 
into a sufficient number of turbine stages will be needed. Fouling 
may be expressed either in terms of per cent loss of maximum 
capacity with wide-open governor valves or as a weighted aver- 
age rise in stage pressures at a given load. 

Increase in heat rate or decrease in efficiency of a turbine 
caused by fouling can be determined by test or by daily perform- 
ance analysis where adequate instrumentation is provided. No 
two turbines will necessarily be affected alike by the same degree 
of fouling. With a constant periodic load cycle it is possible to 
find the increase in the turbine average heat rate caused by a 
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given degree of fouling. Tests have indicated in some cases that 
this relation is very close to linear so that with a satisfactory de- 
gree of precision it may be expressed as 


where 
R = heat-rate increase measured at boiler input, Btu per 
kwhr 
a = correlation factor in terms of heat-rate increase at boiler 
input in Btu per kwhr per per cent fouling 
F = degree of turbine fouling measured in terms of per cent 
capacity lost when operated with wide-open governor 
valves 
Rate of fouling will vary with turbine-loading and feedwater- 
treatment changes. Experience has indicated that fouling rate 
for periods up to several months tends to remain constant but 
when comparing different periods of a year or different years the 
rate may vary quite markedly for the same turbine. However, 
in the usual case for determining optimum washing time, the 
fouling rate can be assumed to be constant, then 


where 
b = fouling rate in per cent capacity lost per hour of opera- 
tion since last cleaning 
F = degree of turbine fouling in per cent capacity lost 
H = total operating hours since last cleaning 


The average load since the last cleaning will be 
[3] 


where L is in kilowatts. . 
Then for a given station-heat-rate increase, R, calculated from 


turbine-heat-rate increase and the incremental boiler efficiency, 
the increase in average hourly input is 


Substituting from Equations [1] and 


where 7 is in Btu per hour. 
[2] 


If L, a, and 6 are constants, then 7 is a linear function of H and 
the total Btu energy loss caused by fouling since the last cleaning 


will be 
substituting from Equation [5] 
I= f" [7] 
and 
Dollar cost of this energy loss.is 


where f is the unit fuel cost in dollars per 10* Btu. 


If C,, represents the dollar cost of washing and C;, the total 


dollar cost of fouling and washing then 


C, = 


The cost of washing includes labor, materials, supplies, and the 
cost of taking the turbine out of service and replacing it with a 
less efficient machine during the washing operations. The total 
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cost consists of a variable component C, varying as the square of 
the hours of operation and a constant component C,,. 
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It will be evident that the average hourly cost C,/H, caused by 
turbine fouling should be kept to a minimum. For short inter- 
vals between washings C,, will be the predominant factor and by 
making H smaller and smaller the ratio C,/H will become very 
large. For long intervals between washings, C, becomes the 
predominant factor and C,/H will rapidly become larger with in- 
creasing H. Then the minimum value of C,/H will be found by 


differentiating 
H a 


in respect to H and equating to zero 


a(C,/H) abfL Cw 12 


then 


or for minimum total] fouling cost the turbine should be washed 
when the cost of accumulated energy lost equals the cost of 


washing. 
The number of hours H since last cleaning at which this occurs 


is derived from Equation [13] as 


Alternately the fouling which the turbine should be permitted 
to reach for optimum fouling cost is derived from substituting 
for H in Equation [15] from Equation [2] 


As H increases, the average hourly cost of C,, varies inversely, but 
the average hourly cost of C, varies directly; this results in the 
sum of the two components C,/H decreasing from infinity at 
H = 0 to a minimum where C, = C,, and then subsequently in- 
creasing and approaching C,/H as an asymptote. Of practical 
importance is the relatively small change of C,/H near the mini- 
mum value, study indicating that the optimum H may vary by 
as much as 20 per cent from the theoretically correct value with- 
out affecting materially the over-all economy. 

While the data available to the writer indicate that the as- 
sumption of a linear relation between degree of fouling F and 
hours of operation H is valid, it is conceivable that different rela- 
tionships may exist under some circumstances. To place the 
determination of optimum operating hours between cleanings on 
a more general basis it can be assumed that all probable fouling- 
time relations are adequately expressed by 


where n may assume any value greater than zero. Then it will 
be found that 


1 
n+1 
[ot 


nabfL 
The importance of these determinations can be realized from 
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one practical case where turbines were arbitrarily cleaned when 
they fouled to the extent of losing 10 per cent of maximum capac- 
ity. This analysis showed that optimum fouling value occurred 
at 3 per cent. By allowing the turbines to foul the additional 


7 per cent an increase in operating cost of $500 monthly per unit 
was incurred. 


R. M. Van Duzer, Jr.** The authors have made an excellent 
compilation of present operating practices for those who have or 
may encounter turbine deposits. This is a problem not only to 
those operators who have to contend with this trouble, but it is 
likewise of serious concern to those engineers who have not as 
yet installed equipment operating at steam pressures above 800 
to 900 psi. Above this pressure range, deposits seem to be more 
serious with the same or similar plant water conditions. 

In order that some practical answer may be obtained to elimi- 
nate the annual loss in turbine efficiency and capacity resulting 
from steam contamination, something is being done at the pres- 
ent time. A research project is currently being gotten underway 
under the sponsorship of the Edison Electric Institute and the 
Association of Edison Illuminating Companies in co-operation 
with turbine and boiler manufacturers. Mr. Warren is to be 
commended for the part he has played during the past several 
years in having this work undertaken. 


W. L. Wess.** Although the company with which the writer 
is associated has had some difficulty with soluble deposits, in- 
soluble deposits have been much more troublesome. Conse- 
quently, the caustic-soda-washing technique is receiving critical 
study. It is expected that the conclusions therefrom may war- 
rant presentation before the Society at a later date. Meanwhile, 
several points concerning the authors’ paper deserve comment. 

Caustic-washing already has been developed to a usable tech- 
nique, as demonstrated by its successful and repeated use in the 
writer’s company’s plants on twelve turbines ranging in capac- 
ity from 18,000 to 50,000 kw, and on numerous auxiliary tur- 
bines. Unquestionably the technique is subject to improvement, 
particularly with respect to turbine-outage time and wash water 
consumed. It is believed that the greatest improvement will 
come through the establishment of steam pressure-temperature 
conditions during caustic injection to put the caustic in the form 
which will most rapidly convert the insoluble silica to a form 
permitting speediest removal during caustic injection and sub- 
sequent water washing. 

The authors’ recommendation, after completion of the caustic 
injections, is to wash the turbine with saturated steam until 
neither caustic nor silica shows in the exhaust. The writer’s 
experience indicates that much time can be saved if the steam is 
decidedly wet. Experience in many instances also indicates the 
impracticability of continuing the washing operation until the 
exhaust is silica- and caustic-free. The company’s practice is to 
continue washing until the SiO, is about 3 ppm and the conduc- 
tivity about 5 m-mhos. On start-up, condensate is dumped 
overboard until it is acceptable as feedwater. 

Caustic washing. under load would seem to be applicable only 
to turbines which can be exhausted to atmosphere or where the 
condensed exhaust can be discarded. It is believed that the ac- 
tual use of caustic washing under load may be of general interest 
and that the authors may wish to give further details. 

Obviously, the best answer to the deposit problem is to make 
steam conditions such that deposits do not occur. As indicated 
by Straub and Grabowski,* maintenance of SiO, in the boiler 


3 Engineer, Production Department, Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

*% Mechanical Engineering Division, American Gas and Electric 
Service Corporation, New York, N. Y. 
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water at a value of 5 ppm or less goes a long way toward elimi- 
nating deposits at pressures below 1500 psi. The writer has found 
this to be the case even for a 1350-psi 950 F unit having a maxi- 
mum of 10 per cent treated-water make-up where the raw water 
contains 25 to 30 ppm of SiO,. In this instance where the cir- 
culating water is tidewater, the limiting of the boiler-water 
chloride concentration as Cl to 40 ppm assists in preventing 
soluble deposits. Whereas in the experience of others, high 
chlorides have retarded the formation of insoluble deposits, they 
appear to have the opposite effect on soluble deposits. 

Those responsible for turbine operation are looking to the re- 
sults of the Research Project on Steam Contamination for means 


of eliminating this troublesome and costly turbine-deposit prob- 
lem. 


AvuTHors’ CLOSURE 


One of the purposes that the authors had in mind in presenting 
this paper was to call for the kind of discussion which has been 
presented, and in this we believe we have been quite successful. 
We wish to express appreciation of the efforts put forth by the 
large number of highly qualified persons who have carefully re- 
viewed the paper and presented their own views and experience. 
It is believed that this will be of considerable value to the power 
industry. 

More in detail we would like to make the following comments: 

It is very gratifying that Mr. Campbell agrees in general with 
the analysis of the various methods of cleaning presented, and 
we certainly agree with his warning regarding the use of extreme 
caution in the trying of new and unknown compounds in con- 
nection with the cleaning of turbines. 

In connection with Mr. Coykendall’s comment, the authors 
are very conscious of the great progress which has been made 
in boiler design in connection with getting cleaner steam on more 
modern boilers despite the increase in pressure, output, etc., 
which the industry has demanded. The survey and research work 
which Mr. Coykendall’s company has carried out in connection 
with this work has been most interesting and valuable, as is 
also the table which he presented. It is to be hoped that a more 
detailed report can be presented covering this matter through an 
independent paper to the A.S.M.E. on this important investiga- 
tion. Mr. Coykendall has suggested that turbines be designed 
to reduce the difficulties from turbine steam-passage deposits. 
Some progress has been made on this in connection with more 
modern turbines in that steam passages have been larger in 
many cases, and further investigations are under way in connec- 
tion with this. 

Mr. Dick’s comments regarding his experiences which are at 
variance with those of the authors as set down in the paper are 
exactly the types of experience which it was hoped that the 
discussion of this paper would bring out. His addition to the 
experience with caustic washing and removal of insoluble de- 
posits should be very valuable. 

Mr. Finnegan’s contributions to the general knowledge of this 
situation are very much worth while, particularly the statement 
that silica deposits may form with as little as 0.01 part per mil- 
lion of silica in the steam. One would wonder as to the technique 
which will permit such an accurate determination of silica con- 
tent in the steam and feel that a more complete description of 
this on his part might be worth while. His comments regarding 
the effectiveness of method 2, that is, low-load operation in re- 
moving soluble deposits, were very interesting and much worth 
while. 

Mr. Frisch’s analysis of the differences in action between 
washing and drying of the steam in the steam drum is very 
interesting. So far as the authors know, a correlation has never 
been made between the deposits in turbines and the methods of 
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cleaning the steam in the drums, and undoubtedly such a study 
would be of value. 

Mr. Gaston’s testimony as to the effectiveness of proper control 
of the boiler treatment in reducing turbine deposits is certainly 
most encouraging. It is to be hoped that Mr. Gaston will make 
a complete report of this matter through the A.S.M.E. in the near 
future. With respect to his suggestion that turbine manufac- 
turers should furnish more data regarding stage pressures and 
the importance of departures from these, an article was pub- 
lished in the October, 1942, issue of Electrical World entitled, 
“Indexes That Point to Turbine Overhaul,” by E. E. Harris and 
G. B. Warren, which sets forth quite completely this situation. 
The organization with which the authors are associated set out 
some time ago to furnish expected stage pressures in all in- 
struction books as was suggested in the foregoing article and by 
Mr. Gaston. These were issued on a few machines, but the 
press of work in the last few years has precluded our doing as 
much of this as should have been done on machines recently put 
in service. It is hoped that this matter can be rectified in the 
near future. 

Mr. Keeth’s suggestions regarding several points in the paper 
are very interesting and will probably be helpful, and he may 
be correct in interpreting part of the cleaning on shutdown due 
to differential expansion between buckets and scale. 

Mr. Klotz’s corroboration of the effectiveness of saturated- 
steam washing by water injection and of being able to remove 
deposits by periodic shutdown is very helpful, as may also be his 
suggestion that the most effective approach to a real solution of 
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the problem should be through proper chemical treatment of the 
boiler water. Messrs. McDonald, Patterson, and Cross also seem 
to feel that the proper approach to the solution of the turbine- 
deposit problem is in the boiler room. The authors recognize, 
however, that there is not yet an agreement on a group of prin- 
ciples which operators can use as a guide in operating with any 
degree of assurance that when so doing their turbines will be free 
from deposit trouble, and that much additional research work is 
needed. 

Mr. Skrotski’s analysis of the optimum time between washing 
is interesting and might profitably be made by any operators 
who have sufficient data on the characteristics of their own sta- 
tion; and if so carried out, might permit subjecting the turbines 
to the deterioration of washing the minimum economical number 
of times per year. 

We are glad Mr. Van Duzer has called attention to the re- 
search program now being undertaken by the Edison Electric 
Institute and the Association of Edison Illuminating Companies 
which was initiated during Mr. Van Duzer’s term of office as 
chairman of the Prime Movers Committee of the E.E.I. The 
authors have hopes of important results coming from this in- 
vestigation. 

Mr. Webb’s contribution of his experience in washing silica 
deposits is most helpful and the more complete paper promised 
should be very welcome to the power-plant people. 

The authors wish again to express their thanks to all of those 
who have so earefully studied this paper and contributed their 
discussion. 


| 
| 
| 
% 
| 
: 
Semi-. 
OT 
Un 


Charts are presented for determining complete tem- 
perature histories in spheres, cylinders, and plates. It 
is shown that for values of the dimensionless time ratio 
X greater than 0.2 the heating equations reduce to such 
a simple form that for each shape two charts which give 
temperatures at any position within the heated or cooled 
bodies can be plotted. It is also shown that the usual 
simple heating and cooling charts can also be used for the 
determination of temperatures and heating times in 
bodies heated by a constant rate of heat generation at 
the surface (induction heating). Finally, a two-dimen- 
sional chart is given for finding heating times in short 
cylinders, thereby eliminating the trial-and-error solu- 
tion that is necessary when heating times are found from 
the present one-dimensional charts. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


exp = base of natural logarithms, for example exp(a) = e* 
F = deg F 
h = coefficient of heat transfer between surroundings and 
surface of heated body, Btu/sq ft hr F 
I* = dimensionless heating-up temperature ratio for induc- 
tion heating (t — t,) /(h/q) 
I = dimensionless induction-temperature ratio expressed in 
relaxation (cooling) form, 1 — (t — ts)/(h/q) = 1—-I* 
L-= half-thickness of a semi-infinite plate or a short 
cylinder heated from opposite sides, ft 
m = relative boundary resistance (conductivity) /(L)(h) 
n = relative position ratio (distance in feet from center of 
plate, cylinder, or sphere)/(Z or r) 
q = heat flux per unit area applied to the surface of a plate, 
cylinder, or sphere in induction heating, Btu/sq ft hr 
r = radius of cylinder or sphere, ft 
t = temperature, deg F 
t’ = furnace temperature, deg F (temperature of hot 
ambient) 
Y = dimensionless temperature ratio in relaxation form, 
(t’ — — 
Y* = dimensionless temperature ratio in heating-up form, 
(¢ —t,)/¢’ —t) =1—Y 
X = dimensionless time (diffusivity < time) /(half-thickness 
squared) for a semi-infinite plate heated from opposite 
sides, a long cylinder, or a sphere } 
r = time, 
Subscripts: 


n refers to dimensionless position n 
1 refers to surface of sphere, cylinder, or plate 
0 refers to center of sphere, cylinder, or plate 


' Heat and Mass Flow Analyzer Laboratory, Columbia University. 
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Temperature Charts for Induction and 
Constant-Temperature Heating 


By M. P. HEISLER,' NEW YORK, N. Y. 


p refers to plate 
c refers to cylinder 
b refers to initial base temperature of surroundings 


INTRODUCTION 


The solution of many heat-flow problems requires the use of 
charts from which temperature distribution in solids of simple 
shape such as plates, cylinders, and spheres, can be found. A 
survey of the existing charts shows that no set of them fills al} 
the requirements of accuracy and readability over the entire 
temperature range, of sufficient curves to permit easy inter- 
polation, and of coverage of extreme conditions of time, thick- 
ness, thermal properties, and boundary conductance. 

The original charts of Gurney and Lurie (1)? give temperature 
distributions in the interior of the body, but in doing so are 
limited to relatively few values of boundary resistance and 
permit good readability only in the larger time ratios. Charts 
of the Groeber type (2) are plotted so as to give more accurate 
reading for short times, but each chart is limited to temperature 
ratios for only one position in the body. As a result, a large 
number of such charts is needed to give complete spatial coverage 
and in practical applications the type has been restrieted to 
surface and center temperatures. They have the added dis- 
advantage of poor readability for even moderately small tem- 
perature ratios; and, in common with the Gurney-Lurie charts, 
do not cover the extreme range of conditions met in industrial 
heat transfer. 

Schack (3) took the charts of Groeber and by graphical inter- 
polations was able to add many more values for the dimensionless 
time parameter X; Newman (4) added to the existing data 
charts of the Groeber type for cylinders, and in addition in- 
geniously derived simple mathematical relations for solving 
two- and three-dimensional heat-flow problems. Hottel (5) 
greatly extended the range of charts of the Gurney-Lurie type 
for surface, center, and “‘space-mean” temperatures for semi- 
infinite slabs. Bachmann (6) provided additional charts for 
slabs, cylinders, and spheres, but in his charts used dimension- 
less parameters different from those used in the charts previously 
described. 

Considered as a group, existing charts are particularly poor for 
those problems which involve large boundary resistances, such 
as occur in low-temperature work, convection heating, or the 
heating of thin pieces in the high-temperature range. They 
also are not applicable to many problems involving extremely 
short heating or cooling periods such as occur in quenching and 
hardening. 

All available charts can be applied only to heating by exposure 
to a constant ambient temperature. An entirely different, but 
equally important heating problem is presented by induction 
heating, in which heat is generated at a constant rate at or near 
the surface. If the frequency is sufficiently high, it is permissible 
to consider this heat generation to take place entirely at the 
surface. The widespread application of high-frequency induc- 
tion heating has created a need for heating charts similar to 
those which are available for constant-ambient-temperature 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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heating. A solution of the equations governing heat flow in 
bodies subjected to a constant rate of heat generation brings 
out the important fact that when expressed in dimensionless 
units these equations are identical in from to those which govern 
heat flow in the same bodies but subjected to constant ambient 
temperature. As a result, the charts for constant-temperature 
heating also can be used for all heating problems characterized 
by constant surface heat generation. 

It is the purpose of the present paper: (a) To present short- 
time charts for simple bodies subjected to very short heating 
cycles; (b) to extend the range of relative boundary-resistance 
factors in charts of the Gurney-Lurie type so as to include all 
values from zero to infinity; (c) to present temperature charts 
that, for relatively long time ratios, will give temperature dis- 
tributions throughout the body rather than only at the surface 
and center; (d) to show that the radiation-convection type of 
heating charts can be used for those cases of induction heating 
which can be considered to have purely surface-heating effects. 

All of the experimental work connected with the temperature 
charts was done on the “heat and mass flow analyzer’ at Colum- 
bia University. The analyzer and the method upon which it 
is based have been described repeatedly (7) and therefore do not 
need to be described here. All of the short-time charts, with the 
exception of those for n = 1 for plates and spheres, were obtained 
by means of the analyzer. The long-time charts were ob- 
tained for the greater part by calculations; some check tests 
were run on the analyzer. 
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PART 1 CONSTANT-TEMPERATURE (C-T) HEATING 


Cuarts FoR SHort-Time Heatina Cycies 


The purpose of short-time heating charts is to give accurate 
temperature readings for very small dimensionless time ratios. 
Charts of this nature are shown in Figs. 1 to 6, inqlusive. There 
is little difference between these charts and the other heating- 
cooling charts familiar to the engineer. As is customary, a 
dimensionless time ratio X is plotted as abscissa and a dimension- 


‘ less temperature ratio Y as ordinate. Each curve holds for a 


different relative boundary-resistance factor m. Each set of 
curves is labeled with a suitable dimensionless position ratio n. 

Consider, for example, Fig. 1, which applies to semi-infinite 
slabs, and which has a position ratio n of 1. For a plate heated 
on both sides n is by definition (distance from mid-plane of 
plate) /(half thickness of plate). Since n is equal to 1, the tem- 
perature chart therefore applies to the surface of a slab. Fig. 2 
shows curves for the center (n = 0), and for the plane midway 
between surface and center (n = 0.5). It should be noted that a 
different temperature ratio is plotted here than is customarily 
found in the standard heating-cooling charts mentioned. In 
those charts, and in Figs. 7, 8, 9, and 13 of this paper, the cooling 
ratio which is customarily designated by Y is used; in this paper 
the heating ratio, which is 1 — Y, is used for Figs. 1 to 6, and is 
designated by Y*. Y* and Y are connected by the relation 
Y*=1—Y. 

Two scales are used for each ordinate. This has been done 
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because the charts can be used not only for constant (ambient) 
temperature (c-t) heating but also for induction heating. In 
e-t heating, a large relative boundary resistance m means very 
low surface temperatures for the short time of exposure to heat. 
In induction heating, on the other hand, a large relative boundary 
resistance means that little heat can escape from the surface; 
therefore high temperatures result from high m values, in con- 
trast to the low temperatures in c-t heating. In order to have a 
readable scale, the product mY* has been plotted for large m 
values. The J* factor applies to induction heating and will be 
explained in Part 2. The use of the charts will be illustrated in 
the following example: 

Example 1. A 9-in-thick steel slab initially at 70 F is sud- 
dently put into a 2400 F constant-temperature furnace and 
heated from one side only. If the conductivity is 25 Btu/ft, 
hr, F, specific weight is 460 Ib per cu ft, specific heat is 0.120 
Btu/lb, F, and the average surface heat-transfer coefficient 
between flame and stock is assumed to be 94 Btu/sq ft, hr, F, 
what will be the temperatures at the surfaces and at the center 
after 12 min of. heating? 


X = (25)(12/60)/(0.12 x 460) (9/12)? = 0.1607 
m = (25)/(94)(9/12) = 0.354 ° 
From Fig. 1: At the exposed surface; Y*, = 0.621 = (t; — 70)/ 


(2400 — 70). From this the exposed surface temperature t; 
is found to be 1515 F. 


From Fig. 2: At the unexposed surface; Y*% = 0.091 = 
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(to — 70) /(2400 — 70). 
to is found to be 282 F. 

From Fig. 2: At the center n = (4.5)/(9); 
(t, — 70) /(2400 — 70). 
found to be 515 F. 

If the slab had cooled from 2400 F instead of heating from 
70 F, all other conditions remaining unchanged, the tempera- 
tures would be as follows: 

At the exposed surface: 0.621 = (2400 — t,)/(2400 — 70). 

From this the exposed surface temperature is found to be 954 F. 

At the unexposed surface: 0.091 = (2400 — t&)/(2400 — 70). 


From this the unexposed surface temperature is found to be 
2188 F. 


At the center: 0.191 = (2400 — t,)/(2400 — 70). 
the center temperature is 1954 F. 


From this the unexposed temperature 


Y*, = 0.191 = 
From this the center temperature is 


From this 


Cuarts ror Lonc-Time Heatine Cycies 


When X is greater than 0.2 and m is less than 100, Figs. 7 to 
12, inclusive, can be used. Figs. 7, 8, and 9 give temperatures 
at the mid-plane of a plate, the axis of a cylinder, and the center 
of a sphere, respectively. Figs. 10, 11, and 12 give a multi- 
plication factor by which the temperature at any other position 
n can be found. 

Suppose, for example, the temperature ratio at n = 0.4 is 
desired when the temperature ratio Y> at n = 0 has been found, 
from Fig. 7, 8, or 9. With the same m that was used in finding 
Yo go to Fig. 10, 11, or 12, enter the abscissa with this m go 
vertically to the curve for n = 0.4, and read the ordinate Y,/Yo. 
Then form the product Yo(Y,/Yo) = Y,,. 

The heating of a semi-infinite slab will be used to illustrate the 
reasoning upon which the figures are based. Consider the 
following equation, which governs the heating-up of semi-infinite 
plates: 
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Fie. 10 Position Correction Factors FOR DIMENSIONLESS: Fic. 12 Position Correction Factors FOR DIMENSIONLESS 
TEMPERATURE RATIOS FOR SEMI-INFINITE PLATE TEMPERATURE RATIOS FOR SPHERE 
Po: the position factor in Fig. 10. The use of the charts will be 
illustrated by means of a simple example. 
as Hi Example 2. steel rod 1 in. diam and having the same 
properties as the steel plate of Example 1, is initially at a uniform 
aoe manner aii Hi temperature of 70 F. It is suddenly put into a 1600 F furnace 
oi WA and kept there until the center reaches a temperature of 1400 F. 
Pall | What is the temperature distribution at distances of 0.1, 0.2, 
a ++—4 tii 0.3, 0.4, and 0.5 in. from the center? What is the heating time 
>» when the center has reached 1400 F? Assume h to be 36.9 
YH. Btu/sq ft hr F. 
m = (25)/(36.9)(1/24) = 16.3 
yo = (1600 — 1400) /(1600 — 70) = 0.1307 
at] Yr = (¥n/ Yo) (0.1307) From 
| From Fig. 11 (1600 — tn) which 
nis Yx/Yois (1600 — 70) 
m 0.1 in. 0.2 0.998 0.1304 1400.3 F 
j oF 
Fie. 11 Posrrion Correction Factors FoR DIMENSIONLESS 0 
TEMPERATURE Ratios FOR INFINITELY LoNG CYLINDER sane 2 
0.4 in. 0.8 0.980 0.1282 1403.8 F 
0.45 in. 0.9 0.975 0.1274 1405.0 F 
0.5 in. 1.0 0.970 0.1267 1406.0 F 
2(sin w,)(cos exp(—w,2X) 
Y, = {1] From Fig. 8, for m = 16.3 and = 0.1307, X is 16.7. From 


— w, + (sin w,)(cos w,) 


This equation converges rapidly and for values of X larger than 
0.2 all terms after the first can be neglected. Equation [1] then 
reduces to 


2(sin w)(cos wn) exp (—w?X) 


Y, = 
w + (sin w)(cos w) 


Since at the center n is zero, the equation for the temperature at 
the center can be written 


2(sin w) exp (—w?X) 
(sin w)(cos w) 


, 


= a, exp(—w?X)...:. {3] 


Dividing Equation [2] by Equation [3] gives Y,,/Yo = (cos w), 
where w is the first root of the characteristic number equation 
mw = cot w. It is clearly evident that two sets of charts, one 
giving the temperature ratios at the center, and the other the 
ratio Y,/Yo = (cos w) will serve to give all temperature ratios 
fromn = Oton = 1. For the plate, Yo is plotted in Fig. 7, and 


this the heating time is 3.84 min. 

In the example just given it was assumed that the center 
temperature was known and that the other temperatures and 
the heating time were the unknowns. Problems in which the 
heating time is known and the temperatures are the unknowns 
can be solved just as readily by finding Yo from the given heating 
time and relative boundary resistance and forming the (Yn/¥ 0)! 
products. Cylinders and spheres are treated in a similar manner. 


RELATIVE BouNDARY RESISTANCES GREATER THAN 100 


There are many problems in which m values much greater 
than 100 are met. These can be solved by using Fig. 13, | 
being understood that X is greater than 0.2. To illustrate the 
principles underlying this graph, it will be convenient to considet 
Equation [3], although it should be noted that the analysis © 
equally true for cylinders and spheres. It can readily be show 
that as m approaches infinity, the first root of mw = cot w ap 
proaches zero. Therefore, for small values of w, 2(sin w)/(w — 


* sin w cos w) approaches 2w/(w + w), since for small angles sin © 


approaches w and cos w approaches 1, Consequently, Equatio® 
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A A. 
Fic. 13 DimeNnsIONLESS TEMPERATURE RATIOS FOR LARGE VALUES 
oF RELATIVE BounpDARY RESISTANCE (m > 100) 


(3] reduces to Yo = exp(—w?*X). If, in addition, mw = cot w 
is written as (1/m) = (w) tan w, and tan w is expressed in its 
series form, it can readily be shown that for the small values of 
w under consideration it is sufficiently accurate to consider only 
the first term in the expansion. As a result (1/m) = (w) tan w 
reduces to 1/m = w*. Therefore, Yo can be written as Yo = 
exp(—X/m). By similar arguments it can be shown that for 
cylinders Yo = exp(—2X/m) and for spheres Yy = exp(—3X/m). 
Or, using a general form, Yo = exp(—A), where for plates A = 
X/m, for cylinders 2X /m, and for spheres 3X/m. This is the 
form that has been plotted in Fig. 13. As a matter of practical 
interest, it is pointed out that for values of A less than 0.01, 
Y, reduces tol — A. To illustrate the use of the chart consider 
the following example: 

Example 3. A '/z-in. partition in a steel ventilation duct is 
at 70 F. Hot air at a constant temperature of 200 F is suddenly 
blown through the duct. Assuming the average surface heat- 
transfer coefficient to be 4 Btu/sq ft, hr, F, find the time it will 
take for the center ('/s in. from either surface) of the partition 
to reach 195 F. 


Yo = (200 — 195)/(200 — 70) = 0.0385 
m = 25 X (64 X 12)/4 = 4800 


From Fig. 13, for Yo = 0.0385, A = X/m is 3.26. From this 
X is 3.26 « 4800 = 15,640. If we assume that the thermal 
properties of the steel are the same as those given in the pre- 
ceding examples, the heating time is 15,640/(0.452)(64 12)? = 
0.0587 hr = 210 sec. 


PART 2 INDUCTION HEATING 


High-frequency induction heating, using frequencies in the 
order of millions of cycles per second, is fundamentally different 
in its effects, both mathematically and physically, from low- 
frequency heating. Where high-frequency heating is charac- 
terized by the generation of heat in a very thin layer near the 
surface of the workpiece, low-frequency heating is associated 
with a space-varying generation of heat. For this latter case 
the relation between strength of generation and depth of pene- 
tration depends, for a given material, directly upon the frequency. 
A mathematical solution is possible for problems of this type, 
provided that the relation between frequency and depth can be 
formulated. For those frequencies in which the heating effect 
's concentrated in such a thin shell that, for all practical purposes, 
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the heating can be considered to be surface heating, a simple 
solution is possible (see Appendix). 

In high-frequency heating of metals there is a pronounced 
skin-heating effect, the thickness of the skin being, among other 
things, a function of the frequency of the current in the induction 
coils. For commonly used steels, Curtis (8) quotes the following 
figures as representative of the relation between depth of pene- 
tration and frequency: For 2000 cycles per sec, a skin depth of 
1/sin., and for 200,000 cycles per sec a depth of 0.020 in. Sherman 
(9) gives the equivalent depth of uniform penetration as less 
than 0.001 in. at 5,000,000 cycles. Such high frequencies have 
come into widespread use in thin-case hardening, in which the 
quenching of the surface layer is accomplished either entirely 
or in large part by the cold core just beneath the surface layer 
of heated metal. 

The actual conditions of high-frequency induction heating can 
be closely simulated by applying a constant heat flux to the 
surface of the workpiece. If a constant heat flux is applied, for 
example, to a long cylindrical rod, part of the flux will penetrate 
into the rod by conduction and the remainder will be lost to the 
surroundings by convection and radiation. As the temperature 
of the rod increases, a larger and larger part of the heat input 
will be lost until the surface temperature finally assumes a value 
at which all the heat flux is lost to the surroundings. Thus if 
q is the flux in Btu/sq ft, hr, and h is the surface heat-transfer 
coefficient at steady-state conditions in Btu/sq ft, hr, F, the 
rod will, after an infinite time, assume a final uniform temperature 
of q/h deg F above the original temperature of the body and 
surroundings. 

It is shown in the Appendix that, if a dimensionless tempera- 
ture ratio /* (for induction heating) is defined as (t, — t,)/(q/h), 
where ¢, is the temperature at position n in the workpiece, and 
t, is the original uniform temperature, then the equations which 
govern the flow of heat in a body subject to c-t heating are 
identical with the equations governing the flow of heat in the 
same body subject to induction heating. It then follows that 
the same curves which are used for c-t heating can also be used 
for high-frequency induction heating. It should be pointed out 
that in Figs. 1 to 6, inclusive, the relation 7*, = (t, — t,)/(q/h) 
is plotted, whereas in Figs. 7 to 9, inclusive, the relation J) = 
1 — (to —t,)/(q/h) is plotted. For the latter case, temperatures 
at any position n can be found from Figs. 10 to 12, by forming 
the product J, = Jo(/,/Io) just as is done for ¢c-t heating. The 
procedure will be illustrated by the following examples: 

Example 4—Short-Time Induction Heating. The 1-in. bar of 
Example 2 is to be heated by induction to a surface temperature 
of 1600 F in 1.5 see. (a) What energy input, in kilowatts per 
square inch, must be applied at the surface? (6) What will be 
the final center temperature of the bar? 

Assuming that the average surface temperature is (2/3) 
(1600) = 1070 F, that the temperature of the surroundings is 
70 F, and that heat is lost by radiation only, h will be 9.9 Btu/sq 
ft, hr, F; therefore 


m = 25 X 24/9.9 = 60.1 
X = 0.425 X 1.5/(1/24)2(3600) = 0.1084 


From Fig. 3, mI*; = m(t, — 70)/(¢/9.9) = 0.444 
q = (1600 — 70)(60.1 xX 9.9) /(0.444) 

2,050,000 Btu/sq ft, hr, F 

(2,050,000) /(3413 x 144) 

4.17 kw per sq in. 


To find the temperature at the center: 
From Fig. 4, = — 70)/(2,050,000/9.9) = 0.036, 


from which ft is 1312 F. 
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Example 5—Long-Time Inauction Heating. If, in the fore- 
going example, the heating time is changed to 200 sec: (a) What 
must be the energy input in kilowatts per square inch? (b) 
What will be the center temperature? Assume all properties 
are unchanged. 


X = 0.452(200/3600) /(1/24)? = 14.5 


From Fig. 11 
= 0.991 
From Fig. 8 
Ip = 1 — (to — t,)/(Q/h) = 0.65 
Therefore 


I, = 0.991 X 0.65 = 0.644 = 1 — (1600 — 70)/(2/9.9) 


From this q is found to be 42,600 Btu/sq ft, hr = 0.0865 kw per 
sq in. Then 


I) = 1 — (to — 70) /(42,600/9.9) = 0.65 


and, therefore 


It is emphasized that the methods given for induction heating 
are precisely accurate only when all of the energy is generated 
at the surface of the workpiece. Therefore the application of 
the curves to actual conditions must be tempered with judgment. 
For very high frequencies, it is reasonable to assume that neg- 
ligible error is involved; for lower frequencies, which involve 
greatest errors, the methods can be usefully applied to determine 
general trends or limiting values. 


PART 3 TWO-DIMENSIONAL HEAT FLOW 


The fact that the infinite series represented by Equation [1] 
reduces to the simple form of Equation |3] can be used to con- 
siderable advantage in determining heating times and tempera- 
tures within bodies subjected to two-dimensional heat flow. 
Consider the equation for the heating of an infinite cylinder (the 
subscript c denotes cylinder) 


exp(—u?,X,) 
[J + (uy)] 


(YJ. = 
, k=1 
where J» and J, are the Bessel functions of order 0 and 1. 

Now, it is just as true for cylinders as it is for plates that, for 
X greater than 0.2, all terms after the first become negligible. 
Therefore for n equal to zero 


2J1(u) exp (—u*X,) 
ulJ%o(u) + J*i(u)] 


where wu is found from the characteristic number equation mu = 
Jo(u)/Ji(u). It is clearly evident that at any position n, (Y,) = 
Jo(un)(Yo)e. (Yo), is plotted in Fig. 8, and Jo(un) in Fig. 11. 
It is possible from these two figures to find the temperature at 
any point in an infinitely, long cylinder by using the methods 
for the slab illustrated in Part 1, Example 2. 

The extension of this simple principle to finite cylinders follows 
readily. Newman (4) showed that, for finite cylinders, the tem- 
perature ratio at any point (n,, ,) in the cylinder is equal to the 
product (Y,),(Y,,).- Therefore for all X greater than 0.2 


Yo = [a, exp(—w?X,)] *[a, exp(—u?X,)] = (Yo) p( Yo), .. [6] 


(Yo). = = a, exp(—w?X,)...... [5] 


2 
Since X, = (7) - X, this can be written 
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Equation [7] is a function of the variables m,, m,, : and X,; 


it is plotted in Fig. 14. Fig. 14 enables one to find the heating 
time required to reach any desired temperature within a short 
cylinder. This is not possible from the one-dimensional charts 
except by resorting to a trial-and-error solution. 

The temperature at any position n,n, can be found by means 
of the following relation 


Y(np,ne) = (Yo)p(cos wn), {8} 


Cos(wn), and Jo(un), are plotted in Figs. 10 and 11, in their 
equivalent temperature form Y,/Y;. Note that 


cos (wn), = (¥,/Yo)p; Jo(un)., = (Y,/Yo), 


The use of Figs. 10, 11, and 14, in finding heating times and 
temperatures will be illustrated in the following example: 

Example 6—Short Cylinder. <A steel cylinder, conductivity = 
25 Btu/ft, hr, F, diffusivity 0.452 sq ft/hr, 6 in. long and 4 in. 
diam, is put into a 2000 F furnace. Assuming heat is transmitted 
over the entire surface and h is 75 Btu/sq ft, hr, F, find: (a) How 
long it will take the center to reach 1900 F; and (b) what the 
temperatures will be at points which are 1 in. from the axis and 
1/, in. from either face. 

Since both faces are heated 


2 
= 3 and (r/L)? = 0.444 


25/(3/12)75 = 1.333 
25/(2/12)75 = 2 
2000 — 1900 


2000 — 70 — 


3 
s 


3 


To find the heating time, enter the bottom right quadrant of 
Fig. 14, at (r/L)? = 0.444, move horizontally along the broken 
line to m, = 1.333, and then go vertically to m, = 2. From 
this point draw a horizontal whose termination is found by going 
to the top right quadrant at m, = 2, following the broken line to 
m, = 1.333, and thence horizontally to Yo = 0.0519. The inter- 
section of a perpendicular from this point to the horizontal 
located in the preceding step gives X, = 2.7. Before finding the 
heating time it first must be determined whether X p is less than 
0.2, since the graph is not valid for either X, or X, less than 0.2. 


X, = (r/L)*(X,) = 0.444 X 2.7 = 1.2 


Therefore the method is applicable to this problem. 
The temperatures are found from the following: 


At the edge n, = n, = 1. From Fig. 10, for n, = 1 and 
m, = 1.333, (Y,/Yo), = 0.718. 


From Fig. 11, for m, ="2 and n, = 1, (Y,/Yo), = 0.79. Since 
at the edge (Yn) p(Pade = x (Yo),(Vole 
and (Yo),(Yo), = 0.0519, it follows that (Y,),(Y,). = a = 
= (0.718) (0.79) (0.0519), from which the temperature at the edge 
is found to be 1943 F. At 1 in. from the axis, n, = '/, = 0.5. 
From Fig. 11, (Y,/Yo), = 0.946. At '/2 in. from the face n, 
= 2.5/3 = 0.833. From Fig. 10 (Y,/Yo), = 0.8; therefore 


2000 — t 
200070 ~ (0.946) (0.8)(0.0519) = 0.0392 
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from the axis and '/; in, from either face. 
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Appendix 


Derivation or Equations For INDUCTION 
HEATING 


Additional nomenclature for the Appendix is as follows: 


CHART FOR DETERMINING TEMPERATURE History 


Solving for ¢ gives 1424 F for the temperature at a point '/, in. 


AT CENTER OF SHORT CYLINDER 


= volumetric specific heat : 
a = diffusivity, (conductivity) /(volumetric specific heat) 
R = thermal resistivity 
R,; = boundary resistance (film resistance) 
L~! = inverse Laplace transform 


nm = as a subscript indicates partial differentiation with 
respect to relative position n 
x = position in heated body; as a subscript denotes partial 
differentiation with respect to z 
zx = as a subscript, second partial differentiation with 
respect to z 


Other units are given in the nomenclature at the beginning 
of the paper. 

The partial differential equation which governs heat flow in a 
semi-infinite solid of half-thickness L can be written 


The subscript r indicates partial differentiation with respect to 
time, and the subscript xx the second partial differentiation with 
respect to space. The diffusivity a can be written as 1/RC, 
where R is the thermal resistivity and C the volumetric thermal 
capacity. At the surface of the plate, the total flux q will be 
equal to the flux lost to the surroundings (through the boundary 
resistance) and the flux conducted into the plate, that is 


R, being the film resistance and ¢(L, r) the time-variable surface 
temperature distant Z units from the center. It is convenient 
to introduce a set of dimensionless parameters. Introducing the 
following units 


X = (ar)/L*? 

t(n, X) t, 

} xX) = 
(@/h) 


n= 2/L 
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Equation [9] becomes 


Equation [10] becomes 
Y,(1, X) = [12] 


In addition, for the center, we can write 


Taking the Laplace transform of Equation [11] and the boundary 
conditions Equations [12] and [13] 


y,(1, 8) = (1/s) — 8) [15] 
m 


The solution of Equation [14] is 
y(n, 8) = A sinh [n(s)3] + B cosh [n(s)}] 
Therefore 
yn(n, 8) = (s)2 A cosh [n(s)4] + (s)4 B sinh [n(s) 


To satisfy Equation [16], A must be zero. Applying Equation 


[15] 


y,(1, 8s) = B sinh = 


(1/s) — B cosh (s)4 
m 


from which 


cosh — m(a)4 sinh (s)4 


Therefore 


cosh n(s)4 
8 [cosh(s) } — m(s)3 sinh (s) 3] 


y(n, 8) = 


Taking the inverse transform 


cosh n(s)4 - exp (sX)(dX) 
(n, pr 8Lcosh(s) 4 — m(s)4 sinh (s)4] 


The residue at the simple pole s = 0 is readily found to be 1. 
The poles of cosh(s)? — m(s)4 occur at s = —w*, The residue 
is found by taking the inverse transform 


This inversion gives 
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t(n, X) —t, 
Y(n, X) 


= (sin w,)(cos nw,) exp(—w,2X) 
w, + (sin w,) (cos w,) 


=1—2 


1 


where we is found from the characteristic number equation 
mw = cot w. : 

Equation [18] is identically equal to the equation for a slab 
subjected to a constant temperature. The equations for cylin- 
ders and spheres were derived by the same method and found to 
be identically equal to those for heating in a constant-tempera- 
ture source. It would not have been necessary to carry out the 
complete evaluation of the problem because it is obvious from 
Equations [11], [12], and [13], that the solution must lead to 
the same equation as for simple heating-up. The Laplace 
transform has been used to bring out the method by which the 
short-time curves for the surface of plates and spheres were 
developed. 

Where small values of X are involved, calculation of the 
temperature ratios Y, becomes quite laborious because of the 
number of terms that must be used. An accurate approximation 
can be had for values of X less than 0.2 by making use of the fact 
that, as X approaches zero, s approaches infinity; for example, 
Equation [17] can be written 


y(n, 8) = 
exp[n(s)4] + exp[—n(s)4] 
s{ {exp(s}) exp(—(s4)] — m(s}) [exp(s4) — exp (—s4)}} 


Since s is very large, because of the small value of X, exp —n(s)} 
approaches zero, and 


exp[—(1 — n)(s)4] 


y(n, 8) = m(s) 4] [20] 
At the surface n = 1, therefore 
1 
y(n, s) = — (21) 
Taking the inverse transform 
VX 
y(1, X) = 1 — exp(X/m?*) erfc {22] 


Since the complementary error function is a tabulated function, 
Equation [22] is convenient for calculation. At the center 


y(O, X) =2 ere — exp(1/m + X/m?) erfe 


(5 + (23 


These equations can be used where greater accuracy is desired 
than is possible from the charts. Similar formulas can be derived 
for other values of n, and the method can be applied with equal 
facility to cylinders and spheres. 
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Various questions are presently being asked regarding 
the performance of turbojet engines at high flight speeds. 
It is the purpose of this paper to outline some of the 
problems associated with the high-speed flight of turbojet 
engines and to indicate the present methods available and 
the future research necessary to solve some of the prob- 
lems encountered. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


0 
| 
[Inlet [Diffuser|Compressor| Burner ,[lurbine| | Ex.Pipe Nozzle, Jet 
A = cross-sectional area 
a = acoustic velocity 
F, F,, F, = thrust, gross and net 
g = acceleration due to gravity 
k = ratio of specific heats 
L = length 
M = Mach number 
N = rotational speed 
P., Py = static and total pressures 
Poa = standard sea-level atmosphere pressure 14.7 psia 
Q = (R/M) (Reynolds No./Mach No.) Equation [12] 
dw = heat to work, Btu per Ib . 
R = Reynolds number or gas constant 
T,T, T = absolute temperature static or total 
Tos = standard sea-level atmospheric temperature 518.4 
deg R 
V = flight speed 
W,, W, = air and fuel rate of flow 
5, 52 = relative absolute pressure Po./ Post. Posi 
6, = relative absolute temperature 7'9./T os, Ts2/T os 
u = absolute viscosity 
I, = defined by Equation [6] 
n = efficiency 
Subscripts: 


0,1,2,3 = stations throughout engine 
idcbtej = inlet, diffuser, compressor, burner, turbine, exhaust, 
jet 
t,s = total, static 
Osl = standard sea-level conditions 


INTRODUCTION 
In estimating the performance of turbojet engines at high flight 


‘Section Engineer, Thermodynamics Section, Aviation Gas Tur- 
bine Division, Westinghouse Electric Corporation. Mem. A.S.M.E. 
Presented at the Aviation Division Meeting, Los Angeles Calif., 
June 3-5, 1946, and the Fall Meeting, Boston, Mass., Sept. 30- 
Oct. 3, 1946, of Taz AMERICAN SocieTy OF MECHANICAL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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Characteristics of Turbojet Engines at 
High Flight Speeds 


By C. A. MEYER,' LESTER, PA. 


speeds and various altitudes, many problems have arisen which 
require solution. We have found that some of the problems are 
not as difficult as originally supposed while others must await 
further development of methods and research in order to be 
solved. A few of the problems encountered are as follows: 


1 The effect of high flight speed on the performance of engine 
components. 

2 The effect of high flight Mach number on the inlet diffuser 
and exhaust nozzle. 

3 Thermal-cycle effects causing changes in thrust and fuel 
consumption. 

4 Theeffect of Reynolds number on the performance of engine 
components. 

5 The variation of top temperature with flight conditions 
introducing a control problem. 


Of course, the answers to most of these problems as they 
affect over-all performance of a given turbojet engine can be 
found by wind-tunnel tests duplicating high-altitude and flight 
speed conditions. However, such over-all tests of a given engine 
usually do not lead to better designs unless the effects of flight 
speed and altitude on the component parts are also determined. 

It is the purpose of this paper to discuss the problems encoun- 
tered in predicting flight performance of turbojet engines and to 
indicate solutions where possible. 


Macu-NuMBER EFFECTS ON ENGINE COMPONENTS 


The turbojet-engine compressor is the component of the engine 
most affected by high internal Mach numbers. It is well known 
that airfoils, when operated at flight speeds approaching the 
velocity of sound, suffer losses due to compression shocks induced 
when the local velocities near the foil reach or exceed the local 
velocity of sound. Similarly, a compressor blade grid will suffer 
losses when the air velocities relative to the blades approach the 
velocity of sound. All airfoils and compressor blade grids can be 
characterized by a critical Mach number. The critical Mach 
number is the Mach number relative to the blade which will cause 
sonic velocities near the blade surface. Critical Mach numbers 
of blade grids are usually lower than those of single foils due to 
the induced velocities caused by neighboring blades of the grid. 

High Mach numbers relative to the compressor blades thus 
induce losses which result in losses in compressor efficiency and 
cause a loss in over-all engine performance. 

Let us now inquire into the variation of Mach numbers relative 
to the compressor blades under different engine-operating condi- 
tions. 

It is easily demonstrated by means of dimensional analysis 
that the static performance of a given turbojet engine can be 
presented by the following relations, provided Reynolds-number 
effects are neglected 


A function of | (2) (Jz) =0..... (1) 
A function of ( 7a) [2] 
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(_N 
A function of (Fz) a,| [3] 


These relations are given for a typical turbojet engine in Figs. 1 


and 2. 
& 
1800 Tea © 
1600 


1200 
a 
600 1100 
of 


SEA LEVEL EXTRAPOLATION 


14 16 17 18 
RPM X 10°? 


Fic. 1 Typicat PERFORMANCE OF TURBOJET ENGINE, SHOWING 

Correctep Turust, Top TEMPERATURE, AND TaiL-Pipe TEMPERA- 

TURE FOR VARIOUS JET-NOZZLE AREAS AND CORRECTED ROTATIONAL 
SPEEDS 


In words, the foregoing relations imply that for a given turbojet 
engine, if the exhaust-nozzle area Az, and the corrected rotational 
speed (N/+/6z), are fixed, the corrected thrust (F/é.), the 
corrected top temperature (7'4/2), and the corrected air flow 
(W, V/0n/d2) are also fixed. Other relations similar to the 
foregoing could also be written showing that, once the corrected 
speed and exhaust-nozzle area are fixed, all the Mach numbers, 
pressure ratios, and temperature ratios throughout the engine 
are also fixed. This implies that all the velocity triangles 
throughout the engine are also fixed. 

We now ask the question, ‘What flight conditions will give the 
same conditions (the same relative Mach numbers) throughout 
the compressor as are obtained in a static sea-level test of the 
engine?” 

If the flight speed is so adjusted that the temperature rise due 
to ram (flight speed) compensates for the reduction in tempers 
ture due to increased altitude, we can thereby maintain the com- 
pressor-inlet total temperature 72, at its static sea-level value. 
Thus for a given actual rotational speed N, the corrected rota- 
tional speed (N/+/6) for the adjusted flight condition would be 
identical to the sea-level static value. Further, for a given 
limiting total top temperature 74, the corrected top temperature 
(T'4/@2) would be identical to its sea-level value. 

The pressure ratios, temperature ratios, and Mach numbers 
throughout the unit could only be maintained at their sea-level 
values, provided the pressure ratio P;;/P.2. was also adjusted to 
its sea-level value. The adjustment of this pressure ratio can be 
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accomplished by adjusting suitably the exhaust-nozzle area. 
Thus by adjusting the compressor-inlet temperature to its static 
sea-level value by increasing the flight speed with altitude and by 
adjusting suitably the exhaust nozzle, all temperature ratios, 
pressure ratios, velocity triangles, and Mach numbers throughout 
the engine are maintained identical to their sea-level static 
values. 

The solid curve, Fig. 3, was drawn using the foregoing reasoning 
to show the flight conditions at rated top temperature and rota- 
tional speed which give conditions (Mach numbers) within the 
engine which are similar to those of a static sea-level test at 59 F 
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ambient temperature. A static test at 32 F ambient temperature 
gives conditions (Mach numbers) within the engine the same as 
those corresponding to flight conditions shown by the dotted 
curve, Fig. 3. 

We thus see that, in so far as Mach-number troubles within the 
engine are concerned, they occur at high altitudes and low flight 
speeds. Thus Mach numbers within the engine are less than 
those occurring in a sea-level static test for flight conditions be- 
low the curve of Fig. 3. This is true independently of the ram- 
recovery efficiency, because the ram temperature recovery (ex- 
cluding heat losses) is always 100 per cent. 

Compressors for jet engines which are to operate efficiently at 
high altitudes and low flight speeds must be designed with Mach 
numbers relative to the blades which are not excessive at 12 per 
cent overspeed on the ground. The effect of this increase in 
corrected speed will differ with different compressor types and 
designs. The lower the designed relative Mach number, com- 
pared to the critical Mach number of the compressor blade grid, 
the less will be the loss due to overspeed operation of the com- 
pressor. Some factors affecting the critical Mach number of the 
blades are blade loading, camber, thickness, pitch, and stagger 
angle. 

The compressor can be designed for low relative Mach num- 
bers. However, this leads to larger engine sizes for a given out- 
put (smaller flow per unit area). Another possible solution is 
to reduce actual engine rotational speed at the high altitudes. 
This leads to reduced output at altitude, and thus also to larger 
sizes per unit output. We should therefore always be careful to 
compare engine output at altitude with engine size. 

The basic problem in so far as axial compressors are concerned 
is to develop compressor blade grids which will operate efficiently 
at high relative Mach numbers and which will give acceptable 
outputs. Compressor-blade-grid tests at low inlet temperature 
or possibly tests with one of the Freon gases (which have low 
acoustic velocities) are indicated research means of solving this 
high-altitude low-flight-speed problem. 


INLET DIFFUSER AND EXHAUST NOZZLE 


The following discussion is intended to present possible means 
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of allowing for variations in the performance of the inlet diffuser 
and exhaust nozzle at high flight speeds. 

The operation of the normal inlet diffuser at a flight Mach 
number above unity would be approximately as shown in Fig. 4. 

Fig. 4A shows the conditions without flow into the jet unit. A 
plane shock would evidently occur out in front of the diffuser. 
This shock would become more and more oblique near the edge 
of the diffuser and taper off in intensity until it becomes a Mach 
line far from the diffuser. The flow after passing through the 
shock would pass around the inlet to the diffuser. The admission 
of a small amount of flow into the diffuser (by reducing the dif- 
fuser-outlet pressure) would cause the shock to move toward the 
diffuser inlet, and the air after passing through the shock would 
diffuse into the inlet and further diffuse in the diffuser. 

Fig. 4B shows the conditions if the diffuser-outlet pressure were 
further reduced and adjusted to cause the shock to occur in the 
diffuser inlet. 

Fig. 4C shows the conditions if the diffuser-outlet pressure is 
still further reduced. The shock is evidently drawn into the 
diffuser and increases in intensity. Shocks and Mach lines will 
also be caused by the leading edge of the diffuser. The more or 
less plane shock inside the diffuser will cause separation and poor 
diffusion after the shock. After the shock enters the diffuser in- 
let, the air flow will evidently remain constant due to the estab- 
lished conditions at the inlet. 

The foregoing sketch of the operation of an inlet diffuser is 
based upon unpublished tests and serves to show what might be 
expected at high flight speeds. : 

It has been suggested to use the theoretical superacoustic 
diffuser, as shown in Fig. 4D and thus entirely avoid compression 
shocks. However, studies of this type of diffuser show it to be 
very critical in operation and also that shocks can be minimized 
only for particular operating conditions. 

Neglecting Reynolds-number effects, we can say that, in 
general, the loss in total pressure in any diffuser (including the 


type shown in Fig. 4D) can be given by a relation of the following 
form 


= a function of (Mo, Ms) [4] 


We can consider this relation to be found by test or by calcula- 
tion of a given diffuser. 

A more convenient method of setting down the performance 
of the diffuser would be to use I’, in place of M. 


Pe 


Px 


= a function of (Mo, Twz)............. [5] 
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The convenience of this method results from the fact that the 

corrected air flow of the engine is related more easily to I’ than 

to M.. The corrected air flow, it will be shown later, is the value 

most useful in combining the turbojet-engine performance with 

the diffuser performance. Also in diffuser tests Iz is easily 

obtained from the air flow, area, and the more easily measured 
total conditions at the diffuser outlet (point 2). 

Fig. 5 shows I; as a function of Mach number for isentropic 

expansion or compression. It is interesting to notice that for the 
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((: is related to corrected air flow and Mach number through the defining 
Equation [6)].) 


isentropic case T, is inversely proportional to the flow area. 
Thus for any two points along a flow channel 
As 
The solid curve, Fig. 5, thus relates the flow area to the Mach 
number. 


The Mach number M; after a plane shock is related to the. 
Mach number M, before the shock by the expression 


The dash curve, Fig. 5, has been calculated by first calculat- 
ing Mb, using the foregoing expression and then calculating Iz 
from M;. Thus the dashed curve, Fig. 5, represents the condition 
after a shock occurring at any value of Mach number. By means 
of Fig. 5, it is possible to locate the position of the shock in a 
diffuser of a given area ratio. As an example, for a diffuser hav- 
ing an area ratio of 1.50 at a flight Mach number of 2.25, the line 
A—B—C—D is easily drawn for the case with the shock at 
inlet to the diffuser. Point B gives the value of I, after the shock 
at inlet to the passage. Since the Mach number after the shock is 
less than unity, line B—C is drawn to give the Mach number 
after the shock (M = 0.55). Since the area ratio is 1.50 and 
IT, is inversely proportional to the area, point D represents the 
condition after perfect diffusion. 

The line A—B’—C’—D’ represents the case with the shock at 
the exit of the diffuser. Line A—B’ represents further expansion 
in the diffuser to a higher Mach number (M = 2.7). The ratio 
of the ordinates of points A to B’ is found from the given area 
ratio. Thus for a flight Mach number of 2.25 and an area ratio 
of 1.50, the shock will be within the diffuser for values of I 
between points D and D’. These values of I'v are easily trans- 
lated into corrected engine air flow by means of the Relation [6]. 
If the required engine corrected flow is less than that correspond- 
ing to point D, the shock will evidently occur out in front of the 
diffuser. Engine corrected flows greater than those correspond- 
ing to D’ would seem to indicate that the shock passes the outlet 
of the diffuser. However, this could occur only if there were no 
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restricting areas in the engine. Actually, the restricting area of 
the inlet guide vanes of the compressor will evidently prevent 
the shock from moving downstream as far as the diffuser outlet 
because of critical flow through the guide vanes setting a limit on 
the maximum value of engine corrected flow and thus on Ip. 

Again, it should be noticed that once the shock enters the 
diffuser, the actual air flow is established for a given flight Mach 
number and inlet area whereas the corrected flow may vary due 
to variation of the diffuser-outlet total pressure Pz (variation of 
512). 

Although the full-line curve in Fig. 5 was drawn for the pur- 
pose of illustration, assuming isentropic changes, it should be 
appreciated that other curves for different assumed expansion 
and compression efficiencies could easily be drawn. 

Of interest in estimating turbojet-engine performance is the 
loss in total pressure in the diffuser. The following relation de- 
veloped by writing continuity and energy equations at inlet and 
exit of the diffuser gives the loss in total pressure for the case 
where the shock is within the diffuser 

Pre 
Pr 

To is easily obtained from the flight Mach number by means of 
the defining Equation [6], or directly from the solid curve, Fig. 5; 
Tz is obtained from the corrected engine air flow by means of the 
Relation [6]. 

Relation [9] is perfectly general because it applies independ- 
ently of the efficiency of the expansion before or the diffusion after 
the shock so long as the shock is within the diffuser and the flow 
fills the areas A; and A». If the shock is found by Fig. 5 to be out 
in front of the diffuser, the loss in total pressure can be estimated 
by means of the relation 


This relation ean be obtained from Relation [9] by noticing that 
across a shock the area is assumed constant. Equation [10] thus 
gives the ratio of total pressures across the shock and therefore 
assumes 100 per cent diffusion after the shock. It is interesting 
to notice that, according to Equation [10], the ratio of the 
ordinates of Fig. 5 before and after the shock gives the ratio of 
total pressure across the shock. It is also interesting to note 
that the loss in total pressure due to a plane shock at the diffuser 
inlet for a flight Mach number of 1.5 is about 8 per cent, and fora 
flight Mach number of 2 is about 28 per cent. 

Also, Fig. 5 shows the well-known fact that the lower the 
Mach number at which the shock occurs, the lower is the loss in 
total pressure caused by the shock. 

The loss in total pressure for the case where the shock occurs 
in front of the diffuser And the efficiency of diffusing after the 
shock is less than 100 per cent, can be obtained using the relation 
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where 
Subscript 0 represents conditions in free stream before shock 
Subscript 1 represents conditions after shock 
Subscript 2 represents conditions at diffuser outlet 
np = diffusion efficiency after shock 


In the foregoing equation To is easily found from the flight 
Mach number using Fig. 5; In and also M, are easily found using 
the dash curve, Fig. 5. ‘Term M; is found by first calculating ls 
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from the corrected engine flow using Equation [6], and then M; 
is easily found from the solid curve, Fig. 5. 

The foregoing discussion shows that it is possible to obtain an 
estimate of the loss in total pressure of the diffuser for any flight 
condition by 


1 Calculating the engine corrected rotational speed (N/+/6,2) 
for the given flight condition. 

2 Using the engine characteristic curve (Fig. 2, for example), 
the corrected air flow (W, 6.2/5.) is found from the corrected 
speed. 

3 Calculating I. from the corrected air flow, using Equation 
(6). 

4 Using Mo and lx, together with a tested diffuser perform- 
ance, Equation [7], or the calculated diffuser performance, 
Equation [9] or [11], as the case may be, to find the total pressure 
ratio across the diffuser. 
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numbers of about 1.50. This is due to the relatively small 


amount of explosion required at this Mach number. The im- 
provement in using an expanding nozzle of area ratio 1.20 is sub- 
stantial only for jet Mach numbers of the order of 1.80. 

Returning to Fig. 6, we see that the use of an expanding exhaust 
nozzle will probably not be required until flight Mach numbers of 
about 1.50 are contemplated. The losses in the expanding nozzle 
at low flight speed due to compression shocks will also be a deter- 
mining factor in the use of this type of exhaust nozzle. 


Cycie Errects 


Fig. 8 shows the results of extrapolating the static performance 
of a typical turbojet engine to high flight Mach numbers. Losses 
associated with a plane shock at the inlet to the diffuser were 
assumed in making the extrapolation. The heavy line in Fig. 1 
gives the locus of operating points for the sea-level extrapolation 
shown in Fig. 8. Note the reduction in corrected rotational speed 
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inlet to the compressor are known (82 and 4: are known) 
the actual air flow and fuel flow are found using the 


corrected air and fuel flows obtained from the engine 178 


characteristics. 
An estimate of the net engine thrust for any flight 
condition can be obtained by employing the extrapola- 


a 


tion method given in a previous paper? by the author. 
One requirement of this extrapolation method is a 
knowledge of the exhaust-nozzle efficiency. Fig. 6 shows 
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the extrapolated value of the jet Mach number for a 
typical turbojet engine. If we examine Fig. 6 we find 
that since the jet Mach number is usually greater than 


unity, the flow would explode out of the normal exhaust 100 


nozzle, as shown in- Fig. 4E. We might expect this ex- 
plosion to cause losses in nozzle efficiency at the higher 
fight Mach numbers. A suggested correction for this 
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difficulty is to use an expanding exhaust nozzle, as shown 
in Fig. 4F. However, past experience with steam-tur- 
bine nozzles has given nozzle efficiencies somewhat as 
shown in Fig. 7. It will be noticed that a nonexpanding 
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N/V/62 and corrected top temperature (7'4/@2) in going to high 
flight speeds at sea level. This is due to the increase in com- 
pressor-inlet total temperature 7 resulting from ram. It is 
interesting to note the odd shape of the thrust curve shown in 
Fig. 8, and to inquire into the reasons for this peculiar shape. 
The following factors combine to determine the shape of the 
thrust curve: 

1 The actual air flow for a given corrected rpm increases 
with the compressor-inlet total pressure Py, and inversely as 
the square root of the total temperature J. Also, for a given 
actual rpm, the corrected rpm is reduced at increasing flight 
speed causing a reduction in corrected air flow, according to the 
engine characteristic curve, Fig. 2. Fig. 8 shows the relative 
increase in air flow due to the combined factors cited. 

2 The work output per pound of air qw first rises and then 
falls with increasing flight speed, Fig. 8. This is explained most 
easily by referring to Fig. 9, which shows the results of a cycle 
calculation. It will be noticed that, for an engine designed for 
a compression ratio of 4, increasing the flight speed increases the 
cycle pressure ratio and thus causes first an increase in output 
per pound and, at still higher flight speeds (higher cycle pressure 
ratios), a reduction in output. 

3 The jet velocity continues to increase with increasing flight 
speed, even though the cycle output per pound of air begins to 
decrease at high flight speeds. 
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Actually, the design pressure ratio of the compressor is usually 
selected on the low-pressure-ratio side of the optimum points 
because of the greater difficulty in obtaining high component 
efficiencies at high pressure ratios, and also due to the increased 
engine size and weight for high pressure ratios. Also, a com- 
promise must be made between high- and low-speed performance. 
For instance, a ram jet at a flight Mach number of 1.50 would 
have a cycle pressure ratio (allowing for shock loss) of about 3.3, 
whereas a jet engine of compression ratio 4 would have a cycle 
pressure ratio of about 13. The ram jet would, however, suffer 
considerably at low flight speeds due to the small ram compres- 
sion, while the jet engine would have a cycle pressure ratio of 4 
at standstill. 


REYNOLDs-N UMBER EFFECTS 


Up to the present time there have been relatively few tests of 
engine components to show the effect of changing Reynolds 
number. Possibly one exception is in the case of the burner 
where extensive tests of various designs have been made over a 
range of pressures, air velocities, and fuel flows. These tests 
have shown that low burner pressures and high air velocities in 
the burner cause poor performance of the burner. 

The present means of allowing for changes in burner perform- 
ance with altitude and flight speed is to assume that the poorer 

burner efficiency only affects the fuel required to develop a 


given top temperature. Obviously, this is a simplifica- 
tion. Poor combustion efficiency may cause after-burning 


in the turbine and thus affect the whole engine performance. 


The,effect of changing specific heat of air in the burner can 


also be accounted for approximately by suitably correcting 
the required fuel flow. 


Regarding Reynolds-number effects on the compressor 


and turbine performance, only a suggestion as to the method 


of handling these effects can be given. It is suggested to 
use in place of Reynolds number a new number called “con- 


dition number” or “Q number.’’ This number has been 


used to advantage in place of Reynolds number for several 
years in connection with steam turbines. Also good cor- 
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relation has been obtained using this number in connee- 


tion with burner and gas-turbine tests. 


where 


R = Reynolds number 
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4 The difference between jet and flight velocity decreases 
with flight speeds, somewhat offsetting the large increase in air 
flow. The net thrust then varies proportionally to the product 
of the air flow and the difference between jet and flight speed, 
thus accounting for the odd shape of the thrust curve. 

5 At the higher flight Mach numbers the shock losses become 
considerable. 

A study of Fig. 9 shows some of the known facts regarding 
turbojet engines. For example, the selection of the over-all 
cycle pressure ratio depends on the purpose to be served by the 
engine. If we are interested in maximum output for a given size 
of engine, a cycle pressure ratio of 6 to 7 would appear best. If 
over-all efficiency is important, the cycle pressure ratio would be 
selected to give minimum specific fuel consumption (pressure 
ratio 16 to 23 depending upon the flight speed). 


M = Mach number 

P = pressure 

L = reference length 

k = ratio of specific heats 
a = acoustic velocity 

= absolute viscosity 


Some of the reasons for suggesting the use of Q numbers are # 
follows: 


1 The performance of any engine component depends on both 
M and R. Without loss of generality, the performance can b 
given in terms of M and Q = R/M. 

2 The Q number does not involve velocity as does the Rey 
olds number. The Mach number is regarded as a dimensio® 
less velocity whereas the Q number is regarded as a dimensionles 
“eondition of the fluid” and therefore does not again invol¥? 
velocity. 

3 The quantity in parentheses, Equation [12], is a function 
the temperature only. In order to calculate Q number, ti 
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pressure, temperature, and referred length are all that is required. 
A simple curve showing the value of (k/ya) versus temperature is 
all that is necessary. 

4 In applying Q-number corrections to engine components, 
the pressure and temperature at the inlet to the particular com- 
ponent are easily obtained for different flight conditions, and 


- thus Q number is readily calculated. 


Top TEMPERATURE CONTROL 


Another important problem encountered at high flight speed 
(and also at altitude) is the control of the top temperature of 
the turbojet engine. 

Equation [2] indicates the relation between the corrected top 
temperature, the corrected rpm, and the exhaust-nozzle area for 
the static case. If we consider operation at different flight 
speeds, the corrected flight speed V/+/6. would have to be in- 
cluded as a variable in Equation [2]. Now, if we introduce a 
new variable by dividing the corrected top temperature by the 
square of the corrected rotational speed to have 


Tu / ( N \? Tu functi f 
= — = a function o 


In order to operate the turbojet engine at rated top temperature 
Tu, and rated speed N, the quantity 7',/N? has a fixed value 
independent of flight speed or altitude. Since the corrected 
engine speed will vary with flight speed and altitude, Equation 
[13] shows us that the exhaust-nozzle area A;, will generally have 
to vary in order to maintain 7,/N? constant. It is true that for 
some particular engines the required exhaust-nozzle-area varia- 
tion is negligible and a fixed exhaust nozzle can be used. Un- 
fortunately, this is generally not the case. 

It has been suggested that by varying the exhaust-nozzle area, 
the shock in the inlet ‘diffuser could be minimized by causing it to 
occur at the inlet to the diffuser. 

The author feels that, at least for the present, variations of 
exhaust-nozzle area will be used for adjustment of top tempera- 
ture, and adjustment to give optimum performance rather than 
the adjustment of the position of the shock in the inlet diffuser. 
It has been suggested that by allowing changes in rotational 
speed together with variations of the exhaust-nozzle area, the top 
temperature and the position of the inlet shock can be adjusted. 
To find whether this is profitable one would have to balance the 
reduction in shock loss against the reduction in thrust due 
to reduction of rotational speed. 


SuMMARY 


A study of the high-speed flight of turbojet engines indicates 
that little trouble is expected, due to high Mach numbers relative 
tothe compressor blades. Mach-number losses in the compressor 
are greatest at high altitudes and low flight speeds. 

The effect of high flight speed on the operation of the inlet 
diffuser can be estimated using the methods of this paper. How- 
ever, tests of particular diffusers at high flight Mach numbers are 
required in order to predict more closely the turbojet-engine 
Performance. Losses in total pressure due to a plane shock at 
the inlet to the diffuser are, respectively, about 8 and 28 per cent 
for fight Mach numbers of 1.5 and 2. 

Although theoretically indicated, the use of expanding nozzles 
vill probably not be required until flight Mach numbers of about 
1.50 are contemplated. Extrapolation of the performance of a 
typical turbojet engine to high flight speeds indicates that the 
turbojet engine can presently be used for flight Mach numbers up 
'o 1.50 and possibly higher. 
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Discussion 


J. H. Kesnan.? The conclusions reached in this paper, al- 
though based on a simplified analysis of a complex problem, 
appear to be sound in general. Many refinements of analysis 
might have been introduced, but the wisdom of such a course at 
this stage of our knowledge could well be questioned. The 
suggestion that the ratio of Reynolds number to Mach number be 
employed instead of the Reynolds number seems to be a sensible 
one. It would bear further discussion. 

A curious dearth of definition seems to mark this paper. None 
of the quantities g,, (heat-to-work), » (efficiency), or specific 
fuel consumption is defined. The definitions may be inferred, 
and the writer’s inferences are as follows: 

q. = the difference between the kinetic energy of the jet and 
the kinetie energy in the approaching air stream per unit time 
or per unit mass of air 

n = ratio of g, to some “heating value” of the amount of fuel 
corresponding to unit time or unit mass of air used in the defini- 
tion of q,, 

Specific fuel consumption = pounds of fuel per unit time per 
unit thrust 

If these inferences are correct it might be argued that since 
the writer could deduce them anyone could. Granting an em- 
barrassing degree of truth in this argument, the writer still pleads 
for a helpful spirit in the author, particularly in view of the omis- 
sion of the important quantities analogous to 7 and specific fuel 
consumption, in which work of propelling the aircraft is sub- 
stituted for thrust. 

As regards the term “heat-to-work,” it offends one who is 
trying to restrict the terms “heat” and “work” to well-defined 
concepts in thermodynamics. In accord with these well-defined 
concepts one may say that the device in question is essentially 
adiabatic—that is, there is no heat—and it has zero work output 
—provided that one ignores so-called flow work. 

Another term which is misused in this paper, although the 
misusage is in no way singular, is “cycle.” This word has a 
thoroughly respectable thermodynamic connotation dating back 
to Carnot, namely, a process the end states of which are identical. 
No such process is involved in the present paper. 

This discussion has thus become a plea for precise definition 
of terms and for respect for established terms and definitions. 
It is directed not only to the present author but also to the com- 
mittees of the A.S.M.E. that have to do with symbols and test 
codes, 


AUTHOR’s CLOSURE 


Professor Keenan’s remarks and inferences regarding defini- 
tions are thoroughly justified and welcomed. There is, in general, 
a lack of universal definition of terms among those of us who are 
confronted with the problems associated with the actual construc- 
tion and perfecting of turbojet engines. This situation is evi- 
dently brought about by continual preoccupation with problems 
of a more practical nature. The introduction of the academic 
viewpoint to this subject is indeed much appreciated. 

Regarding the use of the term cycle in the paper, all that can 
be said is that if the respectable connotation as given by Professor 
Keenan is to be preserved no time should be lost in “‘coining”’ a 
new word to replace the word cycle in the many valuable pa- 
pers on this subject. Although the use of proper terminology is 
highly recommended, it fortunately is not essential to engineer- 
ing development. For instance, the use by Carnot of the term 
“calorie” for “heat” or the use by Stodola of ‘‘heat content”’ for 
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Investigation of Flow in Liquids by Use 
of Birefringent Colloidal Solutions 


of Vanadium Pentoxide 


The author, engaged on hydrological research on the Bos- 
phorus (1)? and interested in diffusion and turbulence as 
biological environmental factors, was first induced to try 
a flow-birefringence method on a macroscopic scale, as a 
result of reading a paper on the shape of protein mole- 
cules (2). The use of vanadium-pentoxide sols as a bire- 
fringent medium for the demonstration of fluid flow was 
so successful that Prof. J. C. Bliss, Dean of the Engi- 
neering School at Robert College, encouraged the author 
to write a preliminary publication emphasizing the pos- 
sibility of engineering application. On account of the 
pressure of other work, the manuscript was not ready until 
the beginning of September, 1945, It appears that, un- 
known to the author, the method of flow birefringence has 
been in use for some time. In a recent article by Walter 
Leaf (3) the following statement is made: ‘‘This process 
was developed in the chemical-engineering department of 
the Massachusetts Institute of Technology by D. R. 
Dewey, 2nd, under the direction of Dr. E. A. Hauser about 
4 years ago.”” The process involves the use of the bire- 
fringent properties of bentonite clays (named from Fort 
Benton, Wyoming). Jerome Alexander (4), writing in 
1925, quotes a report of Edgar T. Wherry to the effect that 
“under the microscope, between crossed nicols, the grains 
(of bentonite) show distinct double refraction ..... the 
grains being of visible dimensions in two dimensions, 
yet uf colloidal dimensions in the third.” The isolation 
of Istanbul during the war period perhaps accounts for the 
fact that the M.I.T. work was overlooked. On account of 
this, the title and a number of sections in the original 
manuscript of this paper have been modified or omitted, 
because their inclusion after the appearance of Leaf’s pub- 
lication would have been redundant. More particularly, 
sections on the use of polarized light, see Taylor (5), 
and on the construction of experimental apparatus have 
either been omitted entirely or reduced to a minimum. 
However, it seemed in place to leave a little of the theory 
upon which the method is based, and to emphasize the 
suitability of vanadium-pentoxide sols as a birefringent 
medium, particularly where photographic recording is 
desirable, 
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By PHILIP ULLYOTT,! ISTANBUL, TURKEY 


INTRODUCTION 


P to the present, the most successful method of demon- 
| | strating or recording flow and turbulence in liquids has 
been to suspend visible particles in the liquid, and to re- 
cord the movement of these particles by a photographie method. 
Sometimes particles of the same density have been used, such as 
small drops of mixtures of insoluble organic liquids as in the re- 
cent experiments of Van Driest (6), where a mixture of benzene 
and carbon tetrachloride served the purpose. Otherwise parti- 
cles of greater density, but small enough to be kept in suspen- 
sion under the experimental conditions, were employed as in the 
researches of Prandtl (7), Prandtl and Tietjens (8), and others. 
The paths of the particles show as streaks on the exposed plate, 
and the only method of obtaining exact information about the 
water movements was to follow the path of a single particle in - 
the photographic record, and note changes of direction and 
velocity. 

Even by means of this laborious procedure, it was difficult to 
get a picture of regions of maximum strain in the liquid, or of the 
degree of strain. The birefringence method, while it cannot give 
such accurate information about specific velocities (see reference 
to Alcock and Sadron, in Goldstein (9)), especially when accurate 
localization is essential, unless simultaneously supplemented by 
the use of suspended particles, does give an immediate and ac- 
curate picture of the flow as a whole by a quantitative differ- 
entiation of regions of strain. 

The method described in this paper depends essentially upon 
the peculiar properties of “aged’’ sols of vanadium pentoxide, 
which has the property of forming a colloidal solution of extremely 
elongated micelles which become orientated in regions of shear in 
the dispersion medium. Such orientation is made clear by a 
poiarization method. The method is so striking and successful as 
a demonstration of many properties of flow, and at the same time 
the essential properties of birefringent solutions and gels have 
been known for so long, that it seems strange the method has 
not been more widely applied previously. The reason appears to 
be that, up to the present, the applications of birefringence have 
been of interest mainly to molecular physicists, such as Freundlich 
(10) and Lange (11), or to biochemists interested in the ultimate 
structure of living units, such as Needham (12) and Robinson (13). 


THEORETICAL CONSIDERATIONS 


The effect of the orientation of anisometric molecules in regions 
of shear has been known for a long time Clerk-Maxwell (14), and 
Havelock (15) and Wiener (16) first demonstrated “form-bire- 
fringence” when it was shown that optically isotropic but 
elongated particles, if orientated in a region of shear, were capable 
of affecting the plane of polarized light. In such a case the effect 
is only to be observed if the refractive index of the partjcles is dif- 
ferent from that of the dispersion medium, and disappears if the 
indexes are identical. However, birefringence persists even under 
these conditions if the effect is due to the orientation of optically 
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anisotropic particles, as in the case of vanadium pentoxide, 
Freundlich (17), Weber (18). 

Under all circumstances, the degree of orientation achieved de- 
pends upon two considerations (a) the rate of shear in the liquid, 
and (b) the ratio of length to thickness of the particle. If there is 
a high rate of shear, considerable orientation will occur. If the 
length-thickness ratio is large, orientation will also be enhanced. 
For zero rate of shear and for spherieal particles, no orientation is 
possible. Ina region of shear a spherical particle has a rotational 
component added to its velocity of translation, so that the whole 
can be described as a precessional movement. This precessional 
movement is replaced by orientated movement as soon as the hy- 
drodynamic torque, due to the effect of the velocity gradient on 
the absolute particle length, supervenes. High rates of shear 
with extremely elongated particles will give maximum orientating 
effect. However, in all cases there is an opposed force which has 
to be taken into consideration, namely, the disorientation caused 
by Brownian movement in the dispersion medium. 

Thus for particles of a given axial ratio and given size, the 
actual orientation achieved is the result of quantitative interplay 
between the orientating effect of torque produced by shear in the 
dispersion medium, and the disorientating effect of Brownian mo- 
tion. Here it is necessary to mention a limiting condition due to 
the effect of the intrinsic size of the particle, for it is clear that the 
disorientating effect of Brownian movement will be small on large 
particles and large on small particles. Indeed, with very small 
anisometric particles, the disorientation caused by molecular col- 
lisions is so great that realizable rates of shear are incapable of in- 
ducing orientation. 

For the purposes of demonstrating strain in liquids, this last 
consideration is not very important since it is possible to choose a 
sol with the particle size which will be most fitted to the purpose 
in hand. Particles of extreme elongation are most useful because 
they give the most impressive differentiation between disturbed 
and nondisturbed regions at low velocity gradients. After a 
specific birefringent sol has been chosen, then the degree of orien- 
tation, and hence birefringent effect, is due to the interplay of 
torque due to velocity gradients and random changes of rotational 
momentum due to molecular collisions. Burgers’ (19) modifica- 
tion of Einstein’s equation (20) for disorientation due to 
Brownian movement shows that this quantity is of the nature of a 
rotatory diffusion constant, D, which for rods can be expressed by 
the equation 


(1/2) 


where l/r is the axial ratio and 7 the viscosity of the dispersal 
medium. It will be seen that the disorientation (as represented 
by D) is roughly inversely proportional to the cube of the linear 
dimension of the molecule. 

On the other hand, the orientating torque, due to the hydro- 
dynamic situation of the particle under any given conditions 
(identity of velocity gradient and of axial ratio) will be directly 
proportional to the linear dimension. Thus as the length of the 
particle decreases, not only does the orientating effect become 
smaller, but the disorientating effect becomes enormously larger. 
The size of VO; particles is not such that Brownian movement is 
without effect on them. Freundlich (10) writes, “If the sol is old 
enough, rod-like particles possessing a slow Brownian movement 
can be directly observed with the ultramicroscope. Longitu- 
dinally, the particles are of microscopic dimensions, often more 
than 1 y» long, but their lateral dimensions remain ultramicro- 
scopic.” The direct effect of Brownian disorientation after the 
particles had been electrically orientated in the so-called Ma- 
jorana (21) effect, is described as follows: “If an electric current 
is passed through the sol... . the particles lie with their axes 
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parallel to the direction of the current. If the current is opened, 
through the influence of Brownian movement, the particles assume 
their original state (random) in about 2 minutes.” 

Thus the elongated particles in a sol in which there is a velocity 
gradient are acted upon by two forces, Brownian disorientation 
and hydrodynamic orientation, and the instantaneous state repre- 
sents an equilibrium between the two. The process can be pic- 
tured in this way: Suppose that an elongated particle is com- 
pletely orientated in the direction of shear, but that a Brownian 
collision is responsible for a deviation from this alignment. When 
the velocity gradient is small (namely, at low rates of shear), the 
particle will rotate through a considerable angle before the hydro- 
dynamic restoring force equalizes the rotation-diffusion one. On 
the other hand, at high rates of shear the deviation from com- 
plete alignment, that is, the average angle of rotation caused by 
molecular collision, will be much smaller, virtually to disappear at 
very steep velocity gradients, when maximum orientation is 
achieved. For this reason there is a quantitative relationship be- 
tween strain in the liquid and the average orientation of the 
elongated particles. In regions of great strain there will be almost 
complete orientation. In regions of low strain there will be a pre- 
dominance of the random effect, or, in other words, a relatively 
small orientation. This quantitative aspect makes itself felt in 
the visible image produced with polarization technique, so that de- 
gree of depolarization produced by a particular region of the 
liquid is a measure of the strain in that region. It is this effeet 
which forms the basis of our method. 


Tue BrrEFRINGENT SOLUTION 


The birefringent solution recommended is a colloidal solution of 
vanadium pentoxide in water. Such a sol possesses properties 
which depend upon its age; freshly prepared solutions show no 
birefringence, but aged solutions show it strongly since they 
contain highly elongated particles which are orientated by ex 
tremely small velocity gradients. Indeed, in concentrated aged 
V20; sols, it is likely that there are always aggregates of parallel 
particles moving together as suggested by Kruyt (22). In this 
way it is possible to obtain solutions which fit every purpose, by 
regulating the degree of orientation of the particles in any par- 
ticular experiment by selecting a solution of suitable age. 

The technique for preparing a satisfactory birefringent solution 
is as follows: The V,O; solution is best made with ammonium 
metavandate as the starting point. The white powder (NH,VO; 
is put into a glass vessel, and then a little hydrochloric acid (about 
1 normal) isadded. An orange-colored paste results which should 
be well stirred with a glass rod until perfectly even in texture 
More HC! is then added with constant stirring until no whitish 
spots or streaks remain, and the whole mass has become more 
liquid and has turned deep red. This liquid or semiliquid mass is 
now turned out of the glass vessel onto a filter paper, and washed 
with distilled water until the filtrate, which is at first yellow, be 
comes orange-red in color. The residue of deep red V.O; is washed 
through with three separate lots of distilled water, so that about 
100-150 ce of distilled water are used for every gram of NH,V0;. 
the start. The precipitate of VO; gradually goes into collvidal 
solution, a process which is helped by occasional shaking. This 
colloidal solution is very sensitive to impurities, especially iome 
impurities, and should be stored in specially cleaned vessels wit 
tight stoppers or efficient cotton-wool plugs. 

Before use, the strong colloidal solution is diluted to the 
quired extent with distilled water, the degree of dilution depen 
ing upon the type of investigation to be undertaken. In general 
1 g of NH,VO, is sufficient to make several liters of birefringet 
solution. Like all colloidal dispersions, the vanadium-peat 
oxide solution is extremely sensitive to electrolytes, and unfortt 
nately, protection is not. a practicable possibility, a usual state of 
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affairs for metallic-hydroxide sols, as described by Hatschek (23). 
The usual so-called “protective’’ substances such as gelatine have 
the effect of flocculating V,O; sols, since they are of opposite elec- 
trical charge. However, by pouring a concentrated sol of VO; in- 
to an excess of gelatine solution, it is possible to ‘‘throw over” the 
charge of a small percentage of the resulting particles to the op- 
posite sign at the expense of the precipitation of the greater part 
of the V,O; as a flocculent mass entangled with gelatine. In this 
way a protected, though rather dilute birefringent solution can 
be obtained which is stable in contact with most experimental 
materials. 

Rubber, zinc, iron, copper, tin, and mercury, as well as their 
alloys, have little effect on the solution providing that contact is 
not too prolonged. After an experiment in which the solution was 
in contact with metals, it was found advisable at the end to drain 
off the V.Os5 solution into glass containers, although a stay of 
4or 5 hr in experimental systems with metal pipes and tanks had 
no effect whatever on the birefringent properties of the solution. 
Lead causes a coagulation of the gelatine and precipitation of the 
V,O; from the solution, and must therefore be avoided. 

In preliminary experiments the “protected” V,O; solution was 
found to have the disadvantage of high surface tension, which led 
to excessive frothing while being circulated by mechanical pumps 
in systems with surfaces free to the air. This defect was easily 
overcome by the addition of a small quantity of ether to the solu- 
tion, which reduced the surface tension so that frothing was com- 
pletely eliminated, although the birefringent properties remained 
unimpaired. Finally a few crystals of thymol were ground up and 
added to the solution, to protect the “protected” gelatine from the 
action of bacteria and molds. This final solution was found to 
keep almost indefinitely. 

The addition of a small percentage of alcohol to a freshly pre- 
pared solution of vanadium pentoxide speeds up enormously the 
molecular aggregation responsible for the production of highly 
elongated particles. This effect, perhaps due to the dehydrating 
influence of the alcohol, is sometimes useful if a relatively aged 
sol is needed at short notice. 

Protected solutions are difficult to prepare and wasteful, and 
in practice it was found that reasonable precautions and suitable 
selections in the constructional materials were quite sufficient to 
make it comfortably feasible to use an unprotected solution. As 
long as rubber and metals were excluded from models and cir- 
culating apparatus, it was found that the solution would not 
precipitate. Thorough washing with distilled water was the only 
really necessary precaution, and this, combined with freedom from 
dust, was sufficient to insure a long life for the solution which 
could be used over and over again. 

The solution is a yellow to deep orange color, according to its 
concentration, and well-matured solutions (3 to 4 months) give 
a birefringent response to the very slightest shear in the liquid. 


EXPERIMENTAL APPLICATIONS 


In an actual experiment the solution is poured into the appara- 
tus containing the model whose flow features are to be investi- 
gated. As we have noted, the unprotected solution cannot be 
used in the presence of rubber or metals, though most inert organic 
compounds do little harm. Celluloid, bakelite, glass, celluloid 
cements, marine glue, de Khotinski cement, and refined tar can 
all be used in the construction of the apparatus. It is not even 
hecessary to use specially hard glass; ordinary laboratory glass- 
Ware and glass materials are adequate. In the case of very well- 
Matured solutions, it is even possible to leave the solutions of 
vanadium pentoxide in the apparatus overnight without any pre- 
cipitation occurring, although this procedure is not to be recom- 
mended. The solution can be stored in ordinary reagent bottles. 
So far we have used for preliminary experiments parallel-sided 
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troughs into which various-shaped figures could be introduced in 
order to test the streamlining. The effects are entirely satisfac- 
tory and give an immediate picture of events in the waters which 
no other method is capable of producing. If it is necessary to 
indicate and investigate the change of flow with change of con- 
ditions, and to make plain the intermediate stages, this can easily 
be done by taking a cinematograph film of thewhole experimental 
procedure, and selecting suitable exposures for more detailed in- 
vestigation. 

Since very small rates of shear are capable of orientating the 
extremely elongated particles, the method can be applied to con- 
ditions where the movements of the medium are very slight or 
very slow. This is of particular service in investigating the 
mechanism by which certain natural conditions are realized, 
where the factors concerned are of the nature of convection cur- 
rents. This should also have considerable application to engineer- 
ing practice. . 

The ultimate applications of this method seem to almost num- 
berless, but several immediate and obvious uses suggest them- 
selves. In the first place, the properties of turbulent flow can ob- 
viously be directly attacked by a method in which the regions of 
shear in the turbulent liquid can be optically demonstrated, not 
only qualitatively but also quantitatively. Not only is demon- 
stration possible, but photographic recording also. The three 
views in Fig. 1 show what striking results can be achieved in the 
permanent capturing of instantaneous states. 


CONCLUSION 


The properties of the birefringent aqueous sols of vanadium 
pentoxide fit it admirably for use in experiments concerned with 
flow, either turbulent or laminar, or with demarcation of regions 
of shear in liquids. Its disadvantages are sensitivity to electro- 
lytes, precluding the use of the unprotected solution in the pres- 
ence of rubber or metals. By a wasteful and difficult process, a 
protected solution can be made, but only in relatively great di- 
lution. It is therefore desirable to make models of materials 
which do not affect the unprotected sol. 

A short account of the basic processes underlying flow birefrin- 
gence is given, with particular reference to earlier work, and work 
in collateral fields. A few engineering applications of the method 
are indicated. 

ACKNOWLEDGMENT 


In the early stages of this work the author was greatly helped 
by Mr. Orhan Ilgaz, a graduate of the Engineering School of 
Robert College, who is at present engaged in postgraduate work 
at Cornell University. Dean J.C. Bliss, by his enthusiasm and 
personal collaboration in many of the later experiments, made it 
possible to bring the whole process to a state of engineering prac- 
ticability. The author is deeply indebted to both these gentle- 
men, as well as to Prof. Felix Haurowicz, professor of biological 
chemistry at the University of Istanbul, for his helpful advice in 
the matter of colloid protection; and to Mr. William Toth of the 
U.S.LS. who gave unsparingly of his time and skill to achieve 
the splendid photographic results. 


BIBLIOGRAPHY 


l(a) ‘‘Researches on the Bosphorus I. The Geographical and 
Hydrological Situation,’ by P. Ullyott and O. Igaz (text in Turkish 
with English summary), Turkish Geographical Journal, Ankara, vol. 
2, 1942, pp. 174-194. 

(b) ‘‘Researches on the Bosphorus II. A New Hypothesis Con- 
cerning the Water Movements in the Bosphorus Channel,” by P. 
Ullyott and O. Ilgaz (text in Turkish with English summary), Turkish 
Geographical Journal, Ankara, vol. 6, 1944, pp. 85-118. 

(c) ‘Researches on the Bosphorus III. The Yearly Temperature 
and Salinity Cycle,”’ by P. Ullyott and O. Ilgaz (text in Turkish with 
English summary), Turkish Geographical Journal, Ankara, vol. 7, 
1945, pp. 56-71. 


1e 
on 
m- 
an 
en 
she 
rat 
is 
the 
108t 
it in 
de- 
ffect 
on of 
srties 
no 
they 
aged 
rallel 
is 
this 
by 
pare 
: 


TRANSACTIONS OF THE A.S.M.E. APRIL, 1947 


Fic. 1 Fiow or VANADIUM-PENTOXIDE SoLuTION Past OBJECTS OF DirrERENT SHAPES 
(Each object measured about 16 mm along its greatest dimension. Photographs taken through ‘‘polaroid”’ screens, with electric-are illumination) 


248 
I 

je 

Ard 

19 

22 

Yon 

excell 

ec 


(d) ‘Observations on the BosphorusI. A Definition of Standard 
Conditions Throughout the Year,"’ by P. Ullyott and O. Ilgaz, Review 
of the Faculty of Science of the University of Istanbul, vol. 7, 1942, 
pp. 230-255. 

(e) ‘Observations onthe BosphorusII. The Yearly Cycle in the 
Waters,” by P. Ullyott and O. Ilgaz, Review of the Faculty of Science 
of the University of Istanbul, vol. 8, 1943, pp. 254-271. 

(f) ‘tA Geographical and Hydrological Introduction to Re- 
searches on the Bosphorus,”’ by P. Ullyott and O. Ilgaz, Geographical 
Review, vol. 36, 1946, pp. 44-66. 

2 “Studies on the Anomalous Viscosity and Flow-Birefringence 
of Protein Solutions,"”’ by A. S. C. Lawrence, J. Needham, and Shih- 
Chang Shen, Journal of General Physiology, vol. 27,1944, pp. 201-232. 

3 “Fluid Flow Study of Locomotive Firebox Design,”’ by Walter 
Leaf, Mechanical Engineering, vol. 67, 1945, pp. 586-590. 

4 “Bentonite,” by Jerome Alexander, Colloid Symposium Mono- 
graph, vol. 2, 1925, pp. 99-105. 

5 “Treatise on Physical Chemistry,’ edited by H. S. Taylor, 
D. Van Nostrand Co., Inc., New York, N. Y., vol. 2, 1936, p. 1600. 

6 ‘Experimental Investigation of Turbulence Diffusion—A 
Factor in Transportation of Sediment in Open-Channel Flow,” by 
E.R. Van Driest, Journal of Applied Mechanics, Trans. A.S.M.E., vol. 
67, 1945, p. A-91. 

7 “Handbuch der Experimentalphysik,” by L. Prandtl, Leipzig, 
Germany, vol. 4, 1931. 

8 ‘“Hydro- und Aeromechanik,”’ by L. Prandtl and O. G. Tiet- 
jens, J. Springer, Berlin, Germany, 1929-1931. 

9 ‘Modern Developments in Fluid Dynamics,’’ by the Fluid 
Motion Panel of the Aeronautical Research Committee and Others,” 
edited by S. Goldstein, Oxford University Press, vol. 1, 1938, p. 282; 
ref. Alcock and Sadron. 

10 ‘Effects of Charged Particles in Dilute Solutions,” by H. 
Freundlich, F. Stapelfeld, and H. Zocher (text in German), Zeit- 
schrift fiir physikalische Chemie, vol. 114, 1924. 

11 ‘Depolarization Due to Nonspherical Particles,’’ by B. Lange, 
(text in German), Zeit. fiir phystkalische Chemie, vol. 132, 1928, 
pp. 27-46. 

12 ‘Biochemistry and Morphogenesis,” by J. Needham, Cam- 
bridge University Press, 1942. 

13 ‘‘Physical Characteristics of Tobacco Mosaic Disease Virus 
Nucleoprotein,’’ by J. R. Robinson, Proceedings of the Royal Society 
of London, England, series A, vol. 170, 1939, pp. 519-550. 

14 “Birefringence in Solutions at High Rates of Shear,’’ by J. 
Clerk-Maxwell, Proceedings of the Royal Society of London, England, 
vol. 22, 1874, pp. 46-47. 

15 “Orientation of Isotropic and Anisotropic Particles,”’ by G. 
Havelock, Proceedings of the Royal Society of London, England, vol. 
77, 1906, pp. 170-182. 

16 “Orientation of Isotropic Particles in an Isotropic Medium,” 
by O. Wiener (text in German), Abhandlungen der sichsischen Aka- 
demie fiir Wissenschaft., vol. 32, 1912. 

17 “Sols With Non-Spherical Particles,’’ by H. Freundlich, Colloid 
Symposium Monograph, vol. 2, 1925, pp. 46-56. 

18 ‘*Myosinas an Optically Anisotropic Protein,”’ by H. H. Weber, 
Archiv. fiir der gesamten Physiologie, vol. 235, 1934. 

19 “Second Report on Viscosity and Plasticity,’’ by J.M. Burgers, 
Amsterdam, Holland, 1938, p. 50. 

20 ‘Elementary Theory of Brownian Movement,” by Albert Ein- 
stein (inGerman), Zeitschrift fiir Elektrochemie, vol 14, 1908, p. 235. 

21 “Double Refraction of Colloidal Solutions in a Magnetic 
Field,” by Q. Majorana, Rendi Accad., Lincei, vol. 11, 1902. 

22 “Colloids,” by H. R. Kruyt, John Wiley & Sons, Inc., New 
York, N. Y., 1927. 

23 “An Introduction to the Physics and Chemistry of Colloids,” 
fourth edition, by E. Hatschek, J. & A. Churchill, London, England, 
1922, pp. 62-65. 


Discussion 


R.T. Knapp.? It is gratifying to observe that articles are be- 
ginning to appear in the literature describing the use of the 
phenomenon of birefringence, or streaming double refraction, for 
the purpose of investigating the characteristics of liquid flow. 
The author is to be congratulated upon his clear presentation of 
the technique for the use of colloidal suspension of vanadium 
pentoxide for this purpose, and also for the preparation of the 
‘xeellent bibliography on the subject. 

* Associate Professor, Hydraulic Engineering, California Institute 
Technology, Pasadena, Calif. Jun. A.S.M.E. 
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The writer would like to add a few comments on the general 
use of the method for flow investigation. These comments are 
based largely upon the experience obtained in the last 5 years 
with somewhat larger equipment than has normally been em- 
ployed in this field. The apparatus has consisted essentially of a 
closed-circuit water channel having a working section approxi- 
mately 6 in. wide, 12 in. deep, and 3 ft long, employing velocities 
up to 5 fps. A dilute bentonite suspension has been used in 
accordance with recommendations obtained through the kindness 
of Dr. Davis R. Dewey, II. Visual observations have been made 
using large polaroid screens and under continuous light source, 
and a limited amount of photographic recording has been carried 
out. In general, this equipment has been used for obtaining quali- 
tative concepts of the three-dimensional flow field about simple 
bodies of revolution. 

The comments are as follows: 


1 The most straightforward application of the method is for 
the study of two-dimensional laminar flow. However, for such 
cases, other techniques, such as the electrical-analogy method, 
yield satisfactory results with much simpler equipment. 

2 A second application is for the study of two-dimensional 
flow around objects under conditions in which the fluid ap- 
proaches the object under laminar-flow conditions; whereas, 
the flow around and downstream from the body is turbulent. 
The three illustrations in Fig. 1 of the author’s paper are ap- 
parently in this class. Considerable care must be exercised in this 
type of use if it is desired to extrapolate the results to conditions 
of fully developed turbulent flow. 

3 The third application is for the two-dimensional case in 
which the approach flow as well as the flow around the body is 
turbulent. Visual observations are less satisfactory than in 
Cases 1 and 2 because the general turbulence pattern that is 
visible through the entire flow tends to obscure the details of the 
flow around the body. Single photographs are often more dis- 
appointing. Apparently due togmemory and persistence of vision, 
the observer unconsciously differentiates rather clearly between 
the continuously changing pattern of the general turbulence ele- 
ments and the relatively stationary pattern of the flow around the 
body. However, in a single instantaneous photograph, this dis- 
tinction practically disappears. Motion pictures are much more 
satisfactory, but are more difficult and expensive to obtain and 
not satisfactory if the results must be presented in the form of a 
report or an article. 

4 It is quite possible, although somewhat involved, to obtain 
quantitative results from two-dimensional-flow studies by this 
method. It is conceivable, but not very probable, that quantita- 
tive results can be obtained for three-dimensional flow. The 
writer believes that in the ‘vast majority of three-dimensional 
cases the deviations from the prototype involved in the applica- 
tion of the streaming double-refraction method are great enough 
to make it undesirable to attempt any quantitative interpreta- 
tions based on the observed patterns. This restriction of the use 
of the method to qualitative determination of the flow for three- 
dimensional cases does not mean that the method is not available 
for laboratory use. It is outstanding in its capacity for bringing 
out the general features of the entire flow pattern and for the 
detection of the cause of local disturbances. After this informa- 
tion has been obtained, detailed quantitative investigations can 
usually be made by more precise but less versatile methods of 
measurement. 


The writer would like to add a few general remarks on some of 
the technical difficulties encountered in using this tool in the labo- 
ratory. Bentonite suspensions are very unpleasant to work with. 
When they come in contact with most metals, including alloys of 
iron and lead, they flocculate, coagulate, and lose their properties 
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of double refraction. They also deteriorate relatively rapidly if 
exposed to the air. The preparation of the suspension in the 
first place is also rather tedious, particularly if the apparatus has 
a reasonably large volumetric capacity. From the description 
given by the author, it would seem that the vanadium-pentoxide 
suspension is equally, or probably more unpleasant to work with. 
It is feared that these facts will be a severe limitation to its general 
use in the laboratory, especially in light of the technical limitations 
of results that are inherent in the method. Therefore it would 
seem highly desirable to find some more satisfactory material. 
The ideal material to use would have specifications somewhat as 
follows: 


(a) It would be stable and unaffected by contact with the 
normal materials used for the construction of apparatus in hy- 
draulic laboratories, or with the air. 

(b) It would not increase the viscosity of the water used with 
it. 

(c) It would have the minimum possible effect upon the light 
transmission of the water so as to make photography possible 
with light sources of normal intensity. 

(d) It would be cheap, simple to prepare for use, and readily 
obtainable. 


As far as the writer knows at the present time, the material 
that most nearly fulfills specifications (a) and (b) is tobacco mo- 
saic virus. On the basis of relatively limited laboratory experi- 
ence with it, the virus seems much more stable and unaffected 
by normal materials and experimental procedures than any of 
the other materials available. However, little is known about how 
it meets specification (c), since the sample worked with was ob- 
tained through the courtesy of Prof. Kenneth S. M. Davidson of 
Stevens Institute of Technology, and Dr. W. M. Stanley of Rocke- 
feller Foundation. 

It is hoped that further investigations can be made of this or 
similar material having equally promising properties. 


Watrer Lear.‘ It is interesting to find that this method of 
fluid-flow analysis has been independently developed by the 
author without knowledge of the work of Dewey and Hauser. 
Thus the history of the process follows that of a great number of 
other important scientific discoveries. 

The author’s directions for preparation of the vanadium-oxide 
suspension were followed in this laboratory. Small samples of 
the V,0; concentrate were diluted with distilled water from time 
to time and tested for streaming double-refraction properties. 
On the fifth day a barely discernible flow pattern was obtained. 
The investigation was not continued beyond the fifth day. 

Preparation of the usual colloid from salts or metals is a very 
tedious and exacting process, and as the author points out, the 
resulting suspension is extremely sensitive to various influences. 
Bentonite clay then is a very remarkable material, in that it is 
almost impossible not to obtain a good colloidal dispersion merely 
by putting some of the clay in water. The colloidal properties 
are inherent in the clay mass, and upon soaking in water the clay 
merely disperses to the colloidal state. In ease of preparation and 
general] stability bentonite clay is far superior to vanadium pent- 
oxide sol for fluid-flow investigation. 

Bentonite clay, being a naturally occurring product, is found 
in varying degrees of purity and anisometric properties. Thus, 
although practically all bentonites will readily yield a colloidal 
dispersion merely by soaking in water, the optical properties 
vary considerably from clay to clay. Colorado bentonites tried 
in this laboratory could not be processed to give double refraction. 
Wyoming bentonites gave a slight indication after supercentrifug- 

4 Research Technician, Denver & Rio Grande Western Railroad 
Company, Denver, Colo. 
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ing at 20,000 g to get rid of inert material. The California benton- 
ites are also variable in properties; samples from the same de- 
posit reacting differently. What is known as a magnesium- 
type bentonite gives excellent results, sometimes without centri- 
fuging. However, centrifuging always improves the light-trans- 
mission properties of a suspension, since the inert materials are 
nearly always of larger particle size. 

Complete directions for preparation and use of bentonite-clay 
suspensions were given in the Appendix to the writer’s paper on 
fluid flow’ published in 1945. Since that time several important 
points in technique have been developed in this laboratory. 

Bentonite clay disperses in water by hydration and swelling of 
the particles. The process seems to be rapid at the start, then 
tapers off in rate, but continues slowly for a long time. Conse- 
quently, a 1 per cent suspension properly centrifuged will main- 
tain a viscosity approximately the same as water for a month or 
so, but gradually becomes more viscous, so that true fluid flow 
will not be experienced, and results will be in error. However, 
simply boiling the suspension for '/; hr and replacing the water 
lost by evaporation restores the original viscosity of the suspen- 
sion, and it is good for another month. The high temperature 
partially dehydrates the particles, and shrinks them. 

The raw clay is partially hydrated in its natural state, other- 
wise it would not disperse by further hydration. If a lump of the 
clay is placed in any of the lower alcohols such as methyl, ethy!, 
or propyl, it is dehydrated and disintegrates rapidly to a granular 
mass. When the alcohol is removed and the sandy mass put in 
water, it does not disperse readily to a colloidal state, although 
months of soaking might bring this about. Following this idea, 
the raw clay should not be stored in a hot dry place, or it may be 
dehydrated to too great a degree to give a rapid dispersion. 

The dispersed bentonite is a negatively charged colloid, so that 
if an electrical current is passed through the suspension, the 
particles collect at the negative electrode. Consequently, if two 
dissimilar metals are used in the model, they should be electrically 
insulated from each other so that no current will flow; otherwise, 
a viscous mass will accumulate on the negative metal and possibly 
interfere geometrically with the investigation. 

The streaming double-refraction method is rapidly gaining in 
popularity and is now used in at least a dozen different labora- 
tories in many branches of industry. 

The author does not mention the beautiful color patterns ob- 
tained in this type of work. Itmay be that his suspension does 
not give enough optical activity to produce the brilliant color 
obtained with bentonite clay. It has been found in this labors- 
tory that a rather poor suspension will give enough graduations 
of light transmission so that the flow can be followed, withou! 
producing brilliant colors. It is to be understood, however, tha! 
the optical activity does not really produce any new wave leng‘ 
of light. The color pattern results from certain wave lengths o! 
light being occluded, allowing the remaining wave lengths « 
meet the eye and produce a color sensation. Hence to observe 
brilliant reds and greens, these wave lengths of light must 
present in the light source used. 

With a good bentonite-clay suspension flowing through § 
narrow orifice so that a steep velocity gradient is obtained, * 
many as seven color cycles as in photoelastic bands have be! 
observed in this laboratory. 

The author’s photographs of flow around various objects © 
not show the. isotropic spot just ahead of the object, and only tos 
small degree the low-pressure areas about 45 deg from the for 
axis at the leading edge of the cylinder. It may be that these fe 
tures were present in the models but lost in photographing. 


‘Fluid Flow Study of Locomotive Firebox Design,”’ by Walt 
Leaf, Mechanical Engineering, vol. 67, Sept., 1945, pp. 586-590. 
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Rosert Lowy.* The author has presented an interesting con- 
tribution in the field of flow investigation. It is pointed out 
that a similar method was also described in a paper by Walter Leaf,§ 
but the photographs shown in the Leaf publication are not nearly 
so clear as those presented by the author. It is regrettable that 
this paper was so brief. A clearer presentation of the specific ar- 
rangement used would have been desirable. Furthermore, it 
would have been of great interest to know the thickness of the 
layer of liquid under investigation. As presented, the paper con- 
tains mainly a detailed description of the fabrication of the bire- 
fringent solution itself, but it may be that just this detail is 
highly important for obtaining useful, i.e., revealing results. 
This will also explain the great difference in the character of the 
photographs published now and in 1944. 

Regarding these photographs, it would be advantageous to 
know more about the characteristic lines in these presentations. 
The kind of investigation is similar to the photoelastic method. 
The lines (fringes) appearing in photoelastic presentations give, 
by their number, a measure for the stress in the model investi- 
gated. This does not seem to be applicable to these photographs, 
but another explanation is forthcoming. The published examples: 
Wing, plate, and cylinder in stream, are cases which are not com- 
pletely covered by theoretical investigations and an explanation 
of all lines in these pictures may be very difficult. Therefore it is 
advisable first to investigate thoroughly with this method the 
photograph of a simple boundary layer, on plane and on curved 
surfaces, before investigations on more complicated forms. In 
any case it may be expected that in the future this method will 
have wider application and will give certain explanations needed 
in the knowledge of hydraulic flow. 


AuTHOR’s CLOSURE 


It emerges from the preceding ‘communication and the dis- 
cussion following it, that the vanadium-pentoxide method of 
fluid-flow investigation had certain advantages and certain dis- 
advantages when compared with other methods. 

In the first place, as Mr. Lowy remarks, very good photo- 
graphic results can be obtained when the method is used in the 
right way. Further, such results are not confined to still shots 
alone. In a kodachrome film shown at the Fall Meeting of the 
AS.M.E. in Boston, Mass., September 30 to October 3, 1946, 
colored records of the flow and of the changes of flow round cer- 
tain standard types of obstruction were recorded. This indicates 
that the optical properties of vanadium-pentoxide solutions fit 
them well for this type of work. 

While mentioning the optical properties of these solutions and 
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in connection with the remark of Mr. Leaf about the brilliant 
color patterns seen in bentonite dispersions, it may be stated that 
such colored configurations do not occur when vanadium pent- 
oxide is used because the solution itself acts as a color filter on ac- 
count of its intrinsic orange-yellow shade. The flow picture in 
an almost monochromatic visual field such as that produced by 
vanadium-pentoxide solutions, does not have to compete with the 
possible distraction of attention which might be present in other 
cases where color displays however pleasing, were present. 

Mr. Leaf describes the preparation of the solution as ‘‘very 
tedious and exacting.”” This is, perhaps, an exaggeration. The 
processes involved are simple, and the preparation of the raw 
vanadium-pentoxide solution can be accomplished easily within 
the space of half an hour. However, the ‘‘ageing’”’ process in an 
untreated solution is slow, and for the impatient, it is annoying 
to have to wait the three or four months indicated on page 247 of 
this text, for the production of a “‘well matured” liquid. Never- 
theless, the addition of alcohol to the solution, also recommended 
in the text, “speeds up enormously the molecular aggregation 
responsible for the production of highly elongated particles.” 
In this connection, it is unfortunate that Mr. Leaf did not con- 
tinue his tests of the properties of V.0; solutions beyond the fifth 
day after preparation, for at that time he obtained only a “barely 
discernable flow pattern.” It is a matter of some surprise that he 
obtained any pattern at all, for to the best of the author’s knowl- 
edge, he omitted to add alcohol to the solution. 

The most obvious disadvantage of vanadium-pentoxide solu- 
tions is their sensitivity to electrolytes. It is true that care has to 
be taken during their use, but again, it is possible that readers of 
the foregoing text may suffer from undue apprehension about 
possible difficulties of the method, difficulties which the author 
has sought to emphasize rather than minimize. In the film 
shown at the Fall Meeting, numerous small fish were disclosed 
swimming about quite happily in an artificial stream of V0; solu- 
tion. Although they remained for a period of over 45 minutes 
in the liquid, it remained quite stable, and was later used for ex- 
periments of another character. 

From the biological point of view, a very important aspect of 
vanadium-pentoxide solutions is their nontoxicity. The fish 
which have just been mentioned were perfectly healthy at the 
end of their stay in the liquid. This may seem to be unrelated to 
engineering applications of the method, but it seems likely that 
in the near future knowledge of the mechanics of locomotion of 
living creatures will be applied to man-made contrivances. By 
no means the least important of such transferences of knowledge 
will be from the study of aquatic organisms to such things as 
ships, submarines, and torpedoes. In researches of this kind it is 
hoped that vanadium-pentoxide solutions may play their part. 
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VERTICAL POSITION OF CAVITY VOLUME OF LARGE AIR BUBBLES 
HORIZONTAL POSITION OF CAVITY... 
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Fic. 1 ScuHematic EXPERIMENTAL ARRANGEMENT? 
(Inside dimension of glass vessel: Length = 13.1 cm; diameter = 10.5cm. Inside dimension of brass vessel: Length = 14.6 em; diameter = 10.1 cm.) 


The Shock Produced by a Collapsing 
Cavity in Water _ 


By M. F. M. OSBORNE,' WASHINGTON, D. C. 


It is shown that cavitation shocks are recurrent or mul- 
tiple, the time interval separating them depending pri- . hae 2 
marily on the size of the cavity. Further, it is shown that Are of the — os & cavity o soni tee undertaken : 
the abruptness and violence of the shock, the total acoustic td ility of reducing 
energy produced and its frequency distribution are all which 
highly dependent on the size of the residual air bubble cavitation is inherent. Since very little quantitative data on the 
around which the cavity collapses. The size of this bub- the were available, It 
ble determines the degree of cushioning of the shock; one condi- 
hence the undesirable characteristics of the shock, as “'°"* 8° ee tter un lerstood. The 
measured by noise production and mechanical destruc- experiments also reproduce in miniature the conditions which ob- 
tion, are much diminished as the air-bubble size increases, tain shortly after the detonation of & mans, and are pertinent to 
and the predominant frequency of the noise generated the mechanical destruction which cavitation shocks can produce. 
shifts to the lower frequencies. Quantitative relation- A U T 
ships for these variables have been obtained as a func- Sana ae sae 
tion of cavity size (or energy content of the blow) and air- 
bubble size. These are the two significant variables, the 


INTRODUCTION 


The experimental apparatus consisted of a vessel containing a 


constant amount of water. The volume of this vessel could be 
Properties of the shock are insensitive to the shape of the varied by means of a brass sylphon bellows in one wall. Thus 
cavity and the material against which collapse takes cavity, the formation of which required a known amount of 
Place, energy, and which contained a known volume of air, could be 
! Vibration Section, Sound Division, Naval Research Laboratory. made to collapse in the vessel. The resulting shock was picked 


Contributed by the Hydraulic Division and presented at the up by a small quartz microphone, mounted in water either inside 
Fall Meeting, Boston, Mass., Sept. 30-Oct. 3, 1946, of Taz American or outside the vessel. This shock, amplified and put on the 
or MECHANICAL ENGINEERS. 


OTE: Statements and opinions advanced in papers are to be bax ofa cathode-ray oseill 6 ph, was photographed on mo- 
sara as individual expressions of their authors and not those of  !on-picture film with a revolving-drum camera. 


ety. The important part of the apparatus is illustrated in Fig. 1. 
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It consisted of a cylindrical glass or brass vessel, full of air-free 
water, and containing a quartz microphone. A stopcock in the 

cylindrical wall permitted the introduction of water or a small 

air bubble of known volume. In the case of the brass vessel, the 

upper end was a disk of '/;-in. plate glass so that the interior 

could be easily observed. The ends of the cylindrical vessel 

were made watertight by rubber gaskets. Two brass plates and 

four long bolts clamped the cylinder and its two ends together, 

and kept the gasketed assembly under compression. 

The sylphon bellows and the outlet for the microphone were 
at the lower end of the cylinder. The armature of an electro- 
magnet was attached to the sylphon bellows. When a picture 
was taken the armature was released by the same switch which 
opened the shutter of the camera, thus synchronizing shock and 
photograph. The sylphon bellows and armature were sur- 
rounded by*a metal cylinder which served to support the electro- 
magnet and to keep water away from the sylphon bellows and 
armature when the entire assembly was immersed in a big tank 
(sylphon-bellows end down). The motion of the sylphon bel- 
lows and armature was thus unimpeded. 

Except when the two were actually in contact, the electro- 
magnet was electrically insulated from the armature. This made 
it possible to record on the photographic film the starting time of 
collapse as determined by the time when the electromagnet let 
go of the armature. 

The microphone consisted of 4 X-cut quartz crystals, each 12 
mm X 12 mm X 2 mm, connected in parallel. These were so 
mounted that the faces perpendicular to the Y-axis were the 
sensitive faces. They were enclosed in a brass drum-shaped 
holder, the faces of the drum being German silver sheets 0.002- 
in. thick and 12 mm apart, and the sensitive faces of the crystal 
being just behind the drum faces. Castor oil provided mechanical 
contact between the inner faces of the drum and the sensitive 
faces of the crystal. The leakage resistance of the microphone 
was so low (23,000 ohms) and therefore its time constant (= RC) 
so small, that its voltage response was proportional to the time 
derivative of the impressed-pressure wave. Hence the oscillo- 
grams represent the variations of dp/dt, within the limitations 
discussed in the Appendix. Calibration of the microphone- 
amplifier system gave a curve of response which increased line- 
arly with frequency, in agreement with this, Fig. 2. 
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A General Radio 714-A voltage amplifier amplified the tran- 
sient from the microphone and put it on the horizontal plates of 
a G. R. 687 BS5 electron oscillograph. The camera was a G. R. 
651A and 651AS camera assembly. The camera was not used in 
the normal way. Instead, a single turn of film was put on the 
sprocket wheel, which was driven by a belt from the take-up, 
rather than by the drive motor. In this way film speeds up to 
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The film used was Agfa Super-Pan 


80 fps were attainable. 
Supreme. 

For purposes of timing and voltage calibration, a standard 
1000-cycle voltage was put through a microvolter and applied 
to the input terminals of the amplifier. This was switched in 
just after the transient. The rest position of the oscillograph 
spot was at the same time shifted by means of B-batteries be- 
tween the ground side of the amplifier and the low-potential side 
of the oscillograph. Thus on the film the transient appears in 
the center of the film, the standard signal at the edge. For some 
photographs this battery circuit was broken when the armature 
separated from the electromagnet. This is shown by a jump of the 
oscillograph trace toward the center of the film, and indicates 
the instant at which collapse began. 

For film speeds greater than 30 fps, the sprocket wheel or 
“drum” revolved more than once while the shutter was still 
open. To avoid overrunning of the spot trace on the film a 
charged condenser and resistance in parallel were connected in 
series with the B-batteries. This RC circuit.was closed when the 
relay on the electromagnet circuit opened. The spot then shifted 
in the course of the exposure, giving a helical trace on the single 
turn of film. 


EXPERIMENTAL PROCEDURE 


When tap water was put directly into the vessel and the ) 
sylphon bellows expanded, a fine froth of bubbles formed through- ] 
out the liquid, due to the reduced pressure. Therefore the ‘ 
water in the vessel had to be first freed of air, since otherwise it ‘ 
was impossible to control the size of the air bubble around which P 
the cavity collapsed. This was done by boiling the water in the t 
vessel for '/, hr or more; the steam escaping through the stop- b 
cock in the side. It was then allowed to cool and draw back 8 
water which had also been boiled over the same interval. Any rn 
residual bubble could then be shaken out. b 

The pinchcock at the outer end of the rubber tube, beyond 
the glass stopcock, was to hold a water reservoir in the tube for « 
cooling shrinkage or other losses, Fig. 1. The pinchcock nearest th 
the vessel prevented the rubber tube from collapsing when the a 
sylphon was expanded in order to form a cavity in the vessel. th 

With such preparation, when the armature on the bellows was oe 
first pulled down with the fingers, a distinct initial resistance ste 
was felt, representing the slight tension which the water could sus- we 
tain. This resistance suddenly gave way with the formation of shi 
the cavity, the force thereafter being very nearly a constant Fin 
(atmospheric pressure). If the sylphon bellows were released pie 
slowly, a minute bubble (diameter less than 0.3 mm for freshly aig 
boiled water) was to be seen at the site of the cavity. It was ; 
released either from the water or from the adsorbed gases in the ie 
metal or glass of the vessel. If the armature were again pulled the 
down, the initial resistance was no longer felt, the force increasing he 
rapidly but continuously to a nearly constant value, Fig 6 (2) 
The bubble likewise increased continuously in size. If om nad 
waited until the small bubble redissolved, the initia] resistance ble 

could again be felt. whil 
This small bubble represented the lower limit which could t es 
reached with this apparatus. For water which in time dissolve ome 
more air, either through leaks or from larger air bubbles intr T 
duced deliberately through the stopcock, this minimum bubble Was 
could be 2mm diam. Hence no observation could be made wit® Gin 
a smaller air bubble without reboiling. eylin 
It is believed that air bubbles about 1 mm diam or Jess are chs Ob 
acteristic of those which are present in true cavitation shock (@) 
where the cavity forms and collapses in a time too short for mue phon, 
air to dissolve out due to the decreased pressure. Baker? has Side ; 
2‘Water Hammer Breakage of Glass Containers,” by T. © shock 
Baker, The Glass Industry, vol. 22, 1940, pp. 430, 469 and 521. () 


Ya." 
if: 
4 
Pap 
ge. 
& 


the 
igh- 
the 
se it 
hich 
. the 
stop. 
back 
Any 


yond 
for 
arest 
n the 
sel. 

s was 
tance 
d sus 
ion of 
nstant 
leased 
reshly 
[t was 
in the 
pulled 
reasing 
Fig 3. 
If one 
istance 


yuld be 
ssolved 
intro 
bubble 
de wit 


re chat 

shocks 
or 
thas de 


y 
1. 


| 
| 


RESTORING FORCE KILO GRAMS 


DISPLACEMENT OF ARMATURE CMS 


Fic. 3. Force Function or SYLPHON BELLows, 


scribed the water-hammer breakage of glass containers, essen- 
tially a cavitation phenomenon. He was able to burst glass jars 
partially filled with liquid by accelerating them violently. The 
cavity formed when the liquid was “left behind’’ burst the jar on 
collapsing. It was found in the present experiments that the 
glass vessel, made from a heavy pyrex bottle with walls '/, in. 
to */1» in. thick, burst with depressing regularity when the air 
bubbles were about 1 mm diam or less, depending somewhat 
upon the amount of energy released in the blow. It was for this 
reason that the brass vessel with the '/,-in. plate-glass end was 
built. This was better able to withstand the shock. 

In the observation of a cavitation shock the following pro- 
cedure was adopted: The size of the air bubble and the distance 
through which the armature moved were measured, thus deter- 
mining the mechanical energy to be released. The armature was 
then pulled back to the face of the electromagnet, which was just 
strong enough to hold it. With the drum and film revolving at a 
steady rate, the camera shutter was snapped, and simultane- 
ously the electromagnet let go. The oscillograph spot was then 
shifted and a standard signal from the microvolter photographed. 
Finally, the size of the air bubble was remeasured, although the 
Pieces of it had to be shaken together again with the bellows 
slightly expanded by hand. 

The measured sizes of the air bubbles, before and after the 
shock, agreed fairly well even for small air bubbles, provided (1) 
the second measurement was made immediately after the shock 
in order to minimize errors due to redissolving of the bubble; and 
(2) the water had not much air dissolved in it, or the bubbles 
were large (greater than 25cumm). Ifthe water had considera- 
ble air dissolved in it, additional air which had dissolved out 
while the bellows were expanded made the second volume meas- 
ure somewhat uncertain, but with care and judgment, satisfactory 
agreement was attainable. 

The volume was computed on the assumption that the bubble 
was spherical if small, or ellipsoidal with measured axes if flat- 
tened. The volume of the larger bubbles was measured in the 
tylindrical tube near the glass stopcock, Fig. 1. 

Observations were made under the following conditions: 

(2) Brass vessel immersed in water; position vertical; micro- 
phone inside and outside; oscillograms for the microphone out- 
side are relatively few and poor, byt indicate the same type of 
thock as on the inside. » 

(6) Brass vessel in air; position vertical and horizontal; micro- 
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phone inside. This was a run at one energy of blow only, to 

determine the effect of the shape of the cavity. In the vertical 

position the cavity was wedge-shaped, as the section of an orange. 

In the horizontal position the cavity had the form of a long thin 
slab, the cross section of which was a segment of a circle. 

(c) Glass vessel in air; position vertical; microphone inside. 
This series was taken to test the effect of vessel material and to 
establish effects poorly determined by previous measures. These 
data are the most homogeneous and complete over the range 
covered. A series of oscillograms illustrating these cases are 
given in Figs. 4 and 5. They are arranged in order of decreasing 
bubble size. 

From these photographs the following measurements were 
made with a Hilger traveling microscope: 

(a) The scale in microsec/mm (z), and millivolts/mm (y). 

(b) The time of rise of the first peak, or the interval from a 
point where the deflection was first appreciable to the first prin- 
cipal peak. The first point was naturally somewhat indetermi- 
nate, the initial rise being rather gradual. It is estimated, how- 
ever, that the deflection became appreciable at about 1 per cent 
of the maximum, if one takes '/, the trace width as the least ap- 
preciable deflection. The width of the trace was about 0.12 mm 
and the maximum deflection was usually between 2 and 4 mm on 
the film. 

(c) The time interval between !/, maximum deflection and the 
maximum. This was adopted as a fair criterion of the time over 
which most of the initial rise took place. 

(d) The height of the first maximum in millivolts. The choice 
of the first “principal” maximum was usually clear cut, even 
though minor crepitations often immediately preceded it. The 
first principal maximum was always one of the highest, though 
not necessarily the highest, as a glance at the oscillograms will 
show. These measurements were taken only in cases where the 
microphone was inside. 

(e) The total time of collapse, from the instant of release of the 
armature to first peak. These were made only for the glass vessel 
air. 

(f) The time interval between the first and second big shock. 
Where shocks of radically different type appeared, the second 
shock of the same type as the first was chosen for this measure- 
ment, e.g., see No. 4, Fig. 5. Multiple shocks were least com- 
mon for cavities of low energy and smallair bubbles. In general, 
however, the presence of more than one shock was the rule rather 
than the exception. 

(g) The ratio of the amplitude of the second shock to that of 
the first. / 

(h) Measurement of the relative intensities of the character- 
istic vibrations present. Three distinct characteristic vibrations 
are observable in the oscillograms, of periods T,; = 5000—10,000 
microsec, T; = 410-530 microsec, and T,; = 20 microsec. 
An attempt was made to determine the initial root-mean-square 
pressure represented in these oscillations. ‘The average initial 
amplitude in millivolts of these vibrations was estimated for two 
groups of data (glass vessel in air, brass vessel in water) for 
which approximately the same total energy was released in the 
shock. 

The foregoing measurements, determining the nature of the 
shock, are considered as functions of the independent variables 
Vand £. Term V is the volume of the air bubble in cubic milli- 
meters, and E is the energy content of the shock as determined 
from the integrated force function of the bellows. If E isin ergs X 
10°, E is also approximately the size of the cavity in cubic centi- 
meters. 

The microphone-amplifier system was calibrated by compari- 
son with standard underwater microphones calibrated by the 
Bell Telephone Laboratories. The microphone was held edge- 
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1 B=538cumm. E = 2.45 X 10% ergs. cal volt; 2 millivolts rms 


3 B= 180cumm. E = 4.65 X 10* ergs. cal volt; 1 mlv rms 


4 B=S8lcumm. E = 2.85 X 10* ergs. cal volt; 2 mlv rms 


5 B=46cumm. £E = 3.82 X 10* ergs. gal volt; 1 mlv rms 


6 B=25cumm. E = 3.8 X 10% ergs. cal volt; 3 mlv rms 
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7 Beilecumm. = 2.39 X ergs. cal volt; 2 mlv rms 


8 B=2.leumm. E = 4,79 X 10¢ ergs. cal volt; 10 mlv rms 


11 B=0.22cumm. E = 3.6 X 10¢ ergs. cal volt; 10 mit rms 


Fic. 4 Oscrttocrams or SHocks 1n GLAss VESSEL IN MICROPHONE INSIDE; VERTICAL Position; Low-ENerGy Group 


(0, release of armature or start of collapse. 1, first shock, 2, second shock, etc. Calibration voltage 1000 cycles per sec. B = volume of air 
bubble. # = energy released in blow.) 


wise with respect to the sound source, the same position it had 
relative to the shock. In Fig. 2 the calibration of the system is 
given as if for no gain, since the standard microphone was con- 
nected to the input of an amplifier, and appropriate corrections 
due to the amplifier and its input impedance were applied. 

The sign of the deflection of the oscillograph spot for a con- 
densation wave was determined by photographing the transient 
due to tapping on a pail of water, the microphone being in the 
pail. For various orientations of the microphone the direction 
of initial deflection was the same, and indicated that the initial 


wave from the cavitation shock, inside and outside the vessel, 
was one of condensation, or the same as in the case of tapping 
on the pail. 

An upper limit to the energy expended in pulling the armature 
from the electromagnet was determined by measuring and inte 
grating the force-distance function for the armature alone. This 
was done by measuring the holding force for various thickness 
of paper between the armature and pole faces. The work & 
pended was found to be negligible compared to that of pulling 
the bellows. 


2 B=298cumm. E = 2.6 X 10* ergs, cal volt; 1 mlv rms 
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9 B=143cumm. = 3.6 X 10 ergs. cal volt; 7 mlv rms 
10 B=091cumm. E = 3.6 X 10¢ ergs. cal volt; 7 mlv rms su 
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1 B = 441 cu mm. 


2 B = 240 cu mm. 


4 Be#71lcumm. 


5 B = 39 cu mm. 
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E = 12.1 X 10° ergs. cal volt; 2 miv rms 


E= 9.3 X 10¢ ergs. cal volt; 5 mlv rms 


6 B = 26 cu mm. E = 12.5 X 10* ergs. cal volt: 10 mlv rms 


7 B= 85 cu mm. 


E = 9.65 X 10% ergs. cal volt; 10 miv rms 


8 B=42cumm. E = 9.5 X 10 ergs. cal volt; 10 miv rms 
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(0, release of armature, or start of collapse. 1, first shock, 2, second shock, etc. B = volume of air bubble. E = energy released in blow. 


Discussion OF RESULTS 


The discussion will be divided into three parts: (a) General 
description of the shocks. (b) A discussion of the graphical re- 
sults. (c) A discussion of the extent to which observations can 
be represented by theory. 

(a) General Description of the Shocks. To the ear there was 
a marked difference between those shocks with an appreciable air 
bubble (more than 10 cu mm) and those with a small one (1 cu 
mm). In the first case, the sound was a dull thud; in the latter, 
a sharp clink or clank. For a given-size air bubble, just large 
enough to give a “thud” for a low-energy blow; if the energy 
were increased, the ‘“‘clank’’ could be heard. 

Examination of the oscillograms also shows a marked change 
in their characteristics with diminishing size of the air bubble. 
For air bubbles with volumes 100 to 500 cu mm, the trace is ini- 
tially a series of single waves (see Fig. 6), which after 2 or 3 cycles 
merge into a simple sinusoid. (see Fig. 4, No. 2). The period is 
5000-10,000 microsec, essentially the same as the interval be- 
tween shocks. This is an underlying structure (drawn sche- 
matically in Fig. 6) which persists even to the smallest bubble, 
and measurements indicate that its amplitude in millivolts 
actually increases slightly with d’minishing air-bubble size (see 
Fig. 14, 7:). It is relatively less apparent in the shocks with 


Calibration voltage 1000 cycles per sec.) 


smaller air bubbles, since other larger structures of periods 7; 
and 7; appear and may mask it. Since the gain of the amplifier 
was cut down for the smaller bubbles this oscillation appears to 
become negligible in this case. 

For air bubbles 10-150 cu mm in volume, the second principal 
mode becomes prominent, 7’, ~ 410 microsec for the glass vessel, 
and 530 microsec for the brass one. For the same-size air bub- 
ble, the higher frequency modes become more pronounced with 
increasing E, as is to be expected from the fact that the time of 
rise is less. (See first paragraph in section b which follows.) 

For air bubbles 10 cu mm in volume the third mode of oscilla- 
tion appears. For these bubbles the clanking sound is notice- 
able. 7; is probably a normal mode determined primarily by the 
shape of the vessel, since its wave length in water is comparable to 
the linear dimensions of the vessel. The other two are probably 
mechanical, the longer one being associated with the inertia of the 
water, atmospheric pressure, and the low stiffness factor of 
the sylphon bellows. 

In view of the statement that deflections in the oscillograms are 
proportional to dp/dt, the choice of the first peak, A, Fig. 6, for 
example, as giving the end of collapse needs some justification, 
especially for the larger air bubbles. 

It would seem more correct to choose the point B as the end of 


* 
13.2 10% ergs. cal volt; 2 millivolts rms 
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12.5 X 10% ergs. cal volt; 1 miv rms 
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collapse. Such a choice would seriously modify the measured 
length of time for collapse. Nevertheless, it is believed that the 
structure in Fig. 6 is a characteristic introduced by the vessel, 
and that the point A gives a better determination of the end of 
collapse than B. The structure persists as mentioned before 
(Fig. 14, 7,) throughout all the shocks, and if the point B were 
chosen as the end of collapse for the larger air bubbles it would 
have to be used for all of them, out of consistency. However, 
the disturbance, as is obvious from the oscillograms, is initiated 


at 

A 
4 

8 


Fic. 6 Scuematic OsciLLoGRAM 


at A, first peak. By B a considerable damping of the higher 
modes of oscillation has already taken place. For example, see 
Fig. 4, Nos. 9, 10, and Fig. 5, Nos. 1, 2,3, and 4. Therefore it 
seems more reasonable to pick the end of collapse at the time 
when the disturbance evidently begins, at the first peak, A. 

Another characteristic feature of these shocks is that they are 
repeated, the interval depending, as will be shown, on the size of 
the cavity. There is, moreover, a sort of double multiplicity. 
Between the principal shocks, which represent the oscillation of 
the cavity, there are often little shocks, always of high-frequency 
components, regardless of the type of the principal shocks. See, 
for example, Fig. 5, Nos. 2 and 3. Theyrobably represent cavi- 
tation at other parts of the vessel than the location of the air 
bubble. 

It is interesting that repeated shocks appear even for the very 
smallest air bubbles. For such bubbles the compressibility of 
the water becomes important although the gas pressure is still 
negligible compared to the hydrostatic pressure (see part c which 
follows and Appendix 2). Thus for the very smallest air bubbles 
one would expect the presence of gas in the cavity to have little 
effect on the nature of the shock., The formation of repeated 
shocks is probably favored by the fact that the collapse takes 
place at the upper end of a closed vessel, so that gravity and pres- 
sure act upon the fluid in the same direction in reforming the 
cavity. 

(b) Graphical Analysis. The time of rise of the first maximum, 
from (dp/dt) (1/100)(dp/ dt)max to (Op/Ot) = (Op/dt)max 
and the time interval from (dp/dt) = (1/5)(dp/dt)max to 
(dp/dt) = (Op/dt)max are plotted in Figs. 7, 8, and 9, for the 
glass and brass vessels in air. The convergence of the two 
curves is indicative of decreasing ‘‘abruptness’”’ with increasing 
volume of air bubble. For the times for the last ‘/; of the 
shock there is a barely preceptible shift of the curves from one 
value of E (= energy released in shock) to the next. It is too 
uncertain to show in the total times of rise. By taking the 
intercepts of curves of different EZ with lines of constant bubble 
size, and plotting logarithmically, the exponential dependence 
on E can be obtained. The curves are sufficiently determinate 
to do this for bubble sizes V = 50 cu mm to V = 500 cu mm 
and give the time for last ‘/; of peak 
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for the glass vessel in air. For the brass vessel immersed in water 
this time is (data not given here) 


For some purposes the second form of the formula is useful, 
since when the quantity (V/E) is constant we can consider the 
cavities to be similar or, in analogy to an underwater explosion, 
the cavities are produced by ‘‘explosives’’ of the same ‘‘chemical 
composition.” In this form the importance of the relative 
size V/E of the air bubble is emphasized, since the exponent of 
E alone is rather small. It is also rather poorly determined, as 
Fig. 7 will show. On dimensional grounds, for collapse, in an 
infinite ideal fluid under uniform pressure, one would expect the 
exponent of E in this second form to be +1/3. 

The plots of the tota time of collapse (given by the instant 
of release of the armature and point A (in Fig. 1) are given in 
Fig. 10. Expressing by Feu mm, the equivalent volume in cubic 
millimeters of a cavity whose production required £ ergs (using 
p = 10* dynes/cm*), it will be observed that when the ratio 
V/Eumm © 0.005, the time of collapse becomes almost inde- 
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V = volume of air bubble, cu mm 
E = energy released in shock 
cumm = equivalent volume of cavity in cu mm for pressure = 10* dynes/ 
cm?*, Glass vessel in air 


Fig. 10 or Cotiapse Versus V/E ou mm 


pendent of the air-bubble size. This is to be expected when the 
gas pressure is comparable to the hydrostatic pressure over a 
time short compared to the total time of collapse. It will be 
shown in part (c) of this section that the times of eollapse com- 
puted under this assumption are in agreement with experiment. 
The time of collapse as a function of energy, and the time 
interval between shocks are plotted in Fig. 11, using only those 
data where V/Eeumm < 0.005, i.e., where the approximation, 
neglecting the gas pressure, is valid. It will be observed that 


the time interval between shocks is approximately twice the total 
time of collapse. This strengthens the conclusion that the suc- 
cessive shocks are actually the results of oscillation of the 
tavity. Moreover, the slope indicates that the period varies 
‘proximately as E?, again in agreement with the theory for 
‘seillation in an infinite medium. The validity of applying the 
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infinite-medium theory to a vessel of finite dimensions will be 
discussed in part (c). The two curves are not quite parallel, 
perhaps because the restoring force of the bellows was not quite 
constant. 

The plots of the initial amplitudes as functions of efergy and 
bubble size are given in Fig. 12, for the case of the glass vessel 
inair, As before, by taking the intercepts of the different energy 
curves and plotting logarithmically, the dependence upon E 
can be obtained. The results are as follows 
Glass vessel in air, (Op/0dt)max 


Amplitude = = [3] 
Likewise for the brass vessel in water, (0p/ Ot)max « 
Amplitude = C,E = [4] 


It will be seen by comparing the exponents in Equations [1], 
[2], [3], and [4], that the shocks in the two vessels were approxi- 
mately the same. Oscillograms in the two cases were quite 
similar. 

In Figs. 9 and 13 the results obtained with the brass vessel 
in both vertical and horizontal positions in air are given. The 
results indicate that the amplitude and time of rise of the first 
maximum are, within the limits of experiment, independent of 
the shape of the cavity. 

For purposes of estimating the initial root-mean-square pres- 
sures of the noise produced by these shocks as a function of 
frequency, the average initial amplitudes of the three principal 
oscillations which appeared were measured, corrected by the 
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microphone-calibration curve and plotted in Fig. 14, for the glass 
vessel in air. The brass vessel in water gave similar results. As 
is evident from the graphs, the root-mean-square pressures of 
all three frequencies increase as the bubble size decreases. The 
increase is more pronounced for the higher frequencies. Also, 
for any given bubble size, there is more noise at low frequencies 
than at high. The data for Fig. 14 were taken from a different 
run than that of Figs. 7 and 12. This run is plotted in Figs. 13 
(lower curve) and 8, and seems to differ slightly from the other 
data for the glass vessel in air. 

If these noise data were converted to total energies by squaring 
the amplitudes and by taking into account the approximate 
length of train which is associated with each frequency, the 
effects mentioned would be even more pronounced, since as is 
seen from the oscillograms, the high-frequency noise damps out 
faster than the low. 

The increase of high-frequency noise for diminishing bubble 
size, and the predominance of low-frequency noise over high are 
facts which admit of simple physical interpretation. The first 
indicates that a sharp shock has more high-frequency components 
than a dull one, e.g., tapping on the vessel with a metal rod pro- 
duced primarily 7;, and a wooden one produced primarily 7. 
The second may be interpreted as a consequence of the fact 
that cavitation is a nearly periodic phenomenon whose energy 
distribution with respect to the fundamentals and higher modes 
has a maximum at the fundamental. 

The ratio of the amplitude of the second shock to that of the 
first showed no marked correlation either with energy content or 
air-bubble size. The mean was 0.65, the range from 0.3 to 1.2. 
The quantitative details of this paper are, of course, peculiar to 
the apparatus. The general results appear to be insensitive of the 
cavity shape and vessel material (cf. Equations [1],° [2], [3], 
[4], and Fig. 9), and the oscillograms for given energy and bubble 
size were quite similar. 

(c) Agreement of Observation With Theory. The formula for 
the total time of collapse* of a spherical cavity in an infinite 
medium is T’ = 0.915R (p/po)'/? or, in terms of the energy, T = 
0.568p'/*p, ~/*E'/*, In the case of collapse in the presence of 
rigid boundaries the time is somewhat longer, but the corrections 
are small when the distance to the boundary is large compared 
to the dimensions of the cavity. In the present case of the 
collapse in a cylindrical vessel, we may approximate the condi- 
tions in either of two ways, as suggested in Fig. 15. 

8 “Hydrodynamics,” by H. Lamb, fifth edition, Cambridge Uni- 
versity Press, London, England, 1930, p. 114. 
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In case A we replace the actual conditions by a collapse in a 
rectangular trihedral angle. Then the formula for the infinite 
medium would be multiplied by 8, and by a small correction 
factor for the walls. In case B the collapse is represented as 
taking place in a rectangular dihedral. The formula for the 
infinite medium would be multiplied by 4, and a somewhat 
larger, but still small correction factor for the boundaries would 
be used. Therefore as a formula which is expected to be correct 
only in order of magnitude 


This is plotted in Fig. 11 for pp = 10 dynes/cm.? The agree 
ment is as good as would be expected without more refined 
considerations (such as increasing the pressure to allow for the 
stiffness of the sylphon), and shows that the neglect of con- 
pressibility and gas-pressure effects in small air bubbles is justi- 
fied in calculating the total time of collapse. 

It does not seem possible to represent the observed variations 
of dp/dt with the assumption of incompressibility. No satis- 
factory theory for collapse taking into account compressibility 
has béen worked out. However, the incompressible theory cat 
be used to verify the previous statement that for the smallest 
air bubbles the gas-pressure effects are negligible compared to 
the compressibility effects in the water. Compressibility effects 
are important when the velocity of collapse equals that of sound. 
Gas pressure is significant when it equals the hydrostatic pressure. 
It is therefore desired to calculate, on the basis of the incom- 
pressible theory, the value of V/Ecu mm for which the velocity of 
collapse equals the velocity of sound at the same instant that the 
gas pressure equals the hydrostatic pressure. For values of 
V/Eeumm much smaller than this, one can expect the cavitation 
shock to be much the same as if no air at all were present. 

It is shown in Appendix 2 that this value of V/E.umm = 
5.5 X 107. Thus for Feu mm = 13 X 10° cumm, (EF 13 X 
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106 ergs), V = 0.0072 cumm. This is at the very lowest limit 
of observation. 

One can also determine the value of V/Eea mm for which the 
maximum velocity of collapse equals the velocity of sound (see 
Appendix 2). This value is V/Eumm = 2.8 X 107% For 
example, V = 28 cu mm for FE = 10 X 10% ergs. This is well 
within the range of the experiments, For value of V/Ecu mm 
much larger than this, one would expect the incompressible 
approximation to be valid in describing the motion in detail. 
However, attempts so far have been unsuccessful in representing 
by theory the variation of (Op/0dt)max or the time of rise with 
V or E. The disagreement may be attributed to the disturbing 
effect of the boundaries, turbulence, heat conduction, and in- 
stability during collapse, a finite rate of condensation of the 
water vapor, or some other unknown reason. 


CONCLUSIONS 


Cavitation shocks are multiple, and the time of collapse and 
interval between shocks is predictable on basis of theory. 

The characteristics of the pressure wave produced by a cavita- 
tion shock are dependent on the size of the cavity, and especially 
on the air bubbles it contains. The peak pressure derivative 
and the time of rise to its maximum are representable in the 
form CE"V", E being the energy required for the formation of 
the cavity, and V, the volume of the contained bubble. The 


' characteristics of the shock are relatively insensitive to the shape 


of the cavity, and for the two cases of this experiment, to the 
material of the walls against which the collapse takes place. 

The noise generated decreases as the bubble size increases, 
the diminution being more pronounced for the higher frequencies, 
and for all sizes of air bubbles more low-frequency noise is present 
than high. The general effect of the air bubble is markedly to 
cushion the shock and to mitigate its noise-producing and de- 
structive characteristics. This cushioning effect is of course 
well known, and is utilized when air is introduced into steam 
used to heat tanks of water. 


Appendix 1 
EstiMATION OF ERRORS AND CALIBRATION OF OSCILLOGRAMS 


In order to estimate the error in interpreting the oscillograms 
as proportional to Op/dt, consider the effect of impressing a 
unit, or step pressure wave on the microphone or microphone 
plus amplifier. Two types of disturbance are set up as follows: 

(a) Mechanical Disturbances. If there are no large mechanical 
systems coupled to the crystals, these disturbances may be ex- 
pected to die out in a time comparable to the time for the pressure 
wave to traverse the dimensions of the crystal a few times, since 
with each traversal a good part of the energy will be reradiated 
to the water. 

(b) Electrical Disturbances. These die out in a time deter- 
mined by the duration of the mechanical disturbances, and by 
the capacitance and shunt resistance of the microphone and its 
cable. 

Let 3(t) be the electric response of the microphone-amplifier 
system, due to a unit impressed pressure wave, and assume that 
4(t) is appreciable only over the interval t = = «. Then 
for an arbitrary impressed pressure wave p(t) the derivative 
p'(t) of which does not vary much over an interval e, the response 
of the microphone is approximately proportional to dp/dt = 
P’ (t). 

To show this and obtain the degree of approximation, it follows 
from DuHamel’s theorem that where e(t) is the response to the 
arbitrary impressed wave p(t) 


e(t) = p(O)8(t) + [6] 
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Now the only contribution to this integral which is appreciable 
is over an interval e, and since p(t) does not change much in such 
an interval, it can be well represented by a Taylor series in 
powers of (A — t). Hence, assuming p(0) = 0, as it will be for 
any physical wave 


elt) = + A— Op" + 
[7] 
Let 


fy” = 8S $0 


= 


Fort > ¢, the integrals in Equation [7] are essentially moments 
of 6(t). Hence 


e(t) = S(p't—Fp"(t) + [8] 


Since 
p'(t—r) = p'(t)—rp"(t) + 


the first two terms of Equation [8] can be combined to express 


e(t) in terms of a time delay and corrections, depending upon 
= 


e(t) = S(p'(t — 7) + — F*)p’"(t)/2 + — + 


Since e(t) is the observed function, it is more useful to have the 
unknown function p’(t — 7) expressed as proportional to e(t) 
plus corrections depending on e(t). Taking the derivative twice 
of the expression for e(t) given in Equation [8], one gets e”(t) ~ 
Sp’"(t). This is substituted in Equation [9], and solving for 
p'(t — 7) one gets 


p’(t—) = (1/8) {e(t) + [10] 


dropping terms of the third and higher order. This expression 
means that the derivative of the pressure wave p’(t) = Op/dt 
is proportional to the response of the microphone, or oscillogram 
trace, with a delay of r. The per cent error may be estimated 
from the ratio of the second term on the right to the first. For 
a sinusoid of frequency », the interpretation that the response 
is proportional to the derivative of the impressed wave fails when 


These considerations can be used to estimate the error com- 
mitted in interpreting the oscillograms as proportional to dp/ dé, 
using the observed calibration curve of the microphone, Fig. 2. 
Here the impressed wave is a sinusoid and the observed cali- 


bration is for root-mean-square values of pressure and voltage. 
If 


e(t) = A(y) sin 2rvt, e”(t) = —A(v)4x*v? sin 2xvt [12] 
p(t) = Bsin (2xxt—g) p’(t) = cos (2xxt—y)) 
then for root-mean-square value 


S|p’|/\e| = S|p|2xv/|e] = 2nSB/A(v) = 1 + — 7*)/2 

[13] 
the value of the right-hand side gives the deviation, if expressed 
in db, of the observed calibration curve from a straight line, 


Fig. 2. If one takes the deviation at 5000 cycles as 2.5 db, then 
the foregoing expression gives 


— 7*)/2 = 3.35-10- sec?........... [14] 
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For purposes of estimating the error for the oscillograms, as- 
sume the first peak to be sinusoidal, with a time of rise from 
1/s to full maximum = */,(1/v), which is a fair approximation. 
For example, if the time of rise is 100 microsec (air bubbles ~ 
10 cu mm) (see Figs. 7, 8, and 9) 


— 72) /2 = = 8 per cent. . [15] 


If the time of rise were 50 microsec, the error would be ~ 33 per 
cent (air bubbles 1cumm). These figures indicate the limits 
on the interpretation of the oscillogram trace as proportional to 
dp/dt. The error as calculated from assuming the amplifier 
response to be 1-exp(—t/7',), the microphone response to be 
exp(—t/T'y) is considerably less than the foregoing. This 
indicates that the time required for the pressure wave to traverse 
the microphone is not negligible, or that mechanical coupling 
to the crystal prolongs its effective time constant. 7’, as measured 
by a square-wave generator was 6.7 microsec RC = Ty = 5.9 
microsec. 

To convert the deflections on the oscillograms in millivolts to 
dynes/cm* sec, one should use a constant determined from the 
calibration curve rather than one computed from the piezo- 
electric constant of the crystal and its RC. For the straight 
part of the calibration curve, Fig. 2, S|p|2x» = |e|. For » = 
1000, p = 1 dyne/cm!?, one can find S = 2.13 X 107! volts/ 
dyne/cm?, corresponding to e = 157.5 db, below 1 volt/dyne/ 
cm?, Since |p’| = eS a 1-millivolt deflection on the oscillo- 
gram, amplifier gain zero, corresponds to 0.47 X 10° dynes/cm* 
sec, or 0.47 X 107% atm per microsec. 

The maximum “hydrostatic” pressure sustained by the vessel 
as a whole would depend on the integral of the oscillogram trace, 
carried out to the point B in Fig. 6. For example, in Fig. 5, 
No. 1, a deflection of 5 millivolts for 1000 microsec means a maxi- 
mum pressure of 2.3 atm. This is of the order of magnitude of 
results obtained by Baker,? using an electric stress recorder. 
This maximum pressure is approximately that plotted for 
the slowest mode of vibration in Fig. 14, since the integral of the 
oscillogram depends primarily on the magnitude of the slowest 
mode. 


Appendix 2 


DISCUSSION OF THE INCOMPRESSIBLE THEORY 


The equation of motion for a spherical cavity in an infinite 
medium is? 
(p — po)/p = RR + 3R2/2..........44. [16] 


po being the hydrostatic pressure, p the gas pressure, p the 
density, and RF the radius. If one puts p = po(R,/R)*7, R, being 
the radius when p = po, and multiplies Equation [16] by 4nRtR, 
it can be integrated to give 


+ (4x/3)R% po + {40/3(y — 1)} = E. [17] 


when the terms can be identified as the kinetic energy, the po- 
tential energy, the gas energy, and the total energy. If Ry is 
the maximum or, for the case of collapse, the initial radius 
of the cavity, then very nearly 


E = 4rR,*po/3 


Also it is to be noted that R, is not the measured radius of the air 
bubble in these experiments, since the expansion of the cavity 
took place isothermally, the collapse adiabatically. The volume 
V, as measured, and the volume V, referring to the radius R 
are related as follows 


= = V/Eou mm....... [18] 
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Equation [17] can be rewritten in the dimensionless variables 


y = R/Ro = t V po/p/Ro 
Let 
Vi/(4rRo?/3) = 
then 


y*(dy/dx)* + 2y8/3 + (2a%/3(y — 1))(y*/y*”) = 2/3. . [19] 


As is mentioned in part (c) of the paper, it is desired to deter- 
mine the value of V/E cu mm for which R = c¢, the velocity of 
sound, at the same instant that the gas pressure equals the 
hydrostatic pressure. This is done by placing y = a'/* (then 
R = R,), dy/dx = ¢ V p/p (then R = c) in Equation [19], and 
solving for the value of a. This gives, almost independently 
of y 


a & 2po/8pc? = [20] 
Whence for 
y = 1.40 (air), V/Eoumm = a? = 5.5-1077 


verifying the value previously quoted. 
‘Equation [19] can also be used to solve for the value of 
V/Eex mm for which the maximum velocity of collapse is the 


velocity of sound. The maximum velocity of collapse is given ° 


from 
d(dy/dx)?/dy = —2/y* + 3y/3(y — +! = 0.[21] 
from which 
(y)(dy/dz)max = fy — 1)} — D129] 


Equation [22] is substituted into Equation [19] and solved for 
(dy/dz) max 


pc?/py = (dy/dr)max = [2(y 


From this one can solve for a, and obtain, for y = 1.4 the value 
of V/Eeamm = 2.8 X 107%, verifying the result quoted. 


Discussion 


M. P. O’Brien.‘ Cavitation in water has two major engineer- 
ing aspects, namely, (1) the noise produced, and (2) the physical 
damage suffered by moving surfaces, such as the blades of water 
turbines and marine propellers. The author’s experiments evi- 
dently pertain to the first problems because the pressures were 
measured outside of the collapsing cavities. They were con- 
ducted under essentially static conditions as contrasted with the 
dynamic conditions producing cavitation in flows systems. 

There are several facts about cavitation suggesting that there 
are phenomena involved which have not been isolated and ex- 
plained. Field and laboratory measurements show that, when 
cavitation is apparent only in the tip vortex, the principal source 
of noise is at, or near, the blades and not downstream where the 
tip vortex collapses. The wake of a ship persists for a long time, 
being partially opaque to a sound beam for an hour or more. 
The spectrum of cavitation noise is “white” up to the limit of re- 
cording equipment. These facts indicate that extremely small 
cavities are formed, and suggest that some noise is associated with 
the process of bubble formation. This discussion presents three 
mechanisms which may be involved in cavitation and noise geli- 
eration in hydraulic machinery. 


4 Dean, College of Engineering, University of California, Berkeley, 
Calif. Mem. A.S.M.E. 
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Cavitation occurs because the pressure is reduced over a finite 
area. The magnitude of the pressure reduction and the area 
over which it occurs are both involved in the formation of a stable 
cavity and this fact suggests that, in any flow system in which 
cavitation occurs, there may be regions in which the pressure re- 
duction is sufficient to rupture the liquid but in which the area of 
pressure reduction is too small for the cavity formed to be stable. 
Pressure changes in the direction of flow are continuous and, con- 
sequently, the area of pressure reduction, transverse to the direc- 
tion of flow, must also grow without discontinuity. Thus there 
exist conditions conducive to the intermittent formation and 
collapse of cavities prior to the generation of stable cavities. 
If this phenomenon occurs, it is probably a major source of noise. 
Unfortunately, quantitative analysis of the problem is difficult 
because pure water will sustain a considerable tension and be- 
cause it is the dissolved gases or the solid impurities in the water 
which control initial cavity formation. 

The size of a stable cylindrical cavity under conditions of 
thermodynamic equilibrium is obtained from the equation 


& 

p = p,ewdRT q 
where 

p = pressure in liquid adjacent to curved interface 

Pp, = Vapor pressure in contact with flat surface 
= surface tension 
w = specific weight of liquid 

= gas constant of vapor 
d = diameter of cylindrical cavity 
T = equilibrium temperature at which p,, ¢, w are measured. 


In water at 60 F, the corresponding values of d and p are as 
follows 


ds(ft) 107) 10-3 10~¢ 10-5 10-6 
p= (psi) +0.16 —0.75 —9.8 —100 —1000 —10,000 


A cylindrical cavity has been used as an example because the 
initial cavitation in turbines and propellers generally occurs in 
the core of the spiral-tip vortex. A similar equation but with 
different numerical values applies to a spherical cavity. The 
diameter d is the smallest cavity which will grow if once enlarged, 
and the largest which will collapse if reduced in size. It is evident 
that a cavity cannot grow gradually from infinitesimal size. 

The foregoing analysis assumes thermodynamic equilibrium 
which, however, may not be attained in the short interval re- 
quired for cavity formation, especially in sea water, because dis- 
solved materials concentrate in or migrate from the interface 
depending upon whether they decrease or increase the free- 
surface energy. Until an interface forms, surface forces do not 
come into play and the reasoning about surface tension and 
bubble size applies only to the growth of bubbles once formed. 
If a certain pressure p exists over a diameter less than d, gases 
coming out of solution or solid impurities may permit separation 
of the liquid but the resulting surface forces may then cause 
collapse. If this- phenomenon does occur, it appears unlikely 
that thermodynamic equilibrium may be assumed as a basis for 
computing the frequency of cavity formation or other aspects of 
it. 


Across the chord of a propeller blade, the laminar sublayer is in 
shear, and each element of fluid has an angular velocity. At the 
trailing edge of the blade, shear stresses cease to be applied by 
the solid surface and there is a tendency for the liquid to break 
up into units with constant angular velocity. Because of this 
Totation, the pressure at the center is reduced below that of the 
surroundings. An approximation of this reduction may be ob- 
tained by assuming (1) that the diameter of the vortex unit equals 
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the thickness of the laminar sublayer ¢ = 11.5 Ta) and 
t/p 


(2) the angular velocity equals that of the flow along the plate 


wo = 9 The resulting equation is 
Ap = puto? (z) 11.5%? 
PNG] 8070) 
= 16.6J 


For a blade moving in water at 100 fps, the pressure reduction 
would be of the order of 2 psi. At 220 fps, as for the tips of de- 
stroyer blades, the pressure reduction in the core of these cavities 
would be approximately 11 psi. 

If the laminar sublayer rolls up into vortexes having a diameter 
greater than 5, the approximate pressure reduction at the center 
of each cavity may be estimated. Assume that a length of la- 
minar layer )é rolls up into a vortex of radius R having the same 
moment of momentum. Computing the original moment of 
momentum about the midthickness of the laminar layer 


The radius of a cylinder of equal cross-sectional area is 


The uniform angular velocity of a cylinder of this radius having 
the same moment of momentum would be 


The pressure reduction at the center of this vortex would be 


pic? 
Ap = — 
P= 288 


From the relationship applicable to the laminar sublayer 


uo v 
—— 
é WV 
Ap = 1.4\-'+ 


This result does not reduce to the equation previously obtained 
when \ is made equal to unity because of the different assumption 
made regarding the angular velocity. 

The third possible type of fine-grained cavitation results from 
variations in pressure due to shear. Considering flow along a 
flat surface and choosing a rectangular co-ordinate system with 
the x-direction parallel to the plate, the velocities and velocity 
gradients are 

w=v=0 


In a second co-ordinate system (z’, z’) rotated relative to the first 
to correspond with direction cosines 
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the velocity gradient is 
du’ ou ow 
In the direction of the principal axes, at 45 deg with the plate 
1 


L=n 
1 1 


The normal pressures are 


ou’ du 
Ps's P+ 
At the surface of the plate 
ou 


On a plane perpendicular to the direction in which the liquid is 
being elongated, namely, at 45 deg forward in the direction of 
flow, the pressure is less than the average pressure. This pressure 
reduction may cause cavitation which is usually thought of as 
being dependent only upon the mean pressure. In so far as is 
known, no experiments on shear cavitation have been performed 
but this phenomenon may be involved in the foaming of journal 
bearings. 

Pressure reductions by any of these mechanisms discussed 
would occur over relatively small areas. Cavities, if formed, 
would probably not be stable initially but might ultimately form 
small stable bubbles after sufficient air had come out of solution. 
Their generation may give rise to noise, and the resulting bubbles 
may exist as an emulsified sheet in the wake of the moving surface. 

Fig. 11 of the paper illustrates a feature of cavitation noise 
which has been noted in both field and laboratory experiments 
on submerged ship propellers. At any operating speed, the noise 
spectrum generally shows a peak which shifts to lower frequencies 
(longer periods) if the propeller speed is increased while main- 
taining a constant slip ratio. The explanation of this phenomenon 
is believed to be that, at the higher velocities, negative pressures 
occur over larger areas and produce larger cavities. The time 
intervals associated with noise generation are probably propor- 
tional to the time of cavity collapse, and thus account for the 
rather unusual relationship noted, namely, a decrease in the 
frequency at which the energy output is a minimum with an in- 


crease in speed. 


T. C. Pouurer.' The author has shown that the recurrent 
nature of the shock, which has been so extensively studied and 
photographed for underwater explosions where the cavity may 
have a volume of many cubic feet, is also present for air bubbles 
collapsed by applying pressure to the liquid even though its 
initial volume may be much less than 1 cu mm. 

As in the case of the explosions and by virtue of the method 
employed by the author, a quantity of gas is always present in 
the cavity, and he concludes that the same is true in cavitation 
shocks. However, if one considers cavitation such as is most 
effective in producing errosion, this can hardly be the case since 
the elapsed time between the formation and collapse of the cavity 


5 Associate Director, Armour Research Foundation, Technology 
Center, Chicago, Ili. 
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may be less than 50 microseec which is insufficent time for air 
or other gases dissolved in the water to escape to the cavity. 

There are two very important reasons why a cavity might 
reform under the conditions existing in the apparatus described 
in the paper and might not under cavitation conditions: (1) 
The gas contained in the cavity is compressed to a very high 
density and only a very small portion of it actually goes into 
solution in the water, whereas in cavitation no such condition 
exists. (2) A cavity containing a gas, which is at the temperature 
of the water before collapsing, acquires an elevated temperature at 
the instant collapse occurs and this, combined with the fact 
that the gas has not dissolved in the water, affords every reason 
for a cavity to reform. 

In the case of cavitation, the quantity of gas present is neg- 
ligible and the temperature has gone from the water temperature 
to some lower value and again returned essentially to its original 
value, thereby leaving no cause for a cavity to re-form at that point. 

Therefore it is doubtful if the recurrent nature shown so 
clearly to exist under the conditions investigated by the author, 
are present under cavitation conditions, except for those cavities 
having a relatively long duration. 

The author finds no correlation between the amplitude of the 
first and second shock and the energy content or air-bubble 
size, such as may occur in underwater explosions. This is prob- 
ably due to the fact that the cavities used were not spherical as is 
the initial cavity caused by an explosion. 


B. G. Rieurmire.* The experiments appear to have been 
carefully performed and the results are clearly presented. It 
seems to the writer, however, that the connection between the 
observed or measured quantities and the damage-producing 
properties of the cavities is not clear in every case. Since the 
stated object of this work was to investigate the “possibility of 
reducing mechanical stresses and noise in applications in which 
cavitation is inherent,’ the following remarks appear to be in 
order: 

The author’s observations concerning the effect of air-bubble 
size and initial energy on noise produced at collapse of a cavity 
are of interest. If it be assumed that a cavity which collapses 
with a “clink” is more damaging than one collapsing with a thud, 
these observations substantiate others on the effect of air content. 

In the author’s experiments, the pressure was measured at a 
distance from the cavity. It is the writer’s opinion that this 
measured pressure is only remotely connected with that occurring 
in the region of collapse. The energy liberated at collapse is 
quickly transformed into energy of elastic waves in the water. 
The pressure variations measured were those associated with 
certain characteristic modes of vibration of the liquid contained 
in the given vessel and bellows. 

The fact that the measured change in Op/dt is initially very 
gradual substantiates this opinion, since the change in 0p/d 
is sudden near the collapse region at the instant of collapse 
Measurements by the writer show an essentially discontinuous 
rise in pressure at collapse, the high pressure being of very short 
duration, on the order of 10~5 sec or less. It seems obvious that 
these pulses must be responsible for the damage done by cavita- 
tion and therefore that attention should be focused on them. 

The author’s deduction of an approximate correction factor for 
the theoretical time of collapse is questionable. If in Fig. 15(A), 
the influence of the walls be neglected, the time of collapse will 
be the same as that of a complete sphere of the same initial radius. 
The initial volume or energy of this sphere would be, however, § 
times as great as that of the cavity in question. The theoretical 
formula quoted by the author shows that the collapse time of 4 


* Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. A.S.M.E. 
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spherical cavity varies as the cube root of the initial energy. 
The collapse time of the cavity in Fig. 15(A) would then theoreti- 
cally be 8'/* times as great as that of a spherical cavity of the 
same initial energy. Similar considerations apply to Fig. 15(B). 
It appears, therefore, that a reasonable correction factor is 6'/* 
instead of 6. With this correction factor, the theoretical times of 
collapse are roughly one third of those measured and plotted in 
Fig. 11 of the paper. This discrepancy is not surprising, in view 
of the doubtful connection between the instant of collapse and the 
instant at which the first peak occurs on an oscillogram. (The 
latter time is assumed by the author to mark the instant of 
collapse.) 


AvTuor’s CLOSURE 


Mr. O’Brien has suggested three very interesting mechanisms 
connected with cavitation. He suggests that intermittent cavi- 
tation prior to steady cavitation is a major source of noise. This 
is quite in keeping with the observation that if noise is plotted 
as a function of speed around an obstacle in a water tunnel, the 
major increase in noise occurs prior to the speed at which cavita- 
tion is visible. The noise increase takes the form of intermittent 
clicks, which multiply with increasing speed and merge into a 
steady roar, which is just what one would expect on the basis of 
O’Brien’s picture. 

The other two suggestions are also in qualitative agreement 
with what observations as are available. It would be interesting 
to test them quantitatively, at least as regards the appearance 
or non-appearance of cavitation. 

In reply to Mr. Poulter, the author feels obliged to maintain 
that a quantity of air is present in cavitation shocks, including 
those effective in causing corrosion. The work of E. N. Harvey, 
at Princeton, shows very clearly that a nucleus of air is absolutely 
essential for the formation of a cavity, and perforce must be 
there in still greater amounts when the cavity collapses. Harvey 
discovered that when water is compressed to ~10,000 psi for '/; hr, 
so that the air nuclei go into true solution, cavitation is almost 
completely prevented. 

Harvey’s high-speed photographs of cavitation also support 
the view that oscillation is an intrinsic part of cavitation phe- 
nomena. In reply to a query on this point he wrote: ‘The work 
in which you are particularly interested will appear in the 
February issue of the Journal of Applied Physics. I hope the 
photographs reproduce properly, for they show very clearly 
that cavities formed at the end of a rod moving rapidly through 
water do pulsate. This behavior is particularly clear when the 
motion pictures themselves are examined.” Cavity oscillation 
and the effects of air nuclei are also described by Harvey else- 
where.,? 

In reply to Mr. Rightmire, the author readily admits that ex- 
cept for the average hydrostatic pressure sustained by the vessel, 
the observed pressures are remotely related to the pressure at the 
site of cavitation. However, considerable information about the 
relative values of the pressure for large and small air bubbles can 
be obtained. Just as in the case of the acoustics of a room, all 
other variables remaining the same, the strength of excitation of 
any mode is proportional to the strength of a point source in it, 
80 also for the results of this experiment. This refers to transients, 
not the steady state. Actually the observed ratios of pressure or 
rather pressure derivative would be lower limits since the pres- 
sure from smaller bubbles is applied over a small area. If the 
simple inverse ratio of the dimensions of the air bubbles were 
applied as a correction, a better lower limit for the actual dp/dt 


™“Decompression Sickness and Bubble Formation in Blood and 
Tissues,” by E. N. Harvey, Bulletin of the N. Y. Academy of Medi- 
cine, October, 1945, second series, vol 21, no. 10, pp. 505-536. See 
especially Fig. 4. 
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ratio would be obtained than that given by the data as plotted. 

If one accepts the incompressible theory of collapse given in 
Appendix 2, then a correction given by the ratio of the minimum 
bubble radii can be applied to the observed ratio. This would 
give an upper limit to the ratios of pressure at the site of collapse, 
since compressibility of the water is now neglected. Actually 
the data of this paper, at least for the smaller bubbles is not good 
enough to justify this procedure since the time intervals involved 
are too small. In this connection it may be mentioned that the 
estimated errors in Appendix 1 must be considered as lower 
limits, since the peaks are sharper than a sinusoid, which was 
assumed in order to estimate the second derivative. As is out- 
lined below there is the possibility that experiments with con- 
trolled collapse can also give estimates of the absolute pressures 
obtained at the site of collapse. 

Mr. Rightmire is quite right in preferring the factor 6'/* instead 
of 6, and the author acknowledges with thanks the correction 
of this error. The best explanation for the discrepancy between 
theory and observation would seem to be that the principle 
inertia of the system is not in the water immediately around the 
cavity, as for collapse in infinite medium, but rather in the 
armature and water in the bellows. Any choice for the end of 
collapse point other than the one actually made would make the 
discrepancy between theory and observation for collapse now 
worse instead of better. 

There is an additional error in Fig. 11 in that the lower full 
curve refers to all the data, whereas the points are plotted only 
for V/Eeumm < 0.005. This curve should be drawn with slightly 
greater slope, as is indeed evident from the distribution of the 
points themselves. 

Since this work was carried out in 1942, a number of possible 
improvements in technique may be mentioned in case this work 
should be repeated or extended, since it seems very unlikely that 
the author will do any further research in this field. 

The author does not recommend the use of derivative micro- 
phones, which was an accidental consequence of the peculiarities 
of this particular experiment and apparatus. It is now possible 
to extend the frequency range of flat useful response by factors 
of 50 to 100 (that is to more than one megacycle)* and measure 
discontinuous shock fronts with a resolving time of a fraction of 
a microsecond.* The importance of extending the measure- 
ments in the direction of smaller air bubbles should be emphasized. 
Only when the curves of such Figs. as 7 and 12 level off to the 
left, that is for smaller air bubbles, can one say with certainty 
that the influence of the air bubbl¢ is negligible. One should use 
piezo-electric elements made from crystals which respond directly 
to hydrostatic pressure, such as tourmaline or perhaps lithium 
sulphate, which is six times as sensitive as a tourmaline. The 
great difficulty of controlling the air-bubble size when small must 
be mentioned. Preferably less soluble gases should be used such as 
helium, or some other liquid than water. The effect of viscosity 
should be studied for very viscous liquids such as castor oil. 
The author has observed that cavities in castor oil produced by 

internal local heating collapsed so slowly as could be followed 
with the 

The effect of the vessel can be minimized by having the dis- 
tance between collapse point and microphone as small as possible 


8 “Transmission, Reflection, and Guiding of an Exponential Pulse 
by a Steel Plate in Water II. Experiment,” by M. F. M. Osborne 
and S. D. Hart, Journal of the Acoustical Society of America, vol. 
18; no. 1, pp. 170-184, July, 1946. 

®‘*Non-Linear Propagation of Underwater Shock Waves,”’ by 
M. F. M. Osborne and A. H. Taylor, Physical Review, vol. 70, nos. 
5 and 6, pp. 322-328, Sept. 1 and 15, 1946. 

1 **The Acoustical Concomitants of Cavitation and Boiling, Pro- 
duced by a Hot Wire, II,’’ by M. F. M. Osborne, Journal of the 
Acoustical Society of America, January, 1947. 
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relative to the dimensions of the vessel. In this way the sound 
from the collapsing bubble reaches the microphone first. This 
method would be best for very small air bubbles. For very large 
air bubbles one might use a small vessel and assume that static 
conditions are obtained within it. The effect of the vessel is also 
diminished if the microphone is outside rather than inside it. 
The following method is suggested as a way of determining 
limits on the pressure obtaining at the site of a cavitation shock. 
A cavity with a very large air bubble in it is produced, large 
enough so that a small gage is smaller than the minimum air- 
bubble radius and in contact with or inside it at collapse. The 
collapse could take place inside the vertex of a cone. The abso- 
lute pressure observed in this way should also be checked against 
the hydrostatic pressure for the entire vessel as mentioned 
above, the incompressible theory for collapse, and if possible 
again checked against photographs of the minimum size of the 
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air bubble. The sound pressure radiated from this collapse 
must also be measured at some fixed distance from the shock and 
under circumstances such that the inverse distance law is obeyed 
as well as possible. Now as the experiment is repeated with 
smaller air bubbles the relative pressures are given by the second 
microphone, corrected as just described to give upper and lower 
limits to the actual pressure at the site of collapse. The assump- 
tion of the inverse distance law should also be checked for various 
air-bubble sizes by moving the remote microphone over as large 
a range of distance from source as possible. The setup should 
be so devised that the distance to the second microphone is less 
than that to most of the other boundaries, so that reflections 
come after the first shock. Finally, as it seems likely that true 
shock waves are formed by the smaller bubbles, the inverse dis- 
tance law can be modified to take account of the nonlinear propa- 
gation of underwater shock waves.® 
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This paper on servomechanisms represents the first 
portion of a report b$ the author, printed December, 1941, 
by the Fire Control Committee of the N.D.R.C. It deals 
with the analysis by transient solution methods of the 
responses of several types of servomechanisms which are 
characterized by a servomotor load consisting principally 
of inertia and coulomb friction. A fairly complete dis- 
cussion of the use of derivative- and integral-type controls 
is included, together with some discussion of the effect 
of response delays and limitations in torque. 


INTRODUCTION 


OR many years there has been an increasing demand for 

accurate automatic controls suitable for industrial and 

laboratory use. This demand has resulted in the develop- 
ment of a large group of automatic regulators which maintain 
some important physical quantity at a constant predetermined 
level. Examples are voltage, speed, water-level, and tempera- 
ture regulators. The development of these regulators has 
resulted in a considerable background of theory and experience. 

More recently, a different type of automatic control known as 
the servomechanism has attained importance. There has never 
been a very sharp division between regulators and servomecha- 
nisms in the definitions given by various workers in the field of 
automatic controls, but a comparison of the equipment described 
indicates that the usual function of a regulator is to keep 
a physical quantity at a constant level, while the function of a 
servomechanism is to make the physical quantity vary over 
some predetermined cycle, or vary as a definite function of some 
other arbitrarily varying quantity. There are exceptions to 
these definitions in the literature, but they are particularly 
suitable for the purposes of this paper. 

In view of the similarity between the two types of automatic 
control, it is natural that the early development of servomecha- 
nisms was along the same lines as the previously established 
development of regulators. Minorsky (1)? and Hazen (2) have 
described servomechanisms based on regulator principles and 
have analyzed their performance. More recently, Brown (3) 
has extended the analytical methods of Hazen and presented 
&more general method of synthesis. 

The purpose of this paper is twofold: (a) The work of the 
authors mentioned will be extended and design criteria formu- 
lated for certain common types of servomechanisms; (6) servo- 
mechanisms will be considered from a viewpoint somewhat 
different from that used in the design of regulators and some 
emphasis will be placed on pointing out this difference. 


DEFINITIONS AND TERMINOLOGY 


A servomechanism is often defined as an automatic-control 
system characterized by the presence of a control element that 
8s actuated by some function of the difference between the re- 
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sponse desired of the system and the actualresponse. This defi- 
nition is equally applicable to regulators. The difference is 
that in a servomechanism or ‘‘follow-up” the desired response 
is often a rapidly varying function of time, whereas in a regulator 
the desired response is a more or less fixed value. 

For simplicity in wording the theoretical work presented will 
be applied directly to a servomechanism which controls the rota- 
tional motion of an output shaft in synchronism with the arbi- 
trary motion of an input shaft. The control of rotary motion 
is of importance in automatic machine tools and steering mecha- 
nisms, in recorders and telemeters, and in many other in- 
dustrial applications. A change in wording will make the theory 
applicable to the control of many other quantities, and the funda- 
mental ideas involved are encountered in almost every control 
application. 


MEASURING | Control || SERVO | torque 
A 

CTION 


Fic. 1 Brock DracraM or A SERVOMECHANISM 


The following terms will be used in the discussion of a servo- 
mechanism for the control of rotational motion, with reference to 
the block diagram, Fig. 1: 

The “output shaft’’ has attached to it all the controlled equip- 
ment that is to be given a desired motion. The load on the 
output shaft is characterized by the inertia and friction and 
various torques of the equipment. The equipment on this shaft 
may be, for example, the rudder of a ship, a cutting tool, or the 
pen of a recorder. 

The ‘‘servomotor” provides the driving torque for the output 
shaft. The force or torque of the servomotor is set automatically 
by the control element, usually electrically or mechanically, 
The inertia and friction of the servomotor will be lumped together 
with the physical constants of the other equipment on the output 
shaft. 

The “control element”’ may be considered as the brains of the 
servomechanism. It receives signals from measuring devices 
concerning the position, velocity, and acceleration of the input 
and output shafts and combines and forms functions of these 
signals. The final output of the control element is the variation 
of some quantity which is capable of controlling the torque of 
the servomotor. This paper will deal mainly with the informa- 
tion that should be supplied to the control element and the 
functions that should be formed for best operation of the servo- 
mechanism. 

The “input shaft’? may be a real or imaginary shaft which 
represents the motion that is desired for the output shaft. When 
the input shaft is real it is usually the output of some indicating 
or measuring instrument which is capable of supplying only a 
limited amount of power. Examples may be the galvanometer 
of a telemeter, a small steering-mechanism gyroscope, or a tracer 
on a machine-tool pattern. In cases where there is only limited 
power available, it is an important part of the servomechanism 

design to make the measuring devices on the input shaft as light 
as possible. 
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The ‘viscous friction” of the output shaft represents that 
component of the friction which is proportional to the velocity 
of the shaft. This type of friction is preponderant when well- 
oiled parts slide together. Even when the actual friction present 
on the output shaft is not linear with velocity, the assumption 
that only viscous friction is present usually gives a good approxi- 
mation, and provides a basis for physical reasoning in’ more 
complicated cases. The assumption must be made in order to 
simplify the analytical treatment of the operation of servo- 
mechanisms. 

The “dry friction’ or “coulomb friction” is equally as im- 
portant as viscous friction but harder to treat mathematically. 
It is independent of the speed in value and always opposes the 
motion of the output shaft. It is particularly important when 
the motion is just starting since the static dry friction is larger 
than the dynamic dry friction. 

The “‘load torques” on the output shaft include all the torques 
which are associated with the useful function of the equipment. 
An example would be the torque required to force a cutting tool 
into machine work. Often these torques may be treated simply 
as additional viscous and coulomb friction. 

The “random torques” on the output shaft will include all 
torques which are not directly associated with the useful function 
of the equipment. An example might be the impulsive force 
produced when a gear train on the output shaft jams momen- 
tarily. The distinction between load torques and random 
torques is often quite arbitrary, and the two can be lumped to- 
gether for most considerations. Whenever a servomechanism 
acts to oppose the effects of random torques or other disturbances, 
it will be acting in a manner similar to that of a regulator. 

The following nomenclature will be used in this paper: 


T = torque in foot-pounds applied to output shaft by 
the servomotor 


J = moment of inertia of output shaft; measured in foot- 
pounds torque required for an acceleration of 1 radian 
per (sec)? 

f = viscous-friction coefficient; measured in foot-pounds 


torque required to maintain an angular velocity of 
1 radian per sec 
+F = dry-friction coefficient in foot-pounds. The sign is 
chosen so that the force opposes the motion of the 
shaft 
T,(t) = sum of useful and random torques which load output 
shaft 
6) = position of output shaft, measured in radians displace- 
ment from some reference position 
6; = position of input shaft, radians 
4 = 0; — 6) = error in radians 


The equation of motion for the system states that the torque 
applied by the servomotor must equal the sum of all the opposing 
torques on the output shaft 


d6y 


The several types of servomechanisms differ in the variety 
of futictions that are used for the servomotor torque T. These 
functions are formed by the control element from information 
received concerning the motion of the input and output shafts. 

Most servomechanisms of the continuous-control type make 
use of torques which are functions of the error angle 6. The 
simplest type uses a control element which produces a torque 
proportional to the error 


Torque = Ko = proportional error control 
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To obtain improved performance, other functions of the error 
are often added to this simple one. Typical additional con- 
trols are 


do 
Torque = K, — = first-derivative error control 


dt 
= di 


= K-, f edt = integral error control 


= second-derivative error control 


The simple proportional torque is always present no matter what 
other torques are added. Other servomechanisms make use of 
derivative functions of the input and output motions. 

The procedure in analyzing the performance of a servomechan- 
ism is to substitute the control function for 7 in Equation [1}, 
and solve for the error that results when the input follows some 
particular motion. Since the actual motion of the input in 
operation is usually somewhat random and cannot be expressed 
mathematically, it is necessary to assume various typical motions 
that will give information concerning the merit of a design. The 
best motions to assume are those that are easy to handle mathe- 
matically and check experimentally. Input motions of parti- 
cular interest are 


(a) 6; = 0 
with the initial conditions 


6; = 0, = —¢, 0 = 


The response obtained under these conditions is particularly 
applicable to the study of regulators since there is no motion of 
the input and the only action of the system is to return the 
output to its final position (@% = 0). This sort of response is 
sometimes used in testing the performance of servomechanisms. 
The input is left stationary while the output shaft is forced out 
of position by an angle ¢. Then the output shaft is released 
and its motion is observed. 

(6) 6 = 0 for t < 0 and =1fort>O0. This is the well- 
known Heaviside step function. The initial conditions at 
t< Oare@ = %=0=0 

dé; d0 de 

dt dt dt 
This response is useful in that it gives an indication of how well 
the servomechanism will act under dynamic conditions. The 
response to any other type of input can be found by putting the 
step function into Heaviside’s superposition integral, provided 
the system remains linear. 

The response to a step function is not the same as the response 
to an initial error. The reasons for this will be discussed at 
length later in the paper. 


(c) 6; = O fort < 0,6; = ntfort >0 

This is a constant velocity input of n radians per sec. The 
initial conditions are the same as the previous ones, 
(d) 6; = sin wt 


The steady-state response to this input provides the starting 
point of several powerful methods of analysis; since this pape 
deals with transient analysis only it will not be considered her 
(e) In addition to the foregoing input motions, the response 
the servomechanism to several types of random torques applied 
to the output shaft will be included. 
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PROPORTIONAL-~-ERROR CONTROL 


This is the simplest type of continuous control; a torque 
proportional to the error is produced by the servomotor. If 
the load on the output shaft has only inertia and viscous friction, 
Equation [1] becomes 


To this is added the identity 


0% = 
so that 


This is the equation of motion for proportional-error control. 
After an input motion 6;(£) is assumed, the resulting error response 
can be solved for. 

There are several methods available for the solution of a 
differential equation of the type of Equation [3] and it is mostly 
a matter of personal preference in choosing the one to use. 
Operational methods are usually simpler and faster to use than 
the classical methods, and moreover it is often possible to obtain 
considerable information from the operational form of an equa- 
tion without even completing the solution. An operational 
method is used in this paper, but it is hoped that sufficient 
physical reasoning is presented at each step so that the paper 
will be clear to those not familiar with the method. 

The Laplace transform (5) is used as a basis for the operational 
calculus since it allows the introduction of initial conditions 
directly into the operational equation and does not require the 
use of the superposition integral for inputs other than step func- 
tions, When the initial conditions are all zero and a step- 
function input is used, the resulting equations will differ from 
the more commonly known Heaviside operational calculus only by 
a factor of p in the denominator. To check results, the reader 
will probably find it easier to use a method he personally prefers, 
rather than follow the detailed mathematics. Since with the 
Laplace transform the independent variable ¢ and the operator 
p never occur in the same equation, no confusion results from 
using the same symbols for the dependent variables whether 
they are functions of t or p. 

Equation [3] will first be solved with a stationary input, 0; = 
0, and an initial error, ¢. The initial conditions for this case 
have already been discussed. Using the Laplace transform, 
Equation [3] becomes 


+ = — plo + 
and 6, = 0 so that 


p+f/J 
pd + pf + Ko p? + pf/J + Ke/J 


As in every mechanical or electrical system in which both 
kinetic and potential energy may be stored, damped oscillatory 
motion will occur if the damping produced by a resistance such 
a8 viscous friction is less than a tertain critical amount. The 
system is said to be critically damped if its response is just on the 
border line between oscillatory and nonoscillatory motion. In 
this case the roots of the denominator of Equation [5] are equal 


and 
f [Rs 


A coefficient ¢ may be defined as the ratio of damping present 
in a system to that required for critical damping 


—fo+ [4] 


-@....[5] 
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There are three separate solutions for Equation [5] depending 
upon the value of ¢ 


= e [cos wn 1 — t + 
— 
sin on V1 — <1 
(1 + watle~°"g, = 1 


2V ¢?—1 


w» is the symbol introduced by Draper for the undamped natural 
frequency for a nondimensional method of analysis. For this 
particular type of servomechanism 
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Fic. 2 Response To AN INITIAL Error. RESPONSE TO A STEP 
Function Witn Ki = 0. Response To a SupDENLY APPLIED 
Torque 


These responses are plotted in Fig. 2 for several values of ¢, 
with ¢ = 1. Fig. 2 shows that the error approaches zero with 
a speed that depends on ¢. For very small values of ¢ the re- 
sponse is quick but the error overshoots zero and oscillates. For 
large values of ¢ the error does not oscillate but the response is 
unduly slow. A quick response with only a small overshoot 
occurs with ¢ = 0.8. This is sometimes a good value to use in 
the design of a regulator, but for a servomechanism design there 
are other factors that must be included in a complete discussion 
These will be reserved until later in the paper. 

The responses in Fig. 2 are plotted as a function of wat rather 
than ¢, so that they are nondimensional and independent of the 
control constant Ke. The undamped frequency w, is a measure 
of the speed with which the system acts. Its reciprocal 1/w,. 
has the dimensions of time and is proportional to the time re- 
quired for the error to approach zero. For this reason it will 
be defined as the “time constant” of the system. 

Next, Equation [4] will be solved for a constant velocity input, 


6 = nt. The Laplace transform for nt is n/p?, so that Equation [4] 
becomes 


+ pf + Ke p? ?(» 


¢ has been taken as zero. 
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Since the quadratic term in the denominator of Equation [8] 
is the same as in the denominator of Equation [5], the “modes 
of vibration” in the two cases will be the same. This same 
quadratic term will turn up no matter what input motion is 
assumed and it is a characteristic of the system. This is the 
reason the time constant 1/w,» will apply to the system no matter 
what input motion is used. 

The single p in the denominator of Equation [8] tells us that 
there is a final steady-state error in addition to the transient 
errors. This steady-state error may be obtained by the following 
mathematical procedure 


Ko Wn 


This equation can be derived in a more physical manner. If 
the output shaft is rotating with a constant velocity, the torque 
that must be supplied by the servomotor is 


Since the torque of the servomotor is always proportional to the 
error, 7 = Ko, a steady-state error must remain so that 
the control element can give the necessary signal; therefore 


=f:n 
so that 
fin 
Ko 
as before, where 6, is the constant velocity lag produced by 
viscous friction. 

The time constant, the constant velocity lag, and the value of 
the damping coefficient are the items of most interest to the de- 
signer of this simple type of servomechanism. The desirable 
conditions, with certain reservations which will be discussed 
later, are as follows: 


1 1 
(a) Time constant = — = -—, should be as small as 
J 


possible, since this determines the speed with which errors are 
reduced to zero. 
(b) The constant velocity lag = 6, = i. -n should be as 
Ko/J 
small as possible. 


(c) The damping coefficient ¢ = nd 


0.5 since oscillatory motion is undesirable. 
Items (a) and (b) concerning the reduction of the time constant 

and vonstant velocity lag of the system can be met simultaneously 


should be at least 


K, 
by increasing 7 Items (b) and (c), however, are contradictory 


and a compromise is often called for since an increase in my will 


decrease the relative damping. In all except the smallest servo- 
mechanisms the compromise required is not satisfactory. Either 
the constant velocity lag will be too large or the system will be 
too oscillatory. 

The designer prefers to be able to obtain suitable performance 
using the control coefficients, such as Ko, as the only design 
parameters. The friction and inertia of the system can be varied 
to some extent, but this has the disadvantage that it may put 
severe limitations on the design of the useful equipment with 
which the servomechanism is associated. Viscous friction may 
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sometimes be added on the output shaft to improve the damping, 
but this has the disadvantage that large losses are incurred 
which will greatly increase the size of the servomotor. 

This type of servomechanism provides satisfactory performance 
only in cases where the ratio f/J is large and the requirements on 
the constant velocity following error are not too stringent. 

To allow items (b) and (c) to be satisfied simultaneously, 
damping may be obtained by the introduction of a more com- 
plicated control function. This system will be discussed next. 


First-DERIVATIVE Error CONTROL 


In this type of control a torque proportional to the first 
derivative of the error is added to the torque which is propor- 
tional to the error. In this case 


The equation of motion with this control torque is 


dO dé 
Ke+Ki7 


d*9 


The response to zero input with an initial error angle may be 
obtained in the same manner as for Equation [5] 


K 


J P + 
6= ‘o= 
J J 


This equation is similar in form to Equation [5] but f/J has been 


replaced by The damping coefficient now becomes 


The curves in Fig. 2 apply to this type of control also, with the 
values for ¢ determined now by Equation {12}. 

A comparison of Equations [5] and [11] seems to indicate that 
the new control coefficient K,; has exactly the same properties 
as the viscous-friction coefficient, f. This complete similarity 
holds only when there is no input motion, and the system is 
acting as a regulator, not as a servomechanism. That this must 
be true is seen by the fact that while viscous friction produces 4 


do. 
torque derivative control produces a torque 


dy 
dt dt 


and the two can be equivalent only when 
da; 
0 
dt 
Next, the response of a derivative-control servomechanism to 
1 
a step function will be determined. In this case 6; = _— 


Equation [10] becomes 


(Jp? + fp) = + + Ki) + Kolb 


= 
BBE 
tia 
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ur} 
| 
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pith 
J 


In this equation we see that K, and f no longer represent the same 
type of quantity. Comparison of Equations [5] and [13] reveals 
that the response to an initial error, Fig. 2, is the same as the 
response to a step function only when there is no derivative 
control present, K, = 0. 

The solution of Equation [13] is 


@ = e Sunt {cos VV 1 — — 


sin V1—f* wat], 1 
6 = [1 + (2y— = 1 


where 
Ky f f+kK, 
On = — = — = 
J 2V Kol 2V Kol 


The new coefficient 
Ko 
= f/J/2 
y=f/J/ 7 


represents the portion of the damping due to viscous friction. 
These responses are plotted in Fig. 3 for the particular case of 
no viscous friction; y = 0. 
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Fic. 3. Response To a Step Function Witn f = 0 


Fig. 3 shows that the response of the system is made quicker 
and more perfect by the addition of derivative control. The 
overdamped response is actually faster than the underdamped 
response in contrast with the opposite effect shown in Fig. 2. 
The increase in speed of the system is entirely due to the torque 

de dé; 


dé; 
Which has an infinite pulse at = 0 since - has an infinite pulse 


during the step of the input. This impulsive force produces 
the initial velocity shown in the curves, Fig. 3. 
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It may be argued that since no actual servomechanism can 
produce an infinite pulse of torque, the responses in Fig. 3 are 
impossible. This reasoning is quite correct, and one would not 
expect to find the responses of Fig. 3 in any actual servo- 
mechanism. These solutions may, however, be placed in the 
superposition integral which makes it possible to determine 
the response of a system to any input from a knowledge of the 
response to a step function. The superposition integral is based 
upon the idea that any input can be considered as the sum of a 
series of properly timed and proportioned step functions, and 
then the output is the sum of similarly timed and proportioned 
indicial responses. This demands that the system remain 
linear for the actual input being studied. This same idea is 
used in a nonmathematical way in comparing responses, since 
it is usually considered that the servomechanism which has the 
best response to a step function will have the best response to 
any other input. 

For input motions which are not as violent as a step function 
extremely large torques are not called for and the system will 
remain linear in the sense that it can supply the torque called 
for by the theoretical control function. Under these circum- 
stances, the responses in Fig. 3 give a better indication of the 
merit of a system than do those in Fig. 2. Fig. 3 shows that a 
system with sufficient derivative control to be overdamped may 
give improved performance over an underdamped system. Of 
course, in responding to an initial error the overdamped system 
will still be slower than the underdamped one. 

The response to a constant velocity input, ¢; = nt starting at 
t = 0, will bear out these conclusions. Moreover such an input 
does not have the objection of involving the infinite torques pro- 
duced by a step function. The response to such an input is 


Ko 
2 
+ 7 
Pp + 2ywn 


Wn 
4 1— 2y 


= ™ [2y + = 1 


e~ Sent sin V/1 — 
.. [15] 
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These results are plotted in Fig. 4 for the case of no viscous 
friction damping; y = 0. Again we see that the addition of 
derivative control even to the extent of overdamping improves 
the response of the system in that the peak of the error is con- 
siderably reduced. 

As previously pointed out, the derivative-control torque con- 


sists of two parts, Ky ry produced by the input motion, ‘and 


dé, 
(—« 1 2) produced by the output motion. Reference to Fig. 4 


reveals that the maximum torque applied by the servomotor 
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0, 0 ana = Nn. 
Thus the torque present at the first portion of the response is 
mostly due to the input motion. This is the torque which acts , 
to limit the peak of the error and in a sense provides “anticipa- 
tion” in the control system. Once the peak is passed the nature 
of the derivative torque changes, and it produces an effect similar 
to viscous-friction damping as evidenced by the slower rate of 
decrease of error in the responses with the greater relative damp- 
ing. 

When the infinite pulse of torque is removed from the step 
function response, or when viscous friction instead of derivative- 
control damping is present, it is the anticipatory action of the 
derivative control that is lacking. This explains the differences 
in the responses of Fig. 2 and Fig. 3. Systems with both viscous- 
friction and derivative-control damping will have responses 
between these two extreme cases. 

When a particularly violent input motion is experienced by a 
servomechanism, the system may be incapable of supplying the 
full amount of the torque Ko + K, . 
will become nonlinear and the derivative control will lose some of 
its anticipatory action but retain most of its damping action. 
In Fig. 5 the responses to a suddenly applied input velocity are 
given for a servomechanism which can supply the torque Ko? + 


occurs at the initial instant when @ = 


In this case the system ~ 


K,2 linearly up to a maximum value of 7, = V KoJ +n. When 


a larger value is called for by the*control equation, the torque 
has been assumed to remain constant at its maximum 7',. As 
expected, now that the initial large torque is limited, the deriva- 
tive control has little effect in limiting the peak error and only 
serves to increase the damping. 

In a regulator, o = 0 at all times so that “anticipation” can 
never be present in the sense used in this paper and derivative 
control acts only to increase the damping. Servomechanisms 
are sometimes called upon to act as regulators in addition to their 
usual function. For example, the output shaft may be sub- 
jected to various disturbing torques and the servomechanism 
must be capable of opposing these torques and limiting their 
effect. If a torque 7) is suddenly applied to the output shaft, 
the response obtained is 


T 
+ = + Ke + Kipe 


= 
—T)/J 
p(p* + + w*n) 
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6= 1 
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The first term of Equation [17] will be recognized as the 
steady-state error resulting from the disturbing torque. The 
second term represents the transient part of the response and is 
the same as the response to an initial error given in Equation 
{11]. Therefore the curves in Fig. 2 can be used for this re- 
sponse also, with the error scale given at the left. From these 
curves we see that the long transient time of the overdamped 
system is a desirable property in controlling disturbing torques 
since then the error increases slowly, provided the system remains 
linear. If, however, the disturbing torques are so violent that 
the system limits or becomes nonlinear, then the return of the 
overdamped system will be slower. An increase in Kg will de- 
crease the transient time but it will also reduce the magnitude 
of the errors. 

From these considerations we may conclude that a relative 
damping ratio near ¢ = 0.8 is necessary to remove excessive 
overswing or oscillations in the response to disturbances. While 
a further increase in derivative control beyond ¢ = 0.8 is useful 
if Ko must be kept constant, this is not often a practical con- 
straint. Usually derivative contro! is much more difficult to 
obtain than direct control, so that if a large value of ¢ is obtaina- 
ble economically it is worth while to improve the system further 
by increasing Kp also, thus leaving ¢ in the vicinity of 0.8. 

While our optimum value for ¢ does not differ appreciably from 
that given by other authors, it is felt that a realization of the dual 
nature of derivative control is necessary for a complete under- 
standing of its action. This is even more true in the considera- 
tion of the uses of second-derivative control which follows. 


ERROR CONTROL 


In view of the “anticipation” provided by first-derivative 
control, it is sometimes proposed that a second-derivative torque 


Ki would be even more effective. Second-derivative error 


control has also been proposed as a means for reducing the effec- 
tive inertia of a system, thus improving its relative damping and 
its speed (1, 2, 3). An analysis of this control will reveal that 
it can do both these things, but with opposite signs for the control 
coefficient K;. If anticipation is provided the inertia is in- 
creased; and if a reduction in inertia is desired a response delay 
must be accepted. 

Consider, first, the response to an initial error. This will show 
the effect of second-derivative control on a regulator or on 4 
servomechanism acting as a regulator. In this case 


dé 
T=Ké+Ki7 + Ko, 


p? + + wat 
where 


f K, Ko 


Equation [18] reveals that in any response for which there is 
no input motion, the second-derivative control acts just like 
inertia in the same way that first-derivative control acts just 
like viscous friction. The curves in Fig. 2 still apply provided 
the new values for ¢ and w, given by Equations [19] are used. 

A positive K, increases the effective inertia of the system. 
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might be used to reduce the effect of disturbing torques on the 
system, but unless.a large amount of viscous friction or first- 
derivative control is present the system would become oscilla- 
tory. Moreover, the addition of mechanical inertia would be 
much more satisfactory than positive second-derivative control 
in a regulator. 

A negative K; acts to decrease the inertia of the system. This 
increases the relative damping, {, of the system, and at the same 
time makes the response faster since w, is increased. Such a 
control would be of use in a system with an excessively large 
inertia and might be used instead of some of the first-derivative 
control. It has the disadvantage of increasing the effect of 
disturbing torques on the system, by virtue of the reduction in 
inertia.* If there is very little viscous damping or first-derivative 
control in the system, then if |K,| is made sufficiently large to 
produce a relative damping ratio of, say, ¢ = 0.6, the system will 
become very light and easily affected by disturbances. A slight 
accidental increase in |K,| may even make the system unstable. 
This occurs if |K2| > J. 

The presence of a limit in available torque also enters into a 
consideration of second-derivative control. If the disturbances 
which a system encounters are so violent and rapid that the sys- 
tem calls for first- or second-derivative torques far above the 
maximum available, then the disturbances may be considered 
to suddenly produce an error, which the system must reduce as 
quickly as possible. In this case the response to-an initial error 
must be considered, and a negative second-derivative control 
gives a better response than first-derivative control since it 
increases the speed of the system at the same time that the 
relative damping is increased. 

On the other hand, if the system remains linear the derivative 
torques will take a part in limiting or increasing the effect of 
disturbances while the error is still increasing. A first-derivative 
control will oppose an increase in error while a negative second- 
derivative control will act in the same direction as the disturbing 
torque and tend to increase the error during the first portion of 


the response. This is true since a torque (—%) will be in a 


direction to increase ait and thus the error also. 


While an occasion may arise in which the necessity for using 
a second-derivative control instead of a first-derivative control 
for damping purposes overcomes the disadvantages mentioned, 
this is certainly not the usual case. 

So far we have neglected the “anticipation” effects of second- 
derivative control in a servomechanism. When the input ac- 


celerates, the input part of the control produces a torque K; mz 


With K; positive this will accelerate the output and produce 
anticipation. However, the damping would be decreased by 
the output portion of the control. A negative Ky will cause a 
retardation rather than an anticipation in addition to its other 
disadvantages. 


Errect oF Dry-Fricrion AND Loap TorquEs 


The equipment on the output shaft and the bearings of the 
servomotor introduce a friction load which has the property of 
being independent of speed but in a direction opposite to the 
direction of motion. 

To provide this constant torque a constant error must be 
added to the errors produced by other causes. The constant 


F 
velocity following error therefore is increased by the amount K, 


'The curves in Fig. 2 also apply to the response to a suddenly 
applied disturbing torque. It should be noted that the time scale 
st is now a function of Ka. 
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where F is the dry-friction torque. When the output changes 
F PF 

direction this error changes from (+ —>—}]to|——}. Also, 
Ko Ko 

when the output is stationary the input may move back and forth 


2F 
within an angle K, without ever producing a torque large enough 


to move the output shaft. This static error is larger than the 
dynamic one since the static dry friction is often several times 
as large as the dynamic dry friction. 

When the input is rotating at slow speeds this difference 
between the static and dynamic friction produces a jerky motion 
of the output. As the input starts moving the output remains 
stationary until an error is built up which is just large enough to 
provide the torque necessary to overcome the static friction. 
Once motion starts, the smaller dynamic friction offers the only 
opposition to motion, and the error produces an excessive torque, 
with the result that the output jumps ahead until the error is 
less than that required for the dynamic friction. Then the 
output stops and the static friction again keeps it stationary 
until the error becomes large enough. This cycle of starts and 
stops keeps repeating as long as the input moves slowly. 

If the direction of motion of the output shaft does not reverse 
during a response, the dry friction has no effect on the damping 
or modes of oscillation of the system. The reason for this is 
that since F is constant over the full cycle of oscillation, it can- 
not take any energy from the oscillation. If the direction of 
motion reverses during the cycle, the dry-friction force reverses 
also and does provide damping. 

Systems which run at low enough speeds to use this type of 
damping effectively are often used only as positioning devices. 
However, to get accurate positioning it is necessary to design 
the system for low dry friction in order to cut down the dead 
zone. Consequently, the damping properties of dry friction 
may be neglected in most cases. 


Oruer DeEsIGN CONSIDERATIONS 


When a servomechanism is to be designed for some particular 
application certain performance specifications and load charac- 
teristics must be available. The load characteristics include the 
inertia and the viscous and dry friction of the equipment on 
the output shaft. In some cases these quantities may be so small 
that the inertia and friction of the servomotor represent the only 
load. The presence and characteristics of disturbing torques on 
the output shaft should also be known. 

Under the heading of performance specifications, the maximum 
speed and acceleration of the input along with the allowable 
errors under these conditions should be given. The constant- 
velocity steady-state errors and the transient errors are usually 
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specified separately. In some applications two sets of speci- 
fications may be given; one set for the usual running conditions 


and the other set for occasional violent disturbances. Thissec- - 


ond set can be given merely as the speed with which a system 
should respond to an initialerror. Allowable static or positioning 
error must also be specified. 

The first quantity to determine in a design is the direct control 
coefficient, Ko. This must be large enough so that the steady- 
state and transient errors are both within their allowable limits. 
If the transient errors tend to be large compared to the steady- 
state errors, curves such as those in Fig. 4‘ are useful for deter- 
mining Ko. This situation would occur in systems which ex- 
perience large accelerations or have a large inertia rather than 
friction load. The responses in Fig. 4 are somewhat pessi- 
mistic for many systems since the input has an infinite accelera- 
tion at ¢ = 0. Approximate values of the peak error can be 
obtained for inputs which take at least 4/w, seconds to accelerate 
to the velocity n. Under these circumstances the peak error 
torque is nearly equal to that required to produce the acceleration 
plus the steady-state errors. Thus 
J-a fin F 


Oreak = K +k, [20] 


provided = > —, where a is the assumed constant acceleration 
Qn 
of the input. This peak error occurs approximately at the 
n 
time the input reaches the velocity n, which is a For faster acceler- 


ations the peak error becomes larger and finally approaches 
those in Fig. 4, with the steady-state errors added on. 

Once Ko is chosen, K;, can be calculated for the desired damping 
ratio. In the physical design it is often the provision of sufficient 
derivative control that is most difficult. 

Systems which require a large direct control Ko to meet con- 
stant-velocity and static-error specifications have other design 
difficulties. Sufficient derivative control may still be hard to 
obtain, but in addition spurious error signals and response delays 
are likely to be troublesome. As Ko is increased the response 
of the system becomes quite fast. Eventually it may become 
much faster than required to meet the transient-error specifica- 
tions, and it will act quickly in response to all control signals. 
Now, in addition to the bona fide error signals which enter the 
control element, there will also be spurious signals which give 
false indications of the error. For example, such spurious signals 
may be caused by inaccurate error-measuring equipment such 
as backlash or poor machining would produce, or by noise and 
pickup in electrical systems. A fast servomechanism will at- 
tempt to follow all these spurious signals and a vibration which 
is sometimes mistaken for oscillations will result. These vibra- 
tions are destructive and noisy and in applications which require 
smooth operation they prevent proper use of the equipment. In 
addition, these spurious signals which are principally in the 
higher-frequency region may overload certain parts of the system 
because of the high gain involved. 

An increase in the inertia is one solution to some of these 
problems. K 
duces the natural frequency w, so that the vibration due to the 
spurious signals is reduced, and at the same time the relative 
effect of response delays will be reduced as will be discussed later. 
The increase in inertia does not, however, improve the over- 
loading problems and often accentuates them. Moreover, the 
increase in inertia is limited by the increase in transient errors 


F 
It leaves the static error = unchanged, but it re- 


Note that the error scale in Fig. 4 is a function of w, = a“ 
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and by the necessity for larger damping signals. In spite of 
these difficulties, an increase in inertia is still a good and simple 
solution in many cases. 

The other possibility is to add a control which is slow-acting 
in place of the extra direct or proportional control. Such a 
control can reduce the steady-state errors such as the static 
error without increasing the speed of response of the system. 
Controls of this type will be considered next. 


INTEGRAL Error CONTROL 


In a servomechanism, the servomotor is capable of producing 
the torque necessary to balance the opposing constant torques 
of load and friction. only if it receives the necessary const- 
ant signal from the control element. The manner in which this 
signal is obtained depends upon the functions of the error that 
the control element is designed to form. In the simple error- 
and derivative-control servomechanisms described the signal 
produced at steady state was proportional to the error so that 
an error had to be present to produce the required constant 
torque. 

If the control element can form a signal proportional to the 
time integral of the error, then the error can finally reduce to 
zero while its integral remains constant and provides the neces- 
sary torque. Thus the steady-state error will be zero. The 
study of the response of such a system to a suddenly applied 
torque, 75, on the output shaft will help in understanding the 
action of integral control. 

The equation of motion of the system is 


att 
and for this type of disturbance 0; = 0. The transform equation 
is 


do do 
J = Ki— + K@ oa +T>.. [21] 


dt 


—To/J 
p? + + + 


where 


The denominator of Equation [22] is of the third degree so 
that its analysis is more difficult than for the previous equations 
studied. Considerable help in determining the roots of the de- 
nominator can be obtained from graphs such as those given by 
Weiss (4). When a large number of solutions of the same equa- 
tion are desired, the differential analyzer becomes quite useful. 
In Fig. 6 a series of solutions obtained on the M. I. T. differential 
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analyzer have been copied. These are for ¢ = 0.8 and several 
values of S. 

The responses in Fig. 6 reveal some interesting properties of 
integral control. The first portion of the response in which the 


T 
error approaches = is almost independent of the amount of 
0 


integral control present. This is reasonable since an integral 
cannot be formed instantly but must take time to build up. In 
this sense integral control is a retarded control. 

The greatest amount of integral control that can be used with- 
out appreciable overswing or oscillations is given by an S of 
about 0.3. This is fairly independent of ¢ at least in the range 
06 < 1.0. 

The time required for the error to become nearly zero, once the 
peak of error has passed, is roughly equal to 


for S < 0.2. This may be called the time of action for integral 
control and can be explained as follows: When the error finally 
becomes zero the integral control must produce the torque 7», 


so that 
Tt 
6 dt = To 
0 


T 
The averaged value of @ is approximately — 


2K, 
Thus 
T. 
Kus r= 
or 
2Ko 9 
K., [23] 


This approximation is best for low values of S. Term — in 
Wn 


Equation [23] will be recognized as the time constant of the same 
system without integral control, and since S is dimensionless, 
thas the dimension of time. 

The response of an integral-control servomechanism to an 
initial error is also of interest. The operational equation for this 
response is 

p® + + wn2p + Sw,3 
Solutions obtained on the differential analyzer for ¢ = 0.8 are 
given in Fig. 7. Again, the first portion of the response is inde- 
pendent of the integral control. 
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In responding to an initial error there must be an overswing 
since the error must eventually integrate to zero. The over- 
swing is roughly equal to 1.5 X S¢. The reason for this is that 


the integral becomes approximately — ¢ during the initial part 
Wn 


1.5 
of the response, and the torque (x. x Le) must be balanced 


Wn 
by Ko times the overswing error #;. Therefore 


15 
[25] 


K 


For lower values of ¢ the overswing becomes greater since the 
response becomes oscillatory. For values of ¢ > 1 the overswing 
also becomes larger since the response is slower and the initial 


1.5 
integral builds up to a value greater than — ¢. 
Qn 


The best value for the relative damping ratio seems to be 
around ¢ = 0.8. This is the same as the optimum value without 
integral control and it represents the same ratio between the 
control coefficients. Thus since the direct control can be re- 
duced when integral control is included, the derivative-control 
coefficient can also be reduced. This is an added advantage to 
the use of integral control. 

The responses in Figs. 6 and 7 give the maximum usable 
values for integral control. Although in Fig. 6 an S of 0.3 is 
satisfactory, a very large overswing is produced in the response 
to an initial error, Fig. 7. Moreover, if the output is accidentally 
held out for even a short time or if very large transient dis- 
turbances occur, the integral control will have a chance to build 
up an initial value which will produce an overswing many times 
as great. This sort of action definitely limits the size of S. 

In some cases it is not important for the integral control to 
act quickly and a low value for S may be quite satisfactory. 
This is true if the servomechanism moves at nearly constant 
velocity for long periods of time so that it is almost always in a 
semisteady-state condition. In other applications such as 
occur with varying loads or when integral control is needed to 
reduce the static error produced by dry friction, it is desirable 
to have the control act quickly. 

There is another type of control which is sometimes called an 
integral control but is really only an approximation to it. This 
is a retarded direct control. 


RETARDED Direct CONTROL 


Consider a direct control which is retarded or delayed so that 
the torque increases slowly rather than instantly after an error 
occurs. A control torque having the form 


has such a characteristic and is easily produced in electrical and 
pneumatic systems. In Fig. 8 an electrical network is drawn 
which has this form of transfer function. The torque produced 
by a suddenly applied unit error is shown in Fig. 9 (curve A). 
This response shows how the torque gradually increases and only 
reaches about 2/3 of its final value in a time, = A. Curve B 
of the same figure shows the torque response to a unit pulse of 
error of duration t = 0.1A. From these two curves we see that 
an appreciable torque is eventually built up for all steady-state 
errors but that errors of short duration have little effect. There- 
fore, if the control torque of Equation [26] is added to the usual 
direct- and derivative-control torque, it will have little effect on 
the transient. response and modes of oscillation of the system 
provided A is made sufficiently large. On the other hand, 
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steady-state errors will produce an additional torque K,@,,, so 
that the total steady-state torque is (Kg + Ko)@,,, and the 


Ko 
for the same load will be reduced by the ratio —————. 
error fo will be reduced by Kn + Ke 


Thus a retarded direct control is similar to an integral con- 


Fic. 8 Network For RETARDING A VOLTAGE SIGNAL 
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(Voltage-transfer ratio = i+ = 
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Fic. 9 Response or ReETARDING Network TO UNiT STEP IN 
VOLTAGE AND TO UNtT PuLssE oF 0.1A-Sec DuraTION 


0.0 


trol in that it reduces the steady-state error without changing 
the transient response appreciably. In fact a system having the 
control torque 
K x6 
T=K K. 2 

+ + [27] 
has response characteristics very similar to integral control for 
values of A greater than about 20/w,. If A becomes very large, 
we see that the torque of Equation [26] becomes equal to 7 
for all except “small values” of p. This is similar to the integral 


K 
, So that corresponds to The fact that 


control form 


this approximation does not hold for small values of p means 
that integral control and retarded direct control are not similar 
in the steady state. This is true since the direct control does 
not reduce the steady-state error to zero as integral control 
does. However, by making Kg sufficiently large the steady- 
state error can be brought as near to zero as desired. 

In Fig. 10 the responses of a retarded direct-control system 
to a suddenly applied torque have been copied from differential- 
analyzer solutions. The time A has been taken as 32/w, and Kz 
has the values 0, 3K, and 5K». From these curves we see that 


the steady-state error is and that it takes roughly 
2AKe 


To 
Kr + Ko, 
seconds to reach the steady state after the peak of error. 
2. 


It is important to notice that it is the ratio 7 which 
R 

determines the time of action of this control rather than merely 

the time A alone. The responses to an initial error are also 


very similar to integral control, provided A is greater than about 
at the 


2K. 
This latter time corresponds to the time — = for integral 


control. 


20/w., with the overswing equal to between 1.0 ——* 
AKwn 


Ke as the control 


AKwn 


lower extreme of A, and increasing to 1.5 
approaches integral control. 


‘ stantaneously upon reception of a control signal. 
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Fic. 10 Response or SERVOMECHANISM RetarpED Dtrecr 
ContTROL TO SUDDENLY APPLIED TORQUE; A = 32/wn 


_ is the ratio me which should 
be less than 0.3 for nonoscillatory response to an applied torque 
and even lower to keep down the overswing from an initial error. 

In the regulator field both the retarded direct control and the 
integral control are sometimes called “reset controls’’ or “floating 
controls.” In closing, it is well to point out that these controls 
are used not merely to bring the steady-state error to zero, but 
to allow the direct control to be reduced while maintaining a 
given tolerance in the steady-state error. The reduction in the 
direct control allows the use of less derivative control for damping 
and decreases the sensitivity of the system to spurious signals. 
The counterbalancing disadvantages of these controls are their 
cost and the fact that they are slower than the direct control 


which they replace. 


Corresponding to S = 


ErFrect oF RESPONSE DELAYS 


In the analysis of servomechanisms presented so far we have 
assumed that the error is measured and differentiated instan- 
taneously and that the torque of the servomotor changes in- 
In any practi- 
cal system, however, the servomotor, the measuring devices, and 
the various units of the control element all have responses which 
are retarded or delayed. If these delays are sufficiently small 
they can be neglected, but often they must be taken into con- 
sideration. The effect of such delays and methods for their 
compensation will be the subject of the following part of this 
paper. 

Consider the type of retarded response which is introduced 
by inductance in a servomotor. Assume that the torque of the 
motor is proportional to the current flowing at each instant, 
and that the control element produces a signal S in the form of 
a voltage applied to the motor. The equation for the current in 
the motor is 


Voltage = 8 = LS + Ri 


where L is the inductance, R is the resistance, and i is the current 
in the motor circuit. In operational form the current is 


R (: + L 
R 
The torque of the servomotor is proportional to this current, 
and by absorbing constants into the signal S we obtain 
[28] 
1+= 
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where A = R is the time constant of the electrical circuit. The 


turns out to be similar to that introduced in 


1 
delay 
Equation [26] for retarded direct control. This form of factor 
is characteristic of the delays produced by single energy-storing 
units such as an inductance or a capacitance. When a constant 
disturbance is suddenly applied to such a unit the output re- 
sponse will build up exponentially as in Fig. 9. Delays of this 
sort are a commonly encountered type in electrical and pneu- 
matic servomechanisms and regulators. 

In the presence of such a delay the torque produced -by the 
servomotor in a derivative-control servomechanism will be 


rather than simply (Ko + K,p)é@ as we have assumed previously. 
The equation of motion for the system is 


(Ke + Kip) 
1+ Ap 


Jp. + = 


n? + 
(p? + 2ywnp)O = 


1+— 


Wr 


where 
Ko Ki f 
yand 6 are nondimensional parameters which specify the portion 
of the relative damping ratio ¢ that is due to viscous friction and 
derivative control, respectively. The nondimensional param- 
eter a is the ratio between the time constant of the delay A 
and the time constant of the system 1/w,. The solutions 
obtained from Equation [30] may be plotted on the nondimen- 
sional time scale wat. Solving Equation [30] for the error, we 
obtain 


(p? + 2ywap) (wn + ap) 
ap*® + (wn + 2yawn)p? + (2y + 25)wn2p + wr? 


The denominator of Equation (32] when set equal to zero is the 
characteristic equation for the system, and its roots provide 
the modes of vibration. Since the characteristic equation is a 
cubic there are three roots, which for most of the cases under con- 
sideration here will consist of a real root and two complex roots. 
The complex roots are conjugate and their imaginary part is 
equal to the frequency of the oscillatory mode while the real part 
provides the damping of the oscillatory mode, that is, if the three 
roots are ri, r2 + gw, and rz; — jw, the solution for Equation [32] 
Will have the form 


6;. . [32] 


6 = Ae" + Be cos (wt + ¢) + steady-state terms. . [33] 


In studying the effect of response delays, the roots of the charac- 
teristic equation will be given along with the transient solutions 
for Equation [32]. The purpose in introducing these’ roots is 
to show that satisfactory predictions of performance can often 
be obtained merely from these roots without the added work of 
completing a whole series of transient solutions. 

In Fig. 11 differential-analyzer solutions for the response to 
4 suddenly applied input velocity are plotted for several values 
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of a, with y = 0,5 = 1. These solutions reveal that a response 
delay has two effects on a system. The anticipation properties 
of derivative control are reduced since the torque is retarded, 
thus increasing the peak of the transient error. The delay tends 
to make the response oscillatory. 

While in every case, except for a = 0, an oscillatory mode is 
excited, the oscillations are very small for @ less than 0.4, and 
for some applications the oscillations of a = 0.6 would not be 
excessive. 

In Fig. 11 the viscous friction and therefore the damping 
parameter y have been taken equal to zero. These responses 
show what happens to a supposedly critically damped servo- 
mechanism (6 = 1) when response delays are not explicitly con- 
sidered in the design. With less derivative control, say, with 
6 = 0.8, the responses are similar although somewhat more 
oscillatory. Even in this case, however, a system with a delay as 
high as a = 0.3 has a response which appears almost non- 
oscillatory. With lower values of 6 the responses are oscillatory 
even for no delay, since there is insufficient damping present. 

As the derivative control parameter 6 is increased above unity 
the responses for any given delay do not improve. For example, 
in Fig. 12 responses similar to those in Fig. 11 are plotted, but 
for 6 = 2. Comparing solutions for any given delay a, the in- 
crease in 6 leaves the damping of the oscillatory mode almost 
unchanged. In addition, the frequency of oscillation increases 
with 5 so that the damping per cycle is decreased. The net 
result is that the responses are slower for high values of 6 and 
appear more oscillatory since more cycles are completed before 
the oscillatory mode damps out. 

From a series of solutions similar to those in Figs. 11 and 12, 
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we find that the best value for 6 is the range 0.8 < 6 < 1 and is 
fairly independent of the delay a. This is an interesting result 
since this was also the best range for 6 even when no delay was 
present. If the delay is too great the system is oscillatory no 
matter what value of 4 is used. 

The same results could have been predicted also from the 
behavior of the roots of the characteristic equation. In Fig. 13 
we have plotted the real root as a function of 6 for several values 
of a. In Fig. 14 the real part of the complex root is plotted, 
while in Fig. 15 the frequency of oscillation is plotted. Fig. 16 
gives the ratio between the real part of the complex root and the 
frequency; this is a measure of the damping per cycle. 

For low values of 6 the damping of the real root is high while 
that of the oscillatory mode is low, This results in oscillations 
occurring about the steady-state error. The frequency of these 
oscillations is near wn, and the response has all the characteristics 
of an underdamped system. 

For large values of 6 the oscillatory mode damps out more 
quickly than the nonoscillatory one. This results in the oscilla- 
tions occurring about the exponentially decreasing error. Al- 
though the damping of the oscillations does not diminish as 6 
is increased, the frequency increases so that a greater number 
of cycles occur before the mode is damped out. 

From these considerations we conclude that two possible cri- 
teria for good performance are that the damping of the two 
modes be almost equal and that the damping per cycle be near 
a maximum. Both these criteria are satisfied in the vicinity 
of § = 0.9. Thus the roots of the characteristic equation reveal 
essentially the same information as the transient solutions. 

These roots, however, do not give as.complete results as the 
transient solutions since any actual] response depends not only 
upon the modes of oscillation of the system but also upon how 
they are excited, that is, upon the disturbance. For example, 
under integral control the roots of the characteristic equation 
would be the same for all disturbances and would not give in- 
formation about such peculiarities as the overswing in the re- 
sponse to an initial error. Preliminary investigations to find a 
usable range of values for a parameter can be satisfactorily 
carried out using the behavior of the roots alone; then transient 
solutions can be used for checking these results and for obtaining 
more detailed information on performance. 

The presence of viscous friction in a system permits the use of 
less derivative control for nonoscillatory motion. Also, some- 
what longer response delays can be tolerated. For example, 
with 6 = 1 and y = 0.2, the amplitude of oscillation for a = 0.6 
is only about one third. of the amplitude in Fig. 11 for 6 = 1, 
y = 0, and a = 0.6. 

A few situations in which these results concerning response 
delays are of use will be considered next. The adjustment of 
derivative control in a servomechanism with a definite delay time 
A provides a good example. If 6 is too small the system will be 
underdamped and oscillatory at a frequency near w,. Unlike 
our previous discussion for no delay, 6 in the case of an appre- 
ciable delay can also be too large and produce a higher-frequency 
oscillation of several times w,. If no satisfactory value for 6 is 
found between the low- and high-frequency oscillation, the delay 
is too large and a change in some other parameter is necessary. 

At times in a contemplated design some particular piece of 
equipment such as the servomotor is fixed by the power level 
of the system or by the availability of equipment. This unit may 
have an appreciable delay time A, and the problem arises as to 
the best way to design the system to meet certain specifications 
in spite of the delay. The specification of a small steady-state 
error in the presence of dry friction provides an interesting 
example. To reduce the steady-state error the first step is 
usually to increase the direct control Ko. As Ko is increased, 
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#, is also increased and eventually w, will become large enough 
for the delay time to be appreciable relative to 1/wn. If a = 
Aw, becomes much larger than about 0.4, it is necessary to find 
some means which will decrease the steady error without increas- 
ing w,. This is exactly the same situation that we discussed in 
connection with the effect of spurious signals, and the same 
solutions are available: (a) As Ko is increased the inertia can 
be increased simultaneously, thus limiting the rise of w,, but not 
the decrease of the steady-state error; (b) integral control or a 
retarded direct control can be used for the same purpose. Both 
of these methods have already been discussed in detail. 

Another interesting situation arises when it is necessary to make 
wn large in order to reduce transient errors and a delay limits its 
increase. In this case, however, the use of inertia or integral 
control is not possible since the only way to reduce transient 
errors is to make w, largé. It is in the solution of this problem 
that second-derivative control finds a possible use. 

Suppose a control signal 


S = (Ko + Kip)(1 + Ape 
S = [Ko + (Ki + AKo)p + KiAp*)@......... [34] 
could be formed instead of simply S = (Ko + Kip)@. The torque, 
in the presence of a delay time A, would be 
S 
Ts 
1+ Ap 
which is the same as for a derivative-control servomechanis@ 
without a delay. From Equation [34] we see that this com- 
pensation of a delay was accomplished by the inclusion of 4 


“positive” second-derivative control, K; = AK,, and an addi- 
tional first derivative control A Ko. 


= (Ko + Kip)é 
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In practice these functions can be formed only approximately 
and nonlinearities limit their effect, but this gives an indication 
that a positive second derivative can be used to reduce the 
oscillations, 

In some systems the delay introduced by the servomotor may 
be negligible but the differentiating device or network may have 
an appreciable delay. The network shown in Fig. 17 is an 


Fic. 17 Network ror Propucina A DERIVATIVE 


example. The output to input-voltage ratio for this network is 


+. [35] 
i 2 1+ RC, 
it R, 


The form of this equation is exactly the same as that of Equation 
(29]. Thus a direct plus a derivative voltage all with a response 
delay is produced. If the input to this network is proportional 
to the error and the output proportional to the torque, the fol- 
lowing relations can be written between the parameters in 
Equation [35] and those on the right-hand side of Equation [30] 


Wn R, B 
= = 
Wn 

[36] 

a 2 
@ 
26 Ri + R, 


where B is the proportionality factor or amplification required 
to produce the direct control torque for w,. If this network is 
used in a control system the cost depends upon the amplification 
Ri + Rs 
as possible. On the other hand, when this ratio is large the 
relative delay a also becomes large. The design problem involved 


B, so that for a given w, it is desirable to make as large 


is to find the maximum usable value for 


sary size of R,C;. 


———— and the neces- 
Ri + 

As we have shown previously, a value of 6 


near 0.9 is optimum, no matter what ais. Thus R,C; should be 
ki 

hear —§ Also, a should not be larger than about 0.4 for non- 
Qn 
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value of ie 0.2. Lower values than 0.2 give more exact 
derivatives but are not necessary for a response that is almost 
R, 
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if some oscillation can be tolerated or if some viscous friction is 
present. When there is sufficient viscous friction for y to be 


can be used 


0.7 or 0.8 there is no need for any derivative control and the 
ratio — 
1 


may be unity. 
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The presence of more than one response delay of this type is 
not unusual in a servomechanism or regulator. If the network 
just described is used with a servomotor which has a delay, a 
system with two delay factors results. The torque in this case is 


S 
~ (1 + Aip)( + 
1+ (Ai + A:)p + A,A2p? 


It is evident from Equations [37] that the time constants of 
the two delays cannot be merely added to find the resultant effect, 
since the product of the delays must also be taken into account. 
For any given sum of time constants (A; + A), the product A;A2 
may vary between zero and a maximum when A; = A:. The 
case of a single delay, already discussed, occurs when A;A; = 0. 
Responses to a suddenly applied input velocity, for the other 
extreme case in which the two delays are equal, are plotted in 
Fig. 18 from differential-analyzer solutions. 
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These responses can be compared with those in Fig. 11 since 
we have again taken 6 = 1, y = 0. For a = Ajw, and a = 
A wn, less than about 0.2, the response in Fig. 18 is nearly the same 
as that in Fig. 11 for a = a; + a; thus the product aa: can be 
neglected. However, for a and az greater than 0.2, the response 
for two delays is more oscillatory than for a single delay even 
though a = a + a. For example, in Fig. 18 the amplitude 
of oscillation for a; = a: = 0.3 is about 50 per cent greater than 
the amplitude in Fig. 11 for a = 0.6. For other cases, in which 


a + a: but the sum (a + a) is the same, the response falls 
between these two extremes. 
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Discussion 


Ep S. Smrru.§ While the original paper is a pioneering work, 
it is at the same time definitive and on an unusually high level as 
to clarity and elegance, displaying an unquestionable insight 
into the possibilities of both the frequency and transient analysis 
approaches and their application to servomechanism design. 
However, the present paper deals only with the transient response, 
which is certainly not more important in servomechanism and 
control work than the frequency response in which the original 
paper also pioneered, including in the flopping of the Nyquist 
diagram about its vertical axis by the removal of the basic control 
relation’s 180 deg so that lags appear directly, although this 
change unfortunately changes the “hand” of the mathematician’s 
classical test of stability by the enclosure of a critical point. The 
original paper also provided the loci of constant magnitude and 
of constant phase on the Nyquist diagram. 

Since the present paper involves a re-presentation in part of 
material which has been tested by 5 years of use, it may be help- 
ful to include relevant material in this discussion even though 
it does not apply directly to the abridged paper. A recent paper 
by Harris® is important since it concisely treats the Fourier bridge 
of the gap between the transient and frequency-response analyses. 

In the frequency analyses, the number of changes rung on 
the transfer function is so large as to tend to be confusing. It 
would be appreciated if the closure were to include the author’s 
evaluation of the inverse relation, i.e., 6;/@ or 6;/e, instead of 
with the input 6; in the denominator as usual where it complicates 
the handling in ordinary operational ways, which was recently 
urged as the more convenient for multiple-loop circuits.’ 

The author’s treatment of the first- and second-derivative con- 
trol components from the transient response viewpoint is to the 
point as far as it goes, but the writer has found more useful for 
control work the stability tests of Nyquist and, particularly, 
Routh.’ 

The unsurpassed effectiveness of parallel T filters in anti-hunt 
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networks for servomechanisms shows that, possibly contrary to 
the paper’s implications, there is more to control than differential 
equations.® 

Since the paper mentions the stabilizing effect of dry friction 
on the output member, it may be well to note the seriously ‘“‘un- 
stabilizing” effect of dry friction acting on the error-measuring 
device or controlling element when, as is generally the case in 
practice, there is either small “power” available or there is 
appreciable resiliency which decreases the instrument’s “stiff- 
ness.” 

As to “anticipation” in control, a sensible use of this term is to 
restrict it to means which provide an earlier control response than 
with proportional control. Objection must also be taken to the 
author’s confusion of “retarded direct control” with “reset con- 
trol” which has come to be widely understood in control as the 
combination of an always instantly available low-sensitivity 
action, which quickly provides only a small enough part of the 
conrtol to retain stability, with a slow-acting high-sensitivity 
action (of infinitely high sensitivity for true integrating control) 
which gradually provides any further action necessary for ac- 
curacy of control. However, in general, the paper’s terminology 
involves a happy compromise between the rather different. ter- 
minologies used in the servomechanism and the general control 
fields. 

AuTHOoR’s CLOSURE 


As Mr. Smith points out there was originally a second part to 
this paper which outlined a method of frequency response analysis 
and compared it with the transient analysis. Since the original 
publication as an NDRC paper, several others have investigated 
the uses of frequency responses and published their work. Con- 
sequently this part of the paper has lost much of its uniqueness 
and has been deleted. 

One of the more recently investigated methods of frequency 
analysis makes use of inverse transfer functions as outlined by 
Marcy’ and used in the author’s recent paper.’** This method 
is somewhat easier to handle in multiloop systems than that 
presented in the original paper. 

Mr. Smith’s comments on the definitions of “anticipation” 
and “reset control’ bear out what the author meant but may not 
have stated properly. 


®*“Ultrasonic Trainer Circuits,”’ by Finn J. Larsen, Electronics, 
vol. 19, June, 1946, pp. 126-129. 

10 ‘*4 Comparison of Two Basic Servomechanism Types,”’ by H. 
Harris, Jr., A.I.E.E. Paper No. 47-12, Winter Convention, 1947. 
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of High-Speed 


By W. H. WOODING,' 


The hardened and tempered metallurgical character- 
istics of a large number of tools representing various types 
of high-speed steels were studied to determine the proba- 
ble cause for variation in tool life during conduct of con- 
tinuous roughing-cut performance tests. The studies in- 
cluded the austenitic grain size, hardened and tempered 
microstructure, the Rockwell hardness of the finished 
tools, and the Shepherd hardened fracture grain size, as 
well as comparison of these properties with tool perform- 
ance. The results of these studies indicated that, for vari- 
ous lots of a type of high-speed tool steel subjected to the 
same heat-treatment, variations do occur in tool per-_ 
formance, austenitic grain size, hardened and tempered 
microstructure, Rockwell hardness, and hardened fracture 
grain size. Of the variables observed, the hardened and 
tempered microstructure showed direct correlation with 
variation in tool performance. Within normal limits 
there appears to be no relationship between the hardened 
and tempered microstructure and the austenitic grain 
size, Rockwell hardness, or hardened fracture grain size. 
For lots of the same type of high-speed tool steel, sub- 
jected to the same heat-treatment, the characteristics of 
the hardened and tempered microstructure are directly as- 
sociated with the speed of response, i.e., solution of car- 
bide in the material at the austenitizing temperature. 
Red hardness being a function of the quantity of carbide 
dissolved during heat-treatment, the characteristics of 
the hardened and tempered microstructure are associated 
with red hardness and therefore are of considerable in- 
fluence in the performance of tools. 


INTRODUCTION 


ARIOUS types of comparison performance cutting tests 
Ven often used by major consumers of high-speed tool 

steels as a means for selecting brands of material satis- 
factory for the manufacture of cutting tools under operating con- 
ditions existing in their individual plants. The performance 
tests may consist either of milling operations, drilling operations, 
or lathe operations and are generally conducted at such rates of 
speed and feed as to accelerate the breakdown of the tool. The 
tonditions governing such tests are usually rigidly controlled to 
insure, in so far as possible, the uniformity of heat-treatment, 
identical tool profiles, and similarity of cutting conditions. Evalu- 
ation is generally restricted to any one type of high-speed tool 
steel and is made by comparison of the average tool life per brand 
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of a specified number of tools representing each brand of the type 
under test. 

However, in spite of all precautions and the rigid control 
exercised in conducting comparison performance cutting tests 
under plant operating conditions, the results of these tests are 
seldom predictable. For any one type of high-speed tool steel, 
the average tool life of a brand may vary considerably from the 
average determined for that type, and even within brands the 
life of individual tools may vary considerably. Such variations 
are usually attributed to the nonuniform machinability of the 
workpiece. 

The U.S. Navy, for the lack of a better means to procure good 
quality high-speed tool steel, has resorted to a performance-ty pe 
cutting test for the establishment of an acceptable list of approved 
brands of high-speed tool steel for naval use. This test is of the 
rapid breakdown type and consists of a continuous roughing-cut 
lathe operationin which tool blanks, heat-treated in a Navy labora- 
tory under prescribed maximum conditions and prepared to a 
standard tool shape, are caused to cut a nickel-steel forging at 
specified rates of feed and speed. The various brands of a type 
of high-speed tool steel are evaluated by determining the average 
tool life of 10 tools ef each brand; and, for acceptance, the aver- 
age must be equal to or greater than 105 per cent of the average 
of the tool life of all brands of the type under test. 

At first glance it would appear that, since tool steel is consid- 
ered a prime-quality material, the difference between the highest 
and the lowest average brand tool life for any one type of high- 
speed tool steel would be small. However, much to the conster- 
nation of the tool-steel manufacturers’ representatives who are 
always present to scrutinize critically the test methods employed, 
this difference is generally found to be otherwise. As usual, these 
wide differences in the average cutting performance of brands are 
readily attributed to the nonuniform machinability of the nickel- 
steel forging used in the test. 

The machinability of the cutting log undoubtedly does vary to 
some extent throughout its length and depth since the forging is 
10 ft long X 24 in. diam. However, the measurement of this 
characteristic for determining tool-life correction factors during 
conduct of the test is beyond the capabilities of the testing agency. 
Therefore, in an effort to average out, in so far as possible, any 
nonuniformity in the machinability, all tools of a type of high- 
speed tool steel under test have been staggered so that no two 
tools of any one brand have been caused to cut in the same loca- 
tion of the log. In spite of this test procedure, the average tool 
life of brands of a type of high-speed tool steel continues to vary 
to a considerable extent. Table 1 presents the average tool life 
for a number of brands of several types of high-speed tool steel, 
the testing of which was conducted under conditions applicable 
to the individual types. 

The data given in Table 1 indicate a variation of almost 2 to 1 
in average tool life for brands within each type. In view of the 
staggering of tools while conducting the test, it was the opinion 
that the nonuniform machinability of the test log was not the 
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TABLE 1 AVERAGE TOOL LIFE OF VARIOUS BRANDS OF THREE 
TYPES OF HIGH-SPEED TOOL STEEL; CONDITIONS OF TEST 
DIFFER FOR EACH TYPE 


Average cutting time per brand, min 
Moly-vanadium type Tungsten-moly type 
(6-5-4-2) 


Tungsten type 


(18-4-1) (8-4-2) 
15.84 12.0 21.01 
14.44 11.98 19.93 
13.80 11.53 16.13 
12.70 9.61 15.41 
11.97 8.82 14,29 
10.91 8.21 12.88 
8.74 7.74 12.11 


only factor influencing the performance of the tools. Therefore 
it was considered desirable to investigate the individual metal- 
lurgical characteristics of a large number of tools to determine if 
any difference might exist which might influence the performance 
of such tools in continuous roughing-cut operations. This in- 
vestigation was also extended to determine whether or not those 
characteristics which appeared to increase tool life in the con- 


TABLE 2 CHEMICAL COMPOSITION (AVERAGE FOR BRANDS SUBMITTED) 


tinuous cutting operations would be of similar influence in inter- 
rupted cutting operations. 


METHOD OF INVESTIGATION AND RESULTS OBTAINED 


During the period from 1938 to 1945, approximately 85 sub- 
missions of various brands of high-speed tool steel were received 
by the U.S. Navy from various manufacturers for brand-approval! 
tests. Each submission consisted of 5 bars (approximately 24 
in. X lin. X '/2 in.) of the brand of material to be tested, and 
were selected by a U. S. Navy representative from stock on hand 
at the manufacturer’s plant or designated warehouse. When 
received, each bar was sampled for determination of the chemical 
composition. The average chemical compositions determined 


for the various brands submitted are given in Table 2. Since 
the composition of the bars of a brand did not vary appreciably, 
it was not considered necessary to include the individual results 
for each bar. 


TYPE OF CARBON | vaxcanese| SILICON | SULPHUR VANADIUM COBALT | COPPER | NICKEL 
HIGH SPEED (ASSIGNED 
TOOL STEEL ) PER CENT 
T-1-A 0.72 0.26 0.2% 0.0% 0.010 13.92 3.84 1.93 0.11 o--- 0.09 0.10 
T-1-B 0.70 0.25 0.21 0.027 0.016 14.27 4.06 1.97 0.22 ---- 0.11 0.10 
T-1-C 0.71 0.23 0.25 0.011 0.030 14.22 3.93 2.04 0.06 oo-- 0.05 0.02 
14-4-2 T-1-D 0.68 0.15 0.43 0.018 0.027 14.66 4.03 2.09 0.07 ---- 0.09 0.04 
T-1-E 0.73 0.30 0.15 0.017 0.023 14.48 4.25 2.02 0.07 0.09 
T-1-F 0.70 0.28 0.33 0.030 0.014 1e.33 4.16 1.90 0.13 -o-- 0.07 0.24 
T-1-G 0.70 0.30 0.23 0.020 0.030 14.36 4.25 1.93 0.09 ---- 0.08 0.09 
T-2-a 0.73 0.27 0.35 0.020 0.011 18.36 &.07 lle 0.4 0.08 0.07 
T-2-B 0.72 0.21 0.22 0.029 0.016 18,22 4.02 1,09 0.19 0.15 0.08 
T-2-C 0.70 0.21 0.53 0.023 0.013 8.40 4.11 1.37 0.29 0.0% 0.10 
T-2-D 0.72 0.29 0.28 0.020 0.014 18.28 3.82 1.12 0.13 0.10 0.09 
T-2-E 0.71 0.30 0.16 0.017 0.008 18.60 4.19 1.01 0.06 
T-2-F 0.70 0.26 0.36 0,022 0.010 18.48 4,02 1. 0.11 0.09 0. 
T-2-G 0.71 0.26 0.30 0.018 0.008 18.99 3.83 1.02 0.19 0.05 0.07 
T-2-H 0.71 0.25 0.27 0.015 0.013 18.49 3.87 1.18 0.10 0.06 0.05 
T-2-J 0.72 0.31 0.25 0.023 0.020 18.34 3.77 1.04 0.15 0.11 0.11 
18-4-1 T-2-K 0.69 0.23 0.40 0.029 0.015 18,21 3.81 1.14 0.15 ---- 0.09 0.15 
T-2-L 0.69 0.26 0.22 0.030 0.007 18.82 4.25 1,00 0.09 ---- 0.09 0.00 
T-?-4 0.72 0.31 0.24 0.021 0,011 18.37 4.18 1.15 Ou ---- 0.09 0.09 
T-2-N 0.72 0.25 0.3% 0.030 0.010 18.20 4.19 1.12 0.28 ---- 0.10 0.15 
T-2-0 0.69 0.25 0.26 0.025 0.012 19.10 3.9% 1,02 0.08 ---- 0.05 0.10 
T-2-P 0.72 0.26 0.22 0.023 0.009 18.3% 3.92 1,09 0.07 ---- 0.07 0.06 
T-2-R 0.72 0.15 @.27 0.02% 0.010 18.45 3.95 1.24 0.00 ---- 0.05 0.08 
T-2-S 0.71 0.30 0.21 0.026 0.010 17.87 4.17 0.98 0.39 one- 0.06 0.05 
T-2-T 0.71 0.29 0.28 0.018 0.010 18.34 4.13 0.99 0.00 ---- 0.05 0.08 
T-2-¥ 0.70 0.27 0.19 0.921 0.010 17.77 4.02 1.09 0.00 ---- 0.10 0.10 
1-2-4 0.71 0.28 0.018 0.012 18.36 1,18 0.10 0.07 0.07 
T-3-A 0.79 0.30 0.28 0.025 0.007 18.67 4.29 2.13 0.67 ---- 0.10 0.09 
T-3-B 0.82 0.27 0.30 0.023 0.015 17.86 4.32 2.13 0.79 ---- 2.07 0.06 
T-3- 0.81 0.25 ohly 0.025 0.011 18.64 4.30 2.13 0.61 ---- 0.03 0.08 
T-3-D 0.83 0.30 0.40 0.016 0.019 17.71 00 2.07 0.87 ---- 0.05 0.07 
18-4-2 T-3-E 0.80 0.33 0.42 0.017 0.017 18,38 4.28 2.02 0.79 ---- 0.09 0.03 
T-3-F 0.79 0.22 0.36 0.013 0.011 18.00 4.06 2.18 0.67 ---- 0.11 0.08 
7-3-G 0.84 0.30 0.21 0.009 0.010 19.00 6.50 2.19 0.72 ---- 0.09 0.06 
T-3-H 0.81 0.3% 0.37 0.023 0.010 18.41 4.13 2.06 0.77 ---- 0.05 0.11 
T-4-A 0.77 0.26 0.38 0.017 0.010 48 3.66 1.21 8.49 ---- 0.05 0.08 
T-4-B 0.80 0.20 0.38 0.013 0.013 1.71 3.99 1.05 8.53 oore 0.02 0.07 
T-4-C 0.79 0.19 0.31 0.011 0.013 1.77 3.85 1,04 8.87 o--- 0.19 0.09 
T-4-D 0.78 0.29 0.28 0.023 0.010 1.66 3.80 1.05 8.53 ---- 0.10 0.05 
T-4-2 0.78 0.26 0.20 0.011 0.018 2.00 3.83 1.22 8.46 ---- 0.02 0.16 
T-4-F 0.80 0.2% 0.37 0.013 0.017 1.82 3.73 1.03 8.66 ---- 0.02 0.08 
Mo- W T-4-6 0.79 0.2% 0.37 0.013 0.018 1.69 3.75 1.08 8.47 0.02 0:07 
T-4-H 0.76 0,23 0.61 0.018 0.009 1.60 1.73 1.09 8.65 0.02 0.15 
T-4-I 0.78 0.21 0.36 0.011 0.012 1.75 3.88 1.10 9.00 0.03 0.08 
T-4-K 0.79 0.2) 0.30 0.012 0.010 1.82 3.84 1.09 8.19 0.15 0.10 
T-4-L 0.79 0.20 0.36 0.013 0.010 L673 3.7 1.08 8.80 0.05 0,09 
T-4-¥ 0.77 0.25 0.30 0.015 0.010 1.77 3.83 1.03 8.41 0.14 0,10 
T-5-A 0.83 0.22 0.27 0.020 0.010 4.03 2.05 8.31 ---- 0.05 0.07 
T-5-B 0.80 0.26 0.37 0.019 0.011 4.07 1.90 8.60 ---- 0.03 0.11 
T-5-C 0.78 0.28 0.37 0.020 0.017 4.10 2.16 8.93 o--- 0.13 0.10 
Mo- V T-5-D 0.80 0.32 0.26 0.010 0.009 4.19 2.12 £.80 oo-- 0.06 0.11 
T-5-E 0.78 0.30 0.32 0.013 0.016 ---- 3.99 2.12 8.45 ---- 0.05 0.08 
T-5-F 0.81 0.31 0.40 0.010 0.015 ---- 2685 8.46 0.03 0.06 
0.79 0.25 0.40 0.016 0.025 1.9 8.53 0.05 0.10 
° 0.38 5.26 0.10 0.00 
-4- ° 0.10 .00 
19-4-2+5% Co 0.09 0.15 
0.11 
0.09 0 
0.04 0. 
T-7-D 0.71 0.28 0.18 0.029 0.010 2 +06 0.83 0.73 0.10 0. 
7-7-2 0.72 0.31 0.14 0.018 0.021 4.28 0.57 0.09 0. 
T-7-F 0.73 0.31 0.3 0.020 0.010 16.85 4.46 1.17 0.28 0.04 0 
18-4-1+5% Co 1-7-6 0.70 0.30 Qe 0.019 0.015 19.04 4.29 1.66 0.80 0.07 o. 
1-7-5 0.73 0.26 0.21 0.018 0.014 12.73 4.03 1.17 0.7% 0.06 0. 
1-7-3 0.70 0.25 0.39 0.029 0.023 17.83 ade 1.11 0.17 0.10 0.00 
T-7-K 0.72 0.26 0.2 0.027 0.014 18.35 4.08 1.17 0.53 0.10 0,00 
T-7-L 0.70 0.29 0.23 0.02 0.022 18,22 4.61 1.08 0.77 0.05 0.0% 
0.72 9.20 0.022 0.010 18.25 4.26 1.08 0.78 0.15 0.19 
T-11-a 0.83 0.32 0.32 0.013 0.022 5.56 4.06 1.58 4.16 0.10 0.05 
T-11-3 0.81 0.29 0.30, 0.016 0.014 5.73 bole 1.67 4.76 0.10 0.05 
T-11-c 0.81 0.29 +36 0.016 0.010 5.53 4.23 1.62 4.78 0.10 0.05 
T-11-D 0.81 0.30 0.29 0.014 0.015 5.32 4.16 1.42 5.17 0.10 0.05 
T-11-E 0.82 0.29 0.22 0.019 0.017 5.22 4.08 1.69 5.09 0.10 0.05 
W-Mo T-11-F 0.€1 0.39 0.41 0.014 0.012 5.64 4.06 1.51 4.51 0.10 0,08 
T-11-G 0.82 0.25 0.35 0.017 0.017 5.56 3.89 1.67 4e The 0.10 0.05 
T-ll-H 0.71 0.30 0.29 0.013 0.016 5.39 3.92 1,58 4.38 0.13 0.0 
T-11-J 0.31 0.28 0.025 0.010 5.51 4.25 1-66 3-25 
0.78 0. 0.2 0,014 0,017 3:23 5399 1. 3 5.19 0.10 0.05 
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The annealed microstructure of each bar was examined in an 
endeavor to classify the bars in accordance with their annealed 
fhicrocharacteristics. Except for carbide distribution, the wide 
variation in characteristics, particularly with regard to carbide 
size and shape found in any one bar, was such that classification 
was practically impossible. Therefore classification of the an- 
nealed microstructure was discontinued. 


WOODING—MICROSTRUCTURE OF HIGH-SPEED TOOL STEEL IN TOOL PERFORMANCE 


TABLE 3 HEAT-TREATMENT DATA 
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Heat-Treatment. One tool blank (12 in. X 1 in. X !/2 in.) was 
cut from each bar and heat-treated as shown in Table 3. The 
cutting end of each blank was roughly ground to the tool shape 
prior to heat-treatment. The temperatures and time cycles used 
in these heat-treating operations were generally those recom- 
mended by the tool-steel manufacturer, provided such recom- 
mendations did not exceed the maximum temperatures and times 


uae tou TOOL BLANK PRE- HEAT HIGH ~ HEAT TEMPER TOOL BLANK PRE- HEAT HIGH ~ HEAT TEMPER 

Too. FUmwace [TEMP *F| [Temp cr] TMELAT || | Temp or Funwace | Teme cr] TIME | rewp TIME AT 
MAXIMUM PERMISSIBLE HEAT TREATING CONDITIONS FOR THIS TYPE ——_—————— 1600 20 mis. 2350 4 mis. 1080 2 brs 
Tel-A-1 1600 20 aia, 2350 Bin, 1050 2 bre, Te1-D-4 1600 20 ain. 2350 min, 1050 
Tel-A-2 1600 20 ain, 2350 4 mia. 1050 2 hrs. T-1-D-5 1600 20 min. 2350 4 ain. 1050 
1600 20 min, 2350 ain. 1050 2 hrs. T-l-8-1 1600 20 min. 2350 & sin. 1050 
Tel-A-4 1000 20 min, 2350 4 ain, 1050 2 Tel-D-2 1600 20 in. 2350 win, 1050 
Tel-A-5 1600 20 min, 2350 * win. 1050 2 bre. T-1-E-3 1600 20 sis. 2350 4 min, 1050 
T-l-Be] 1600 20 sin, 2350 min, 1050 2 hre. 1600 20 min. 2350 4 nin, 1050 
T-1-Be2 1600 20 wins, 2350 & win, 1050 2 Bre. T-1-5-§ 1600 ® sin, 2350 4 min, 1050 

la-4-2 Tel-B-) 1600 20 ais. 2350 1050 2 ars, T-1-F-1 1600 20 win, 2350 4 min, 1060 

T+l-B-4 1600 20 win. 2550 4 min, 1050 2 bre. T-1-PF-2 1600 20 gin. 2350 4 pin, 1060 
T-+1-B-5 1600 2 min. 2550 mis. 10$0 2 bre. T-1-P-) 1600 20 min. 2350 4 pin, 1080 
T-1-C-1 1600 20min, 50 min, 1060 2 bre. Tel-F-4 1600 20 ain, 2350 4 win, 1080 1-1/2 brs. 
T-1-C-2 1600 20 min, 2350 4 ain, 1060 2 bre. Tel-F-5 1600 20 ain. 2350 4 aia, 1080 1-1/2 hrs. 
Tel-C-) 1600 20 min. 2350 & ain, 1060 2 brs, T-1-G-3 1600 20 mis. 2350 & win. 1050 1-1/2 ors. 
T-1-C-4 1600 20 ain. 2350 4 min, 1060 2 ars, T-1-G-2 1600 20 win. 2350 4 min, 1050 1-1/2 bre. 
Te1l-C-§ 1600 20 win, 2350 4 min, 1960 2 ars. T-1-6-3 1600 20 sin. 2350 & win, 1050 1-1/2 ars 
Tel-D-) 1600 20 win, 2450 & ain, 1050 2 ars, T-1-G-4 1600 20 min. 2350 4 ulin. 1050 J-1/2 hrs 
Te1-D-2 1600 20 2359 & min. 1050 2 brs, Te1-G-5 1600 20 ain. 2350 min. 1050 ors. 
Tel-0-3 160% 20 min. 2350 4 min. 1050 ? hrs. 


T-2-a-) 
2950 win. 1050 
T-2-a-5 1600 20 ain. 2350 4 win. 1050 
T-2-B-1 1600 20 aia. 2359 + wis. 1050 


2350 4 gin, 1050 


‘T+2-B-2 1600 ain. 2350 4 ain. 1050 
T+2-B-) 


2350 mis, 10$¢ 
T-2-Be4 1600 20 min. 2350 min, 1050 


T-2-B-5 a 2350 min. 1050 
T+2-C-1 1600 20 mis. 23580 min, 1060 
T+2-C-2 1600 20 ain. 2350 4% ain. 1060 
T-2-C-) 1600 20 min. 2350 win. 1060 
T+2-0-4 1600 20 aia. 2350 min. 1060 
T-2-C-5 20 min. 2350 4 wis. 1060 


T-2-D-1 1600 


2350 4 min. 1050 


T+2-D-2 20 2350 min. 1050 
T-2-D-) 1600 2 ais. 2350 4 min. 1050 
T+2-D-4 1600 20 ain. 2350 win. 1050 
T+2-D-5 1600 20 aia. 2)50 4 min, 1050 
T-2-E-1 1600 20 alas. 2350 4 ain. 1050 
T-+2-E-2 1600 20 ola, 2350 & wis. 1050 
T-+2-E-) 1600 20 min. 2350 4 win. 1050 
1e-4~4 Te2-E-4 1600 20 min. 2350 4 win. 1050 
T+2-E-5 1000 20 ain, 2350 min. 1050 
T-2-F-1 1600 win. 2350 min. 1055 
‘T+2-F-2 1600 20 ain. 2350 4 min. 1055 
T+2-F-) 1600 20 min. 2350 & wis. 1055 
T+2-F-4 1600 20 min. 2350 win. 1055 
T+2-F-5 1600 20 ain. 2350 4 ate. 1055 | 
2-0-1 1600 20 ain. 2350 4 min. 1030 
T+2-G-2 1600 20 min. 2350 min. 
T-2-G-) 1600 pin, 2550 4 win. 1030 
1600 20 ain. 2350 4 mio. 10% 
T-2-G-5 1600 20 ain. 2350 min, 10% 
1600 20 min. 2350 ain. 1055 


T-2-H-2 
T-2-H-) 
T+2-H-4 
T-2-H-5 
T+2-J-1 


2350 
2350 
2350 
2350 
2350 
1550 20 min. 2350 min. 1050 
T-2-J-) 1550 20 sin, 2350 3.75 min, 1050 
T+2-J-4 1550 20 ain. 2350 min, 1050 
T-2-3-5 1550 20 win. 2350 4 min. 1050 
1600 20 ein. 2350 min, 1080 
T-2-K-2 2350 
T-2-K-) 2350 
T+2-K-4 2350 4 nin. 1380 


4 min. 


4 min. 


4 min. 


4 min. 


3,58 min. 


4 min. 


min. 


T-2-K-5 1600 20 ain, 2330 1080 


MAXIMUM PERMISSIBLE ATING CONDITIONS FOR THIS TYPE ——————— 1600 20 min. 2350 & min. 1980 2 brs. 
T-2-a-1 1600 20 ais. 2350 & sin. 1050 2 hrs. T-2-L-1 1600 20 gin. 2350 & min. 1080 i-1/2 hrs. 
Te2-A-2 1600 20 min. 2950 + Bin. 1050 2 bre. Te2-L-2 1600 20 min. 2350 4 sin. 1080 1-1/2 hrs. 


brs. T-2-L-) 1600 20 pin. 2350 ais. 1080 1-1/2 brs. 


T-2-L-4 1600 20 ain. 2350 4 min. 1080 1-1/2 hrs. 
are. T-2-L-5 1600 20 ais. 2350 4 ala. 1060 1-1/2 hrs. 
ars. T-+2-M-1 1600 Dain. 2350 aio. 1050 bre. 
hre. T-2-¥-2 1600 2 min. 2350 mis. 1050 1-1/2 bre. 
bre. T-+2-u-) 1600 20 ais. 2350 & gin. 1050 1-1/2 brs. 
bre. 1600 20 mia. 2350 4 aio. 1050 i-1/2 ars. 
bre, T-2-4-5 162 ais. 2350 ain. 1050 1-1/2 hre. 
are. T-2-N-1 1580 20 min. 2350 4 ain, 1080 2 bre. 
are. T-2-N-2 1600 20 win. 2350 4 mis. 1080 2 brs. 
ore. T-2-N-3 1600 20 aia. 2350 4 min. 1080 2 Fs. 
T+2-N-4 1600 20 min. 23504 min. 1080 2 bre. 
bre, T-2-N-5 1600 20 wis, 2350 4 ais. 1060 2 ors. 


are, T+2-0-1 1600 20 aia. 2325 min. 1950 2 brs. 

are. T+2-0-2 1600 20 ain. 2325 4 aio. 1050 2 bre. 

bre. T+2-0-) 1600 20 min. 2325 4 ain. 1050 2 brs. 

bre, T+2-0-4 1600 20 mis. 2325 ais. 1050 2 brs. 
ars. T-2-0-5 1600 20 min. 2325 & ain. 1050 2 hrs. 

ars. T-2-P-1 1500 20 ais. 2275 2.37 min. 1045 1-3/e brs. 

hrs. T+2-P-2 1500 20 min. 2275 2.33 min. 1045 1-3/4 bre. 

hrs. T+2-P-3 1500 20 sis. 2275 2.25 min. 1045 1-3/4 bre. 

2 hrs. T+2-P-4 1500 20 ala. 2275 2.25 min. 1045 1-3/4 bre. 
hrs. T-2-P-5 1500 20 ain. 2275 2.25 ain. 1045 1-3/6 bre. 
bre. T-2-R-) 1600 20 min. 2350 4 min. 1080 2 hrs. 
bre, Te2-R-2 1600 20 min. 2350 4 mis. 1080 2 ors. 
are. T+2-R-) 1600 20 min. 2350 4 min. 1080 2 ors. 
hrs. Te2-R-4 1600 20 ain. 2350 4 min. 108¢ 2 brs. 
ore. T+2-R8-5 1600 20 min. 2350 4 ain. 1080 2 hrs. 

2 ors. T-2-S-1 1580 20 min. 2350 & min. 1080 2 brs. 
bre, T+2-S-2 1600 20 min. 2350 4 min. 1060 2 brs, 
brs. T+2-3-3 1600 20 min. 2350 4 min. 1060 2 brs. 
hrs. 1600 20 min. 2350 & min. 1080 2 ars. 
are. 1600 20 ain. 2350 4 min. 1080 2 brs. 
hrs. T-2-T-1 1400 20 min. 2350 4 nine 1080 2 bre. 


hrs. T-+2-¥-3 1600 20 min. 2350 4 min. 1080 2 hrs, 
hrs. T+2-¥ou 1600 20 min. 2350 4 min. 1080 2 brs. 
2 ors, T+2-¥=5 600 20 win, 2350 4 min. 1080 2 hrs. 


T-2-T-3 
T-2-T-5 


4 min. 


4 min. 


2 hrs. 
2 hrs. 
4 pin. 2 brs. 
4 win. 2 brs. 
T+2-V-1 1600 20 nin. 2350 4 cin. 1080 2 brs. 
bre. T+2-¥-2 1600 20 min. 2350 4 min. 1080 2 hre. 


1600 20 min. 2350 4 pin. 1050 2mnrs. 
& min. 


4 ain. 


1600 20 sin. 2350 4 min. 1050 2 brs. 


1600 20 mia. 2350 4 min. 1050 2 brs. 


‘ 
1 
e 
Is 
| 
| 
2 
: 
2 
2 
2 
9 
5 
5 2 
05 : 
05 
05 
08 2 ws. 


TABLE 3 (Cont.) 


TRANSACTIONS OF THE A.S.M.E. 


HEAT-TREATMENT DATA 
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TYPE OF PRE- HEAT HIGH “HEAT TEMPER PRE -HEAT HIGH ~HEAT 
HIGH SPEED [TOOL BLANK TOOL BLANK 
TOOL STEEL NUMBER | Temp | TEMP. °F] | TEMP °F | NUMBER |Tewrer | TIME IN |TEMPOR| 
MAXIMUM PERMISSIBLE HEAT TREATING CONDITIONS FOR THIS TYPE 1600 20 min. 2375 & min. 1080 2 or 


MAXIMUM 


PERMISSIBL 


HEAT TREATING 


CONDIT 


1ONS FOR THIS 


2220 


win. 


TeJeA-1 min. 2375 4 min. 1050 2 brs. Te3-E-1 1600 20 min, 2375 4 min. 1055 ars. 
T-3-a-2 1600 20 min. 2375 4 min. 1050 2 brs, T-}-E-2 1000 20 min, 2375 4 min. 1055 2 hrs, 
T-3-A-3 1600 20 min. 2375 4 min. 1050 2 hrs. T-}-E-} 1600 20 min, 2375 4 ain. 1055 2 ors 
1600 20 min. 2375 & min. 1050 2 hrs, 1600 20 min, 2375 & min. 1055 2 ar 
T-}3-A-5 1609 20 min, 2375 4 min. 1050 2 brs, Te}-E-5 1000 20 min, 2375 4 min. 1055 

a5 Te-3-B-1 1000 20 min. 2375 4 min. 1050 2 hrs. T-3-F-1 1600 20 win. 2375 4 nin. 1060 2 hes 
T-3-B-2 1600 20 min. 2375 4 min. 1050 2 hrs, T-}-F-2 1600 20 min. 2375 4 min. 1060 ars 

T-3-B-3 1600 20 mia. 2375 & win. 1050 2 brs. T-3-F-3 1600 20 min, 2375 min. 1060 ars 
T-3-B-4 1600 20 min. 2375 & min. 1050 2 brs. 1600 20 min. 2375 4 olan. 1000 
T+3-B-5 1600 20 min, 2375 4 pin. 1050 2 hrs. T+3-F-5 1600 20 min, 2375 4 min. 1060 r | 
Te-3-C-1 1000 20 min, 2375 4 gin. 1060 2 hres Te3-G-1 1600 20 min, 2475 4 ain, 1055 2 ws | 
T-3-C-2 1600 20 min. 2375 4 win. 1060 2 ors. T-3-G-2 1600 20 min. 2375 4 min, 1055 rs, 
T-3-C-3 1600 20 min. 2375 4 min. 1060 2 brs. T-3-G-3 1600 20 min. 2375 & win. 1055 2 ke 
Te3-C-4 1600 20 gin. 2375 & min, 1060 2 hrs. T+3-G-4 1600 20 min. 2375 & min. 1055 2 ar 
Te3-C-5 1600 20 min. 2375 win. 1060 2 ws. T+} -0-5 1600 20 min. 2375 min. 1055 > or | 
Te3-D-1 1600 20 min. 2375 4 min. 1050 2 hrs. Te3-H-1 1600 20 min. 23975 4 win, 1060 2 | 
Te3}-D-2 1600 20 min. 2375 4 min. 1050 2 hrs, T-}-H-2 1600 20 min. 2375 & win. 1080 r 
T-3-D-3 1600 20 min. 2375 4 min. 1050 2 hrs. T-}-K-3 1000 20 min. 2375 4 min. 1080 r 
T+3-0-4 1600 20 min. 2375 4 min. 1050 2 brs. TeJ-H-& 1600 20 mir. 2375 4 min. 1080 2 ars, | 
T-3-D-5 1600 20 min. 2375 4 mic. 1050 2 hres. T-3-H-5 1600 20 win. 2375 4 min. 108¢ 2 ors. eo 


Teb-a-l 
Te4-A-2 
T-b-a-3 
T-4-B-2 
T-4-B-5 
Te4-C-1 


1402 


min. 


2220 


min, 2220 
20 min. 2220 
20 min. 222 
nin. 2220 
20 min. 2220 
20 min. 2220 
2 nin. 2220 
ain. 2220 
20 win. 2220 
20 min. 2200 


min. 1025 


min. 1025 
min. 1025 
min. 1025 
min. 1025 
min. 1045 
Bin. 1045 
min. 1045 
145 
min. 10,5 
min. 1020 


2 
2 
2 


2 
2 
2 
2 
2 
2 


2 
1-1 


hrs. 


ars. 
brs. 
hrs, 
hrs, 
hrs. 
ors. 
hre. 
hrs, 
hres. 
/2 bre, 


T-4-G-1 
Teg-G-3 
Tes-H-1 
T+ 
T-4-H-3 


4 pin. 
4 min. 
4 min. 
4 mio. 
4 ain, 
4 win. 
ain, 
4 min. 
4 min. 
4 ain, 


4 mis. 


TeueC-2 1400 20 min. 2200 4 min. 1020 1-1/2 ore. Tee-J-2 140 20 min. 2200 4 mis. 1025 2 ars. | 
T~% -C-3 1400 20 min, 2200 4 win, 1020 1-1/2 hre, Tee-J-3 1400 20 win. 2200 4 min. 1025 2 ore 
Mo-W 1400 20 min, 2200 4 win. 1020 1-1/2 bre. 1400 20 min. 2200 min. 1025 2 ore 
Te4-C-5 1400 20 min. 2200 4 min. 1020 1-1/2 brs. 1400 20 min. 2200 4 win, 1025 2 ors, 
T-4-D-1 1400 20 min. 2220 $5 min. 1050 2 brs. Tei -K-1 1400 20 min. 2220 $ min. 1050 2 are. 
Teb-D-2 1400 20 min. 2220 5 min. 1050 ? bre. Teb-K-2 1400 20 min. 2220 5 min. 1050 2 ars. | 
T-u-D-3 1400 20 min. 2220 $5 min, 1050 2 hrs. Tes-K-3 1400 20 min. 2220 5 min. 1050 2 are | 
1400 win. 2220 5 pin 1050 2 bre. 1400 20 min, 2215 5 min. 1050 2 are | 
Tab 20 min. 2220 min. 1050 2 bre. 1400 20 ain, 2220 5 min. 1050 2 ors 
Teb-S-1 1400 20 min. 2220 & mine 1040 2 bre. Tee-L-1 1400 20 min. 2220 $ mia. 1050 2 are. 
1400 20 min. 2220 min. 2 bre. Teb-L-2 1400 20 win. 2220 5 wis. 1050 2 Ore. | 
TebeZ-3 1400 20 nin. 2220 4 win. 106¢ 2 bre. Teb-1-3 1400 20 min. 2220 $5 min. 1050 2 ore, 
TeheZak 1400 20 min. 2220 4 mir. 1040 2 brs. Tebel-& 1400 20 win. 2220 5 min, 1050 2 ors 
1400 20 min. 2220 min. 1040 2 brs. Tebel 1400 20 min, 2220 5 min, 1050 2 ore 
Teb-F-1 1400 20 min, 2220 + min. 1035 2 ors. T--K-1 1400 20 min, 2220 *» win, 1050 2 ars 
ToheF-2 1400 20 min. 2220 4 min. 1035 2 brs, T-b-¥-2 1400 20 min, 2220 3.75 min. 1050 2 ors. 
T-b-F-3 1400 20 mic. 2220 4 min. 1035 2 brs. T-s-¥-3 1400 20 min. 2220 3.75 min. 1050 2 bre. 
Teb-F-u 1400 20 min. 2720 & oir. 1035 2 hrs. Tea-Vou 1400 20 min. 2220 3.75 mia. 1050 2 ors 
Te4-F-5 1400 20 min. 2220 4 pin, 1035 2 hrs. T-b-0'-5 1400 20 wis. 2220 3.75 mis. 1050 2 brs 
L, HEAT TREATING CONDITIONS FOR THIS TYPE ———————— 1400 20 win. 2220 5 min. 1050 2 ore. 
Te5-A-1 1400 20 min. 2220 « win. 1025 2 bre. T-+$-D-4 1400 20 pin, 2220 4 mia. 1040 2 ore. 
T+5-A-2 1400 20 min, 2220 4 min. 1025 2 hrs. Te5-D-5 1400 20 win. 2220 & min. 1040 2 ors. 
T+5-A-3 1400 20 min. 2220 4 ein. 1a $ 2 bra. T+5-3-1 1400 20 min. 2220 4 min, 1035 2 ors 
Te5-A-4 1400 20 min. 2220 & min. 1025 2 hrs. T+5-E-2 1400 20 min. 2220 4 min, 1035 2 ore 
Te5-a-5 1400 20 min. 2220 4 min. 1025 2 hrs, Te5-E-3 1400 20 gin. 2220 4 min. 10)5 2 bre 
T-5-Be1 1400 20 min. 2220 4 min. 1045 2 brs. 1400 20 win, 2220 4 ais. 1035 2 
T+-5-B-2 1400 min, 2220 4 mio. 10465 2 hrs. Te5-E<5 1400 20 min, 2220 4 win, 1035 2 hrs 
T-$-B-3 1400 pia. 22240 4 min. 1045 2 hrs. T-5-F-1 1400 20 nin, 2220 4 min, 1020 2 hrs. 
1400 4 min. 1045 2 hrs. T-5-F-2 1400 20 min. 2220 4 min, 1020 2 hrs. 
4 win. 1045 2 brs, T-5-F-3 1400 20 min. 2220 4 min, 1020 2 ors 
4 cin. 1020 1-1/2 hrs. T-5-F-4 1400 20 min. 2220 4 mio. 1020 2 hrs. 
4& win. 1020 1-1/2 hre. T-5-Fe5 1400 20 min. 2220 & min, 1020 2 hrs 
4 min. 1020 i-1/2 hrs. Te5-G-1 1400 20 min. 2220 4 aia. 1050 1-1/2 ors. 
4 min. 1020 1-1/2 hrs. T+5-Ge2 1400 20 min. 2220 4 wis. 1050 1-1/2 ors. 
4 min. 1070 1-1/2 brs. Te5-G-3 1400 20 min. 2220 4 ain. 1050 1-1/2 hrs. 
4 pin. 1040 2 1400 20 min. 2220 min. 1050 1-1/2 hrs. 
4 min. 1040 2 hrs. Te5-G-5 1400 20 min. 2220 4 ain. 1050 1-1/2 bre. 
4 win. 2 hrs. 


| 
| 
1400 1400 20 min. 2200 1035 2 nee. 
1400 1400 20 win, 2200 1035 2nre, | 
1402 1400 20 min. 2200 1035 2 bre. 
1400 1400 20 min, 2200 1035 | 
1400 1300 20 min. 2220 105¢ 2 ors. 
1400 1300 20 min. 2220 1050 | 
1400 1300 20 min. 2220 1050 2 ars. 
1400 1300 min. 2220 1050 | 
1400 a 1300 20 win. 2220 1050 2 ars. | 
1400 | 1400 20 min. 2200 1025 2 are. 
We 
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TABLE 3 (Cont.) HEAT-TREATMENT DATA 


TOOL GLANK PRE -HEAT HIGH HEAT TEMPER TOOL BLANK PRE-HEAT hen ~HEAT TEMPER 
| TOOL STEEL NUMBER | TaMP °F) | TEMP rurnace | TEMP NUMOER | Temp | TEMP 
[ MAXIMUM PERMISSIBLE HEAT TREATING CONDITIONS FOR THIS TYPE 1600 20 min, | 2375, 

T-6-a-1 1600 20 mia. 2375 mis. 1050 2 brs. T-6-Beu 1600 20 min. 2375 
T=6-A-2 1600 20 min. 2375 6 mia, 1050 2 bre. T-6-B-5 1600 20 min. 2575 
(4-4-2 1600 20 win. 2375 win. 1050 2 bre. T-6-C-1 1600 20 min. 2375 
+5% Co 1600 20 sia. 2375 4 min. 1050 2 brs. T-6-c-2 | 1600 20 min. 2375 
| ToboAe$ 1600 20 min. 2375 4 min. | 1050 2 bre. T-6-¢-) 1600 20 min. | 2375 
T-6-B-1 1600 20 min. 2375 aio. 1080 2 nts, 1600 20 win. 2375 
| eis. 2375 Sain, | 1080 | 1600 | min. 2375 
_ 20 win, 2975 & ais. | 1080 | 2 brs. i | 
eat REATING CONDITIONS FOR THIS TYPE —————— 1600 20 aia. 2375 
2975 win. | 1050 2 are. 1600 20 min. 2375 
2975 min. | 
2975 win. 1050 2 bre. T-7-G-3 | 1600 20 wis. 2375 
T+7eAny | 1000 20 win. 2975 4 win. } 1050 | 2 brs. T+7-G-4 | 1600 20 min. 2375 
| 


| 1600 20 ais. 2375 & ain. 1050 2 bre. T+7-0-5 1600 20 ais. | 2375 
{| 1600 | 2975 | | 1080 | 2 1600 20 | 2375 
} 7-7-B-2 | 1600 | 2975 | | 1080 2 ms. T-7-R-2 | 1600 20 min. 2375 
T-7-B-) 1600 20 min. | 2375 | 3,08 min. | 1080 2 ars, 1600 20 min. 2375 
| T+7-Beu | 1600 | 20 min. | 2575 3.50 min. 1060 2 bre. T+7-R-4 1600 20 min. 2375 
| | 1600 | 20 wie. 2975 3.50 min. | 1080 || T-7-H-5 | 1600 20 min. 2375 
1600 zomin. | 2375 | ats. | | bre. | | 1600 | 2 ata. | 2375 
| | 1600 | 20 2975 109s are. 1600 20 mia. | 2375 
1600 | 20 win. 2375 1095 |) | 1600 20 min. 2375 
1600 «20min. | 2375 | mtn. 1095 | 2ms. || | 1600 20 mis. 2375 
t-7-c-5 | 1600 | 2010. | 2975 min. 109s tare. | 1600 | 2375 
t-7-0-1 | 1600 | 20 min. | 2975 min. | 1600 | | 2375 | 3.42 min. 
T-7-D-2 | 1600 | 20 mim. | 2975 | % ate. 100 | are. | 1600 | | | 2200 | 2 
t-7-p-) | 1600 | 2010. | 2975 aio. 1100 || 1600 20 mis. 2375 3.67 min. | 2100 2 are. 
T-7-D-§ 1600 ein. | 2375 | aia. 1100 | 1600 ain. 2375 | 3.62 mie. 1100 | 
| 1600 | | 2375 | 4 oo | 1600 | 20 | 2375 [3.42 mtn. | 1200 | 
| 1600 | | 2975 | || | 1600 | 2375 | 1050 | 1-1/2 are. 
T-7-E-2 | 1600 20 min. 2975 | ain. 1050 } 2 ore. T+7-L-2 2600 23975 4 min. | 1050 1-1/2 ors. 
| 00 | toate. 2975 win. 1050 | re. | | 1600 | 275 | 1050 1-1/2 ars. 
| 1600 20 mis 2375 mts. 1050 2hrs. | 1600 2375 win. 1050 | le1/2 ors. | 
| 1600 20 min. 2375 Sein, | 1050 | 2 ars, | | 1600 | 2375 & min. 100 | 1-1/2 bre. 
T+7-F-1 1600 «20 | 2575 | 1055 | 2 are, | | | 2360 | 1200 | 
1600 | 20 2375 4 win. | 155 | 2 mre. 1600 2370 & ein. 1100 2 bre. 
| 1600 20 ain. 2975 win. 1055 2ars. 1600 2380 ais. 1100 2 brs. 
T+7-F-u 1690 20 min. 2975 ain. 1055 2 brs, | | 1590 | 20 min. 2370 nin. 1200 2 are. 
T+7-P-$ | 1600 tn. 2375 4 Bin. 1055 2nrs. | | | 20 min. 2375 4 win, | 1100 2 brs. 
MAXIMUM LE HEAT TREATING CONDITIONS FOR THIS if 
Tell-a-) 1500 20 win. 2250 S$ win. Tel1-G-4 | 1500 2 pin. 2250 5 win. 1030 2 
Tellea-2 | 1500 20 ain, 2250 min. 3 | | | 1500 | 20 ain. 2250 5 min. 
Tell-a-) 1500 | win, 2250 min. 1388 ; Tell-R-1 1500 | 2 ats. 2250 5 min. F 
| Tell-A-4 1500 20 2250 5 alo, 2 T-Ll-H-2 1500 20 sin. | 2250 5 mis. 
| | 1500 20 win. 2280 | | 1030 | | | 1500 20 min. 2250 5 win. 1030 
| 1500 20 min. 1058 | 3 | 1500 20 min. | 2250 5 min. | 
T-11-B-2 | 1500 20 ein. 2290 | «sete, | 3833 3 Tell-H-s | 1500 20 min. 2250 5 min. i033 | 3 
| 1500 20 ain, | | 1500 | 20 ma. | 2250 aia. 
| T+ll-be4 1500 20 min. 2250 | 5 min. 1038 ! 2 T-ll-3-2 1500 20 min. 2250 5 min. od : 
| | 1500 20 min. 2250 5 ain. 1500 20 ais. 2250 5 min. 
| 1500 20 win. 2250 $ mio. 1050 | 2 1500 20 aia. 2250 ais. 2 
T-1-c-2 | 1500 20 ain. | 1500 20 ain, 2250 5 min. F 
| 1500 20 ain. 2250 | min. 2 1500 20 min. 2250 5 min. 10 
| 1500 20 min. 2250 | win. 2 Tell -K-2 1500 20 aia. 2250 5 mia. 1950 2 
Tell -C-5 1500 20 min. 2250 5 mis. 2 T-1l-K-} 1500 20 min. 2250 5 ain. 1059 2 
| T+11-D-1 1500 20 min. 2250 $ min. 1099 2 1500 20 min. 2250 5 ais. 1950 2 
| T+11-De2 1500 20 min. 2250 5 min. 1000 2 T+11-K-5 1500 20 aia. 2250 5 mia. 050 2 
T-11-D-3 1500 20 ain. 2250 5 mia. 1000 2 
1500 20 min. 2250 5 min. 1398 3 T-1l-L-2 1500 20 min. 2250 5 aia. 
| Tell 1500 20 min. 2250 5 ain. 1000 T-ll-L-3 1500 20 win. 2250 min. 
} Tell-z-1 | 1500 20 win. 2250 5 mio. 1888 | 3 T-1i-t-6 | 1500 20 min. 2250 5 min. 9 i 
T-11-B-2 1500 20 ain. 22580 5 min. 1090 2 Tell-L-5 1500 20 min. 2250 5 min. 
T-11-B-3 1500 20 min. 2250 5 min, 1950 2 Toll-M-1 1500 20 min. 2255 3.50 min, } 
T-ll-E-4 1500 20 min. 2250 5 min. 3098 2 T-ll-¥-2 1500 20 min. 2255 4 ain. 1058 : 
1500 20 win. 2250 5 min. 1050 2 1500 20 min. 2250 4 min. 
1495 2 ais. 2250 5 min. 1999 2 1500 20 min. 2250 & ain. 19 
1500 20 min. 2250 min. 1959 2 1500 20 ain. aia. 1030 
1495 20 min. 2250 5 win. 1959 2 T-1l-N-1 1500 20 ain. | 2250 5 aia. 2 
1500 20 min. 2250 min. 1050 2 T-11-N-2 1500 20min. | 2250 5 mia. 2 
T-31-P-5 1500 20 mia. 2250 5 ain. 1950 3 Tell-N-} 1500 20 min. 2250 5 min. 1959 2 
| 1900 | 20 win. 2250 $ min, | 1500 | 20 ain. 2250 | ata. 
1500 20 min. 2250 5 min. BR Tel 1500 20 min. 2250 5 ain. 
T-11-G-3 1500 20 min. 2250 5 min, 1030 2 
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permitted for that particular type of steel. In most instances, 
however, the manufacturer’s recommendations were at the maxi- we 
mums permitted. The furnace atmospheres and temperature of i } 
quenching media were not subject to change and were constantly 
maintained throughout all heat-treating operations. 
Hardening. The hardening operations were conducted in +i: 
semimuffie-type gas-fired furnaces. In preheating, the entire 
tool blank was placed in the furnace on the hearth and a neutral 
atmosphere was maintained throughout the heating cycle. After 
e preheating for the indicated time, the tools were immediately 
transferred to the high-heat furnace. In this furnace the tools 
were heat-treated singly and placed in the furnace so that 7 in. 
of the tool from the cutting end was exposed to the temperature. 
The tools were supported so that the cutting end was located in 


the center of the furnace and completely surrounded by the fur- 
nace atmosphere which was maintained at 6 to 8 per cent CO. 
A cutaway schematic sketch showing location and method of 


Fie. 1 ScHematic Sketcu SHow1ne Toor Hicu-Heat FURNACE 


support of a tool blank in the furnace is presented in Fig. 1. In 
the high heat, the cutting end of the tool blanks reached furnace 
temperature in approximately 2'/, min. 

All tool blanks were quenched in oil maintained at 160 F and 
were allowed to remain therein until the temperature of the 
blanks was equalized throughout at 160 F. After equalization, 
_ the tool blanks were placed in a full-muffle-type electric-resist- 
ance furnace and tempered as indicated in Table 3. At the end 
of the temper heating cycle, the tool blanks were removed from 
the furnace and placed on insulated bricks where they were al- 
lowed to cool in still air to room temperature. 

Tool Preparation. Upon completion of heat-treatment, the 
hardened end of each tool blank was prepared as a right-hand 
roughing tool of the shape and dimensions shown in Fig. 2. This 
tool shape was finally adopted as the result of a series of tests 
conducted to determine the shape of tool to give the most satis- 
factory performance under the conditions governing the cutting 
test. All tool blanks were ground on a Sellers 4T tool grinder, 
using a special cam designed to produce the desired tool shape. 


Fic. 2. Skercu or STanparD Toot Nose 


In the grinding operation, a minimum of !/3: in. of material was 
ground from the hardened blank to insure removal of any decar- 
burized skin from the tool. After grinding, all tools were honed 
by hand to remove any feathered edges. Prior to testing, all 


8 
tool profiles were examined on an optical comparator at a mag- ys 
nification of 10 diam to check the correctness of the tool profile. pre 
Clearance and rake angles were also checked, using hand gages. the 
Any tools found unsatisfactory as to profile, clearance, or rake rect 
angles were corrected by regrinding before testing. elec 

Testing Tools. The tools were then tested by being caused to stai 
cut a nickel-steel forging in a 42-in. Bridgeport lathe under a6 
standard conditions of feed, speed, and depth of cut. This con- our! 
tinuous roughing-cut test was run without lubricant, and the of 1 
life of the tool was determined as the length of time from start of field 
cut to failure of the tool, as indicated by the appearance of a T 
bright burnished streak on the surface ofthe cut. For all types ture 
of high-speed tool steel tested, the depth of cut and feed were Figs 


held constant, being 0.1875 in. and 0.042 in., respectively. The 
surface cutting speed, however, was varied for each type of high- 
speed tool steel so that the average tool life per type would ap- 
proximate 15 min. Fig. % shows the test lathe ready for oper- 
ation. 

The nickel-steel forgings used in this test were originally 10 ft 
long X 24 in. diam and were approximately 200 in Brinell hard- 
ness. Each forging or test log was used until the reduction in 
diameter was such as to cause chatter. At this point the log 
was discarded and replaced by a new log. In so far as possible, 
the testing of all tools of any one type was restricted to one forg- 
ing. However, to compare tools of the same type of high-speed 
tool steel run on different test logs, the difference in machinability 
was determined by use of a large number of standard tools; and 
compensation was made by adjusting the surface cutting speed 
so as to obtain duplication of the average tool life for those 
standard tools of any one type of material. 

Upon completion of the continuous roughing-cut test, the failed 
nose was removed from the tool and the hardened end of the 
blank again ground to a right-hand roughing tool as previously 
described. The location of the second tool nose was approxr 
mately */, in. in back of the first nose. The second nose als0 
was run in the continuous roughing-cut test under conditions iden- 
tical to that of the first nose; and, upon failure, the second nose 
likewise was removed from the tool blank. 

Microstructure of Cutting Face. The cutting face of the tr 
moved tool noses was examined to determine the austenitic gra! 
size and the characteristics of the hardened and tempered mict- 
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WOODING—MICROSTRUCTURE OF HIGH-SPEED TOOL STEEL IN TOOL PERFORMANCE 


Fig. Larue Setup ror Continvows Cuttine Test 


structure. The austenitic grain size was deterniined by the Graff 
and Snyder intercept method in which the specimen, after proper 
preparation, is examined at a magnification of 1000 diam and 
the number of grains intercepting a straight line 5 in. long is 
recorded. The austenitic grain boundaries were developed by 
electrolytic etching in a 10 per cent oxalic-acid solution, using a 
stainless-steel cathode approximately 1 in. from the specimen and 
4 6-volt source, having a current density of 1'/; amp per sq in. of 


surface area. The grain counts reported herein are the average 
of 10 determinations, each count having been made in a separate 
field. 

The characteristics of the hardened and tempered microstruc- 
ture were segregated and divided into 6 classifications, as shown in 


Figs. 4 to 9, inclusive. In determining the characteristics of the 


Fic. 4 Microsrructure 1 


microstructure, each specimem, after proper preparation, was 
etched by being immersed in a 2 per cent nital solution (2 per 
cent nitric acid in ethyl alcohol) maintained at 26 C for exactly 
2 min, after which the surface was immediately flushed with 
alcohol and dried. The specimens were examined at a magnifica- 
tion of 1000 diam using an objective of 0.95 numerical aperture. 
The observations reported herein are considered the average 
characteristics determined for the entire surface. 

Hardness of Tool Face. The Rockwell hardness of the pressure 
face of the tool noses representing the molybdenum types (Mo-W, 
Mo-V, and W-Mo) of high-speed tool steel was determined; and 
the hardness values reported herein are the average of 5 deter- 
minations. These noses were fractured normal to the pressure 
face and the fracture grain size was determined by comparison 


Fie. 5 Microstructure 2 


(Classification of microstructure: Etchant 2 per cent nital; magnification (Classification of microstructure: en 2 per cent nital; magnification 
X 1000.) 
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Fic. 
(Classification of microstructure: 


Fig. 6 Microstructure 3 


(Classification of microstructure: 


magnification 


Etchant 2 per cent nital; 


1000.) 


magnification 


Etchant 2 per cent nital; 


X 1000.) 
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Fie. 9 Mi 
(Classification of microstructure: Etchant 2 per cent nital; magnification 


Fie. 8 Microstructure 5 


Etchant 2 per cent nital; magnification 


X 1000.) 


(Classification of microstructure: 
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TABLE 4 TOOL PERFORMANCE AND METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL; TYPE 14-4-2 


TOOL METALLURGICAL CHARACTERISTICS 
wumpen cuT| AUSTENITIC | 
(MINUTES) GRAIN COUNT (MAG. 1000 x) 
T-1l-A-1-A 13.03 9 
T-1-A-1-B 10.22 9 
9.88 
T+l-A-2-B 7.33 
9.00 2 
T-1-A-}-B 8.50 9 3 
Tel-A-4-A 7.83 8 2 
T-1-A-4-B 10.52 9 
T-l-A-5-A 6.27 6 2 
T+1-4-5-B $.23 
T-1-Bel-A ? 3 
T-1-B-1-B 8.48 9 
T-1-B-2- £.95 2 
T-1-B-2-B 7.72 10 3 
T+1-B-J-A 9.33 2 
T-1-B-3-B 8.0) 10 2 
13.55 12 2 
T-1-B-4-B $.62 10 2 
T-1-B-5-a 10.22 10 2 
T-1-B-5-B 6.65 ll 2 
6.45 12 
T-1-C-1-B 7.17 
6.18 12 5 
T-1-C-2-B 5.99 2 
8.30 il 
P-1-C-3-B 6.79 n 
7.00 5 
T-1-C-4-B 5.62 10 6 
Te1-C-$-a 7.98 5 
T-1-C-5-B 10.23 12 
T-1-D-l-A 9.05 12 5 
Te+l-D-1-B +.” 
TH1-D-2-a 5.02 
T-1-D-2-B 4.82 le 5 
13 


tone TOOL LIFE METALLURGICAL CHARACTERISTICS 
CONTINUOUS TEMPERED 
ROUGHING CUT AUSTENITIC 
NUMBER | (MINUTES) | GRAIN count 
T-1-D-3-F 5.22 5 
9.57 
T-1-D-4-8 3.80 12 5 
T-1-D-+$-A 4.50 ll 5 
T+1-D-5-B 6.07 10 5 
13.50 10 3 
T-1-E-1-3 5.25 12 4 
T-1-B-2-A 6.03 9 3 
T-1-2-2-B 9.00 10 
T-1-E-}-A 18.67 9 2 
T-1-B-3-8 5.95 10 3 
T-1-B-4-A 7.39 9 3 
T-1-B-4-B 9.07 10 & 
T-1-B-5-A 14.03 9 3 
T-1-E-5-8 6.27 9 5 
T-1-P-1-a 10,75 7 2 
T-+1-P-1-B 10.38 3 
T-1-F-2-a 6.40 9 s 
T-1-P-2-B 5.05 9 
T-1-F-3-a 7.08 9 3 
T+1-P-3-B 7.65 3 
7.95 9 2 
T-+1-F-4-B 3.50 9 6 
T-1-F-5-B 4 
T-1-G-1-a 16.25 n 3 
T-1-0-1-B 6.72 12 
T-1-0-2-4 8.63 n 6 
T-1-0-2-B $.32 12 
T-1-0-3-a 10,63 9 
T-1-6-3-3 6.20 12 3 
7.83 + 6 
7.18 4 
T-1-0-5-A 10.00 e 2 
T-1-6-5-B 6.00 3 


with Shepherd fracture grain-size standards. The fracture 
grain-size determinations given herein are the average of the read- 
ings of 3 observers. 

The results of tool performance in the continuous cutting test 
recorded in minutes and the metallurgical characteristics deter- 
mined for the tool noses are given in Table 4. 

Tool Life. The average tool life in minutes determined for 
each type of high-speed tool steel included in this investigation 
is presented in Table 5. 


TABLE 5 AVERAGE TOOL LIFE pth ag bly FOR EACH TYPE 
F HIGH-SPEED TOOL STE 


144-2 18-4-1 18-4-2 Mo-W Mo-V cent Co 
8.03 13.59 14.59 11.59 10.14 16.66 


18-4-1 + 5 per cent Co W-Mo 
9.59 16.50 


TABLE 4 (Cont.) 


TOOL PERFORMANCE AND METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL; 
TYPE 14-4-2 + 5 PER CENT Co 


Comparisons of tool life in minutes with the austenitic grain 
count, the hardened and tempered microstructure classification, 
Rockwell hardness, and Shepherd fracture grain size of the in- 
dividual tool noses of each class are’given in Tables 6, 7, 8, and 
9, respectively. 

As indicated in Table 6, there appears to be no direct relation- 
ship between austenitic grain count and tool life. In the major- 
ity of classifications, the average tool life for any one classification 
varies but slightly from the average tool life determined for each 
type, as given in Table 5. Likewise, there appears to be no 
definite trend which might indicate the influence of grain size on 
tool performance. However, in several instances, tools of the 
very coarse grain or low grain count exhibited a prolonged tool 
life for some types of high-speed tool steel. 


Relation of Microstructure to Tool Life. In comparing micro- 


TOOL LIFE METALLURGICAL CHARACTERISTICS TOOL LIFE METALLURGICAL CHARACTERISTICS 
TOOL CONTINUOUS TEMPERED CONTINUOUS TEMPERED 
numpen |ROUGHING CUT | Haroness | AUSTENITIC || | ROUGHING CUT] Haroness | AUSTENITIC 
(MINUTES) SCALE | GRAIN COUNT | (mag i000x) (MINUTES) | “c” scace. | GRAIN COUNT) 
08 65.7 1 19.05 6 
15.23 2 
20.12 5.7 e 2 2U.08 8 1 
23.75 1 19.8: 10 2 
35.17 05.7 5 3 T+6-P-5-8 2 
21.803 2 10. e 4 
21.82 65.7 $ 1 T+6-C-1-8 33.30 
16,28 ? 2 32.4) 5 2 
13.67 65.7 6 & T-+6-C-2-3 15.50 5 3 
21.00 ? 2 T+6<C-3-A 10.00 64.5 5 3 
17.60 62.5 6 13.72 2 
T+6-B-1-B 16,07 8 1 16.03 $4.5 4 3 
17.75 62.0 6 2 11.70 3 
18.17 2 14.97 6 5) 
19.20 62.0 6 2 13.25 3 
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TABLE 4 (Cont.) 


TOOL PERFORMANCE AND METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL; TYPE 18-4-1 


TRANSACTIONS OF THE A.S.M.E. 


700. TOOL LIFE METALLURGICAL CHARACTERISTICS reo. TOOL LIFE METALLURGICAL CHARACTERISTICS 
AUSTENITIC TEMPERED TEMPERED 
| ROUGHING CUT) count | MICROSTRUCTURE NUMBER | ROUGHING CUT MICROSTRUCTURE 
(MINUTES) (MAG, 1000 x ) (Mie UTES) (mag. 1000 ) 
T+2-A-1-A 16.78 12 5 Te2eLel-a 11.80 3 
T-2-A-1-B 15.70 13 6 T+2-L-1-B 10.23 10 4 
Te2-A-2A 16.40 12 21.02 ul 3 
T+2-4-2-3 15.83 13 6 T+2-1-2-B 10.65 
T+2-A-3-A 14.48 12 5 T+2-L-3-A 9.47 12 
T+2-A-3-B 16.62 10 T-2-L-3-B 10.62 13 
T+2-A-6-A 13.55 12 3 15.27 12 2 
T+2-A-4-B 10.55 1s T+2-1-4-B 11.40 1 
T+2-A-5-A 11.23 10 6 Te2-L-5-A 13.73 12 ° 
T-2-A-5-B 15.25 le T-+2-1-5-B 17.67 12 5 
T-2-B-1-A 15.98 13 2 T-2-"-1-A 17.67 3 6 
T+2-B-1-B 13.83 le 2 T-2-¥-1-B 16.60 6 
T-+2-B-2-A 12.28 1 T+2-¥-2-4 17.10 13 
T-2-B-2-B 12.03 13 T-2-4-2-B 14.65 6 
T-2-B-3-A 13.35 12 2 T+2-M-}-a 9.93 12 
T-2-B-3-B 11.62 10 2 T+2-4-3-B 15.12 5 
T-2-B-4-a 16.57 9 1 T-2-K-4-A 10.8) 10 . 
T-+2-B-4-B 13.70 10 1 T-2-M-4-B 10.25 15 5 
T+2-B-5-A 14.02 12 T+2-M-5-A 16.70 12 
T-2-B-5-B 15.37 13 1 T-2-K-5-B Tool) failed due to pipe; in bar 
T+2-Col-a 11.45 5 T+2-Ne1-A 7.13 19 ° 
T+2-C-1-B 9.53 5 T+2-N-1-8 le 5 
T-2-C-2-A 21.07 us T+2-N-2-A le 
T+2-C-2-B 25.50 le T-2-N-2-8 6.08 3 5 
11.40 6 T+2-N-3-A 12.49 le 6 
T+2-C-3-B 11.35 ul 6 T-2-N-}-B 7.48 3 5 
12.03 12 5 T+2-N-4-A 16. 9 17 6 
T-+2-C-4-B 11.87 12 5 T-2-N-4-B 19,03 
T+2-C-5-A 12 T-2-N-5-A 8.75 6 
T+2-C-5-B 9.60 us 5 T-2-N-5-B 11.20 10 ° 
T+2-D-1-a 10.53 1 T+2-0-1-a 6.45 13 6 
T-2-D-1-B 13.07 T-2-0-1-B 8.47 10 
Te2-D-2-A 16.88 3 1-2-0-2-4 15.78 10 
T-2-D-2-B 16.97 3 6 T-2-0-2-8 12.37 10 5 
T+2-D-3-a 9.83 13 T+2-0-3-A 13.22 12 
T-2-D-3-B 8.02 5 T+2-0-3-B 9.62 12 5 
T-2-D-4-A 10.15 12 5 T-2-0-6-A 1C.72 be 
T-2-D-4-B 13.30 12 6 T-+2-0-4-B 13.83 15 
T-2-D-5-a 16.50 12 T+2-0-5-A 11.05 13 
T-2-D-5-B 13 5 T+2-0-5-B 7.55 12 5 
T-2-B-1-A 14.05 10 2 T-2-P-1-A 7.79 ll 
T-2-E-1-B 14.05 9 2 T-2-P-1-B 9.70 12 
T+2-B-2-A 15.37 12 2 To2-P-2-A 13.75 12 } 6 
T-2-E-2-B 16.50 12 2 T-2-P-2-B 7.95 10 } 6 
T-2-E-3-A 8.50 13 5 T+2-P-3-A 9.37 13 | 6 
T-2-E-3-B 9.47 16 T-2-P-3-B 8.40 | ° 
11.02 12 3 5.97 6 
T+2-E-4-B 12.62 15 T-+2-P-4-8 6.32 12 5 
T-2-B-5-A 11.67 10 3 T-2-P-5-A 10.37 n 
T+2-B-5-B 14.90 12 2 T-2-P-5-B 10,88 12 
T+2-P-1-A 11.83 13 5) T+2-R-1-A 23.69 10 
T-+2-P-1-B 12 3 T-2-R-1-B 10.67 12 
T-2-P-2-A 18.12 10 ry T+2-R-2-A 23.99 10 } 
T-2-P-2-B 18.28 ul T+2-R-2-B 8.99 6 
T+2-F-3-a 14.10 u T+2-R-3-A 0.86 6 
T-2-F-3-B 12.85 u 5 T-+2-R-3-B 9.50 10 6 
T-2-P-4-A 14.67 12 3 | T-2-R-4-A 13.10 12 5 
T-2-F-4-8 13.97 2 | T-+2-R-4-B 11.5% 6 
T-2-F-5-A 9.95 12 | 20.63 12 
T-2-P-5-B 15.90 3 | 10 
T-2-G-1-A 12.88 6 9.61 
T-2-G-1-B 10.20 5 14.99 
T-2-G-2-a 12.63 6 36.0) 10 
T-2-G-2-B 12.88 5 8.32 
T-2-6-3-a 15.55 5 T+2-3-3-A 6.8% 
T-2-G-3-B 13.18 ll 6 T-2-S-)-P 10.78 ul 5 
10.73 13 5 T-2-S-4-A 36.07 1 
T-2-G-4-B 15.65 12 6 T+2-S-4-B 22.90 2 
T-2-G-5-A 16.55 13 T+2-5-5-A 9.09 12 
T-2-0-5-B 9.28 13 5 T-2-3-5-B 9.50 13 
T-2-H-1-A 11.90 13 2 T-2-T-1-a 15.75 12 
T-2-H-1-B 12.70 12 2 1-2-T-1-B 22.33 10 5 
T+2-H-2A 26.58 12 2 T+2-T-2-A 8.75 13 > 
T-2-H-2-B 14.28 12 T-2-T-2-B 6.95 6 
T-2-H-3-A 16.00 2 T-2-T-3-a 5.17 10 5 
T-2-H-3-B 18.37 u 2 1-2-T-3-B 18.87 10 5 
T-2-H-4-A 15.62 12 8.57 5 
T-2-H-6-B 17.03 u 2 T-+2-T-4-B 10.60 8 6 
T-2-H-5-A 21.98 12 2 T+2-T+S-A 18.66 10 5 
T-2-H-5-B 16.90 10 2 T-2-T-5-B 3.38 8 5 
8.92 12 21.76 10 
T-+2-3-1-B 9.68 T-2-¥-1-B 16.16 12 5 
Te2-J-2-A 12.17 12 3 T+2-V-2-A 26,22 ll 3 
13.95 13 5) T-2-V-2-B 22.83 a2 5 
T-2-3-3-B 13.82 5 T-2-¥-3-B 33.08 5 1 
10.85 13 3 T+2-V-u-A 25.55 10 4 
8.82 T-+2-V-4-B 17.23 n & 
10.63 12 2 T-2-V-5-A 15.15 5 
14.05 3 T-2-V-5-B 33.18 2 
P-2-K-1-A 17.08 12 21.20 9 3 
To2-K-1-5 13.87 12 6 T-2-W-1-B 15.22 9 3 
13.87 ll 13.35 10 5 
10.53 10 6 T-2-W-2-B 11.52 13 
12.70 ul 3 18,38 ul 1 
10.68 12 6 T-2-W-3-B 13.22 13 1 
10.50 2 9.20 8 4 
T+2-K-b-B 14.27 lo 4 T-2-44-B 16,23 9 3 
6 13.37 10 2 
5 T-2-"-5-B 10,57 12 6 
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TABLE 4 (Cont.) TOOL PERFORMANCE ”_ 


WOODING—MICROSTRUCTURE OF HIGH-SPEED TOOL STEEL IN TOOL PERFORMANCE 


METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL: 
E 18-4-1 + 5 PER CENT Co 


[ TOOL TOOL LIFE METALLURGICAL CHARACTERISTICS TOOL TOOL LIFE METALLURGICAL CHARACTERISTICS 
 AUSTENITIC TEMPERED | AUSTENITIC TEMPERED 
numper |ROUGHINGCUT) | MICROSTRUCTURE numper [ROUGHING CUT count | MICROSTRUCTURE 
(MINUTES) (MaG. 1000 x) (MINUTES) (maG.1000X) 
5.00 13 T+7-G-1-A 15.83 
T-+7-A-1-B 6.10 12 3 47.77 12 3 
9.65 5 T+7-6-2-B 18.45 10 2 
12.23 12 11.05 12 3 
7.30 12 T-7-5-3-B 5.4? 13 6 
12.17 u 6.95 12 6 
12.28 12 8.60 12 © 
9.58 12 T+7-0-5-A 39.68 10 1 
11.53 T+7-0-5-B 20.27 10 2 
11.10 15 14.80 16 3 
T+?-Be1-F 6.70 le T+7-H-1-B e 
T+?-B-2-A 6.37 12 10 
[+?+B-2-B 7.27 16 T-7-H-2-B 12 3 
T+7-B-J-A 4-15 13 11.50 10 
9.82 12 2 T+7-H-3-5 8.288 12 3 
8.28 is 2 5.77 5 
T+7-B-4-B 9.53 15 2 9.25 9 5 
9.22 12 10.00 9 
T+7-B-5-B 10.05 us 2 9.78 9 3 
6.33 @.17 16 3 
T-7-C-2-B 5.77 12 T-+7-J-2-8 6.97 10 3 
6.37 4 5.63 13 
5.18 12 7.38 le 
7.3? n &.58 16 
6.22 3 3 146.00 1 
9.67 13 3 10.00 1z 3 
#.39 10 T+7-K-l-A 6.50 6 5 
#.07 10 $ T-7-K-1-B e.18 5 
T-7-De2-A 9.58 9 T+7-K-2-a 42.22 10 5 
T+7-0-2-B 6.68 9 7.92 8 6 
joa 12.56 6.55 6 3 
T+7-De 7.32 9 T-+7-¥-3-B 10.80 e 5 
21.96 ? 2 9.42 13 6 
9 T+7-K-4-B 13.33 11 5 
9.28 8 2 T-7-K-5-A 10.72 12 6 
T+7-D-5-B 15.52 ? 1 T-7-K-5-B 10.88 12 5 
9.18 12 2 7.28 12 5 
T+?-E-1-8 6.07 T-+7-L-1-B 6.00 12 
T+7-B-2-A $.67 7.95 17 6 
12.72 13 2 T-+7-L-2-B 7.30 ° 
8.37 a 2 T+7-L-3-A 13.00 17 
1 2 2.47 le 5 
-2-4-B 13.65 1) 10.95 17 6 
T+7+8-5-A 6.93 » 17 6 
T-7-E-5-B 9.60 12 2 Te7-1 5.88 1? 6 
Te7-Fel-a 13.17 9 2 9450 7 2 
T-7-F-1-B 8.93 10 2 12.72 9 
7.57 16.50 9 2 
8.00 @.29 9 3 
T+7-F-J-Aa 6.33 10 20.65 7 2 
9.05 2 6.47 8 3 
15.12 9 16.30 ? i 
T+7-F-4-B 12.08 19 13.13 2 
5.37 8.22 10 2 
Te7-F-5-B 8.50 13 2 8.29 


structure with tool life, Table 7 indicates that microstructure has 
4 definite influence on the performance of tools in the continuous 


cutting test. 


classification. 


; The average tool life for each classification of 
microstructure shows a very orderly regression from maximum 
to minimum, with change in microstructure from 1 to 6 for each 
type-of high-speed tool steel. The majority of the high and low 
values for each classification also show the same orderly re- 
gression. Likewise, the average tool life determined for each 
type of material falls in the middle of the range of microstructure 


Fig. 10 presents a bar graph illustrating the effect of micro- 
structure and austenitic grain size on the tool life of single-point 


tools in the continuous cutting operation, as determined in this 


investigation. 


The comparison of Rockwell hardness with tool life, as pre- 
sented in Table 8, for the molybdenum types of high-speed tool 
steel included in this investigation fails to show any definite 


relationship between these characteristics. 


The results of this 


comparison would indicate that, within limits, hardness is not 
necessarily a factor in the performance of tools in a continuous 
cutting operation. 


Influence of Fracture Grain Size. 


Table 9 indicates that some 


trend might be expected in the influence of tool life by fraeture 


grain size. 


Though the averages for each classification show 
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292 TRANSACTIONS OF THE A.S.M.E. 


TABLE 4 (Cont.) 


TOOL PERFORMANCE AND METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL; TYPE 18-4-2 


TOOL LIFE METALLURGICAL CHARACTERISTICS 


TOOL LIFE METALLURGICAL CHARACTERISTICS 


T+3-A-5-B 15.93 5 
T-+3-B-1-8 13.37 9 
T+}-B-2-a .0? | 
T+3-B-2-B 14.08 12 5 
10.38 10 | 
T-3-B-3-P 13.33 10 | 


TOOL 
yer AUSTENITIC eur AUSTENITIC 
(MINUTES) GRAIN COUNT (MAG 1000 X) (MINUTES) GRAIN COUNT | (MAG 1000 X) 

Te 11.17 ll 
? 5 16.85 e 
Te3-A-2-8 6 1).15 9 3 
11.65 6 11.75 10 5 
T+3-A-3-B 10.7 12 11.58 12 
Te 12.1C 6 T+ 12,48 9 3 
5 T+3-E-4-B 13.78 10 


Te 13.33 $ 


T-}-E-5-B 9.65 

16.53 lo . 
T+3-F-1-8 43.22 10 
Te 14.52 5 
T-3-F-2-B 17.62 do 5 
10.9) 6 
T-}-F-+B 15.62 


42.1) 9 | 13.65 | 12 
T-}-Beu-5 15.35 10 | 4 Te} 11.85 | do 
| 15.88 T+ 3-F-5-A 17,22 10 
Te3-B-5-B 16.17 | 5 T+ 3-P-5-5 17.28 $ 
13.67 12 15.23 15 
T=}-C-1-B 13.20 5 12 é 
12.93 10 23-2 -B 13.85 le 

12.0) Te}-G-)-8 14.90 5 
10.82 3 14.50 b 
13.32 10 17,82 10 
Te3-C-5-B 12.60 T+3-0-5-B 10 . 
16.68 do 15.68 15 4 
7.77 9 T+}-H-2-A 9.55 12 
13.10 12 5 T-3-H-2-B 17.06 ls 

12.93 5 3-8 20 12 
T-3-D-e-B 17.50 12 15.56 13 


some regression with increasing fineness of fracture grain size, 
the orderliness of the regression does not approach that exhibited 
by the influence of microstructure on tool life, as shown in Table 
7 or Fig. 10. In view of this apparent relationship between 
fracture grain size and tool life, an effort was made to determine 
the relationship of fracture grain size with microstructure classi- 
fication and austenitic grain count. 

Table 10 presents the results of this effort and the general 
averages indicate that fracture grain size is influenced by both 
the microstructure and austenitic grain count, in that there is 
an orderly regression from coarse to fine fracture grain size with 
change in microstructure from 1 to 6, and change in grain count 
from low to high. However, the individual averages for any one 
grain size do not show any orderly regression of fracture grain 
size with changes in microstructure; and therefore it is believed 
that the relationship between microstructure and fracture grain 
size, as indicated by the general averages, is due to the fact that 
the average grain size of tools, exhibiting microstructures of low 
number, was somewhat coarser than that of tools in which the 
microstructure was of higher classification. 

Relation of Microstructure to Austenitic Grain Cgunt. In view 
of the relationship shown in Table 10, it was considered desirable 
to determine the relationship of microstructure to austenitic 
grain count. Table 11 presents the results of the comparison of 
these two properties. As indicated, there appears to be but little 
correlation between microstructure and austenitic grain count in 
that changes in microstructure from 6 to 1 are accompanied by 
only a slight reduction in grain count. However, it is also 


indicated that, within limits, any classification of microstructure 
may occur having the same austenitic grain count. 

Since the majority of all tools for all the types of high-speed 
tool steel, except type 14-4-2 + 5 per cent Co, fall within the 
austenitic-grain-count range of from 8 to 13, the data were re- 
grouped to determine the average tool life for various classifica- 
tions of microstructure within the austenitie-grain-count ranges 
of 8-9, 10-11, and 12-13 and for type 14-4-2 + 5 per cent Co, 
within the austenitic-grain-count ranges of 6-7, 8-9, and 10-11. 
This comparison is presented in Table 12; and the values of tool 
life in minutes presented therein for each grain-count range are 
the averages of 3 or more observations. The average values pre- 
sented for each type of steel cover the full austenitic-grain-count 
range indicated and include all observations. The data indicate 
that austenitic grain count does not overly influence the order- 
liness of the regression of tool life with the change in microstruc- 
ture from 1 to 6. 

Performance of Single-Point Tools. In order to facilitate the 
illustration of the influence of austenitic grain count and the hard- 
ened and tempered microstructure on the performance of single- 
point tools in continuous cutting operations, the data presented 
in Table 12 for types 18-4-1, Mo-W, and W-Mo were plotted in 
three-dimensional diagrams and are presented in Figs. 11, 12; 
and 13. In the preparation of these diagrams it was necessary 
to extrapolate several missing points. The extrapolated portions 
of the diagrams are drawn in with broken lines. These diagram* 
readily indicate that for a given grain size, microstructure greatly 
influences tool life; whereas, the influence of grain size for a give? 


MAY, 1947 


| | | 
| 
| 
| 
| 


WOODING—MICROSTRUCTURE OF HIGH-SPEED TOOL STEEL IN TOOL PERFORMANCE 


TABLE 4 (Cont.) TOOL PERFORMANCE AND METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL; TYPE Mo-W 


TOOL LIFE 
CONTINUOUS 
ROUGHING CUT 

(MINUTES) 


METALLURGICAL CHARACTERISTICS 


ROCKWELL 
HARONESS 
SCALE 


AUSTENITIC 
GRAIN COUNT 


TEMPERED 
1000 xX) 


MICROSTRUCTURE 


HARDENED 
FRACT URE 
GRAIN SIZE 


TOOL LIFE 
CONTINUOUS 
ROUGHING CUT 

(MINUTES) 


METALLURGICAL CHARACTERISTICS 


ROCK WELL 
HARONESS 


AUSTENITIC 
GRAIN COUNT 


TEMPERED 
MICROSTRUCTURE 
(MAG 1000 xX) 


HARDENED 
FRACTURE 
GRAIN SIZE 


11.68 
14.70 
10.63 
10.77 

6.17 

9.78 
30.76 
10.00 
42.4) 
13.87 
10.18 
31.36 
12.58 
32.10 
14.4) 
14.0) 
10.30 
43.57 
11.25 


5 


T-+4-G-2-B 
T+4-3-4-B 
T~4-G-5-B 
Tou 
T+4-H-3-3 


T-4-3-3-8 
T-4-J-4-B 
T-4-J-5-B 
Tea-K-1-B 
TeboK-2-B 
T-4-K-4-8 
T-4-K-5-8 
T+e-L-2-B 
Tes-1-3-3 
T-4-1-5-B 
T-4-""-1-B 
T+ 
TH 


10.15 
19.30 
19.58 
10.35 
11.27 

9.10 

8.02 
16.93 
14.68 

9.00 


10 


9 
10 


9 


8-1/2 
8-3/6 
8-3/4 
8-1/2 
8 

8-3/6 
8-1/2 
8-3/6 
8-1/2 
8-3/6 
8-1/2 
&-1/2 
9 

9 

8-3/6 
8-3/6 


7 293 
| 6.5 b 8-1/2 66.0 
66.0 ll 8-3/6 63.5 9 
| 06.5 12 2-3/6 66.0 
| 6 9 66.6 10 
| 64.5 6 9 64.5 9 
| 65.7 2 8-3/6 9.22 64.0 n 
63.5 2 2-1/2 11.60 63.0 6 
| 64.7 10 6.88 63.8 n 6 
| joa 63.5 12 8-9/6 6).0 10 
| 65.0 Le i 2-3 T-4-H-5-B 8.37 64.8 
20482 65.2 10 | Tobe 10.03 65.2 10 = 
| 7.86 65.5 5 8-3/6 10.20 65.3 le 8-3/6 
8.32 65.2 32 9 12.30 65.2 12 2-3/4 be 
| £.90 63.6 12 6 9 8.30 65.0 12 
| 65.2 12 5 8-3/6 9.60 65.2 12 9 
| | 20,29 é 9.05 64.9 12 8-3/4 
led 9.8) 64.0 20 6 13.68 65.0 6 
| 63.0 20 9-1/6 17.63 ? 
| 1.36 63.5 20 6 16.91 65.2 ? 8 
| | 20 6 8-1/2 15.12 5 «one 
| 64.0 20 6 8-1/6 6 
| 7.8% 65.3 20 6 28.7% 65.0 5 2-3/4 
| 6.32 63.8 20 9-1/6 21.81 6 
| 22035 64.9 20 5 25.75 64.5 1 2 
10.6% 65.5 20 5 9-1/6 42.69 5 1 ---- 
13.10 65.5 10 2 8-1/2 5.69 65.8 5 
ure | 12232 6.5 10 2 5.92 64.8 12 5 9-1/2 
| “22,28 65.5 10 2 8-1/2 2.36 64.9 12 5 9-1/6 
| 17.42 65. | 9 25.36 65.9 12 2 
the | 9 8-3/6 | 65.4 13 9 
re- 13.15 65.5 2 8-3/6 } 9.39 65.5 15 9-1/4 
| 38.57 1 } 6.28 66.1 13 5 9-1/2 
ges | 23.18 65.5 C-3/e | 15.40 65.9 20 
Co | 10,92 €4.5 } 8-1/2 1.49 65.8 ls 6 
| | 22.03, 65.5 12 8-3/6 9.20 83.7 3 | 
ll. | | 10.92 10 8-3/6 13.83 63.5 10 3 8-1/2 | 
ool | 65.5 10 13.33 65.0 2 8-3/6 
are | 12.02 10 8-1/2 11.55 64.6 10 8-3/6 
| 12,60 05.3 i 7.83 53.5 8-1/2 
unt 2 65.5 10 3 P= 9.18 85.0 
ate | 10.49 65.8 10 2 53.9 12 2 4 
the 
rd- 
rle- 
ted 
in 
ons 
ms 
tly 
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TABLE 4 (Cont.) TOOL PERFORMANCE AND METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL; 


MAY, 1947 


TYPE Mo-V 


TOOL LIFE METALLURGICAL CHARACTERISTICS TOOL LIFE METALLURGICAL CHARACTERISTICS a 
TOOL CONTINUOUS TOOL CONTINUCUS 
ROCKWELL TEMPERED HARDENED ROCKWELL TEMPERED HARDENED 
numper |ROUSHINGCUT| Haroness | AUSTENITIC | FRACTURE numper [ROUGHING CUT | Haponess | AUSTENITIC | FRACTURE 
(MINUTES) scace | SRAIN COUNT | (mag. 1000x) GRAIN SIZE (MINUTES) | ScALE | GRAIN COUNT | (wag i900 x) GRAIN SIZE 
12.23 65.0 10 8-1/2 9.60 63.9 2 
T+5-A-1-B 10.33 64.0 9 5 8-1/2 Te5-DebeA 9.20 6a.3 8 2 7-1/2 | 
11.73 64.9 10 4 8-1/2 T+5-D-4-B 11.65 63.9 8 7-1/2 
Te5-A-2-B 10.78 66.7 9 8-3/4 11.33 64.0 3 2-1/2 
13.13 65.1 9 3 8 Te5-D-5-B 7.02 63.7 10 e-1/2 | 
T-5-A-3-B 10.52 64.7 8 63.5 9 5 
11.55 10 3 7-1/2 Te5-8-1-B 6.58 63.8 6 | 
T+Sea-4-B 13.73 64.5 2 8 7.50 64.4 12 6 
13.47 64.7 9 7-1/2 #,52 64.0 10 6 8-3/4 
12.28 65.0 10 5 8-1/4 6.08 64.2 6 8-1/6 
T+5-Bel-A 16.78 65.6 9 2 e T-5-E-3-B 7.07 64.2 10 6 Bo3/4 
T-5-B-1-B 8.62 64.0 10 2 8-1/2 9.48 63.5 10 6 8-3/4 | 
Te5-B-2-A 9.98 65.3 3 8-1/2 @.37 63.6 9 6 8-1/2 
T-5-B-2-B 12.37 63.8 9 2 8-3/4 64.0 | ll 4 8-1/2 | 
T-5-B-3-A 10.70 63.5 10 2 7.35 63.3 9 9 
T+5-B-3-B 9.02 64.0 9 3 8-1/2 7.77 63.8 12 3 
12.25 65.5 ll 2 @-1/2 T-5-P-1-B 7.95 64.2 
T+S<B-4-8 12.32 64.0 ll 2 8-3/6 T+5-P-2-A 16.10 12 6 | 
2.87 64.5 10 2 8-1/2 T+$-F-2-B 6.33 65.0 6 | 
T+5-Be5-B 15.30 65.4 10 2 8-3/6 9.27 6 | 
TeSeCelean 7.52 64.6 12 6 T-5-F-3-B 11.40 04.5 6 
Te5-C-1-B 6.07 64.0 6 9 T+5-F-4-A 7.97 04.9 ll 6 8-3/6 
9.58 65.0 5 2-3/6 T-+5-F-4-8 65.0 ll 6 8-3 | 
T-5-C-2-B 6.52 65.0 5 8-3/6 8.37 65.3 9 
8.00 64.5 10 6 8-1/2 8.88 65.0 10 9 
T-5-C-3-B 9.20 63.9 9 8-3/e 13.40 66.5 12 3 
10.10 65.2 lo 6 8-1/2 T-5-0-1-B 11.63 64.2 12 3 
T-5-C=4-3 8.08 64.6 10 6 8-1/2 1.52 64.6 8-1/6 
T-5-Co5ea 6.78 65.3 6 8-1/2 T-5-6-2-B 30.63 64.5 ‘ 8-3/4 
T-5-C-5-B 10.27 65.0 10 6 8-3/6 12.47 64.3 12 5 
9.13 66.2 5 T-$-6-3-B 7.00 bb ob 6 9 
9.53 63.8 8 10.32 64.5 11 6 8-3/6 | 
9.92 63.5 T+5-G-4-B 11,10 63.8 5 
T+5-D-2-B 9.07 63.6 ? 7-3 Te5-G-5-A 10.63 63.9 10 6 
T-5-D-3-A 17.82 63.7 9 2 T-$-6-5-3 12.10 63.5 12 6 5 
—— 


microstructure classification may have a positive or negative 
effect on tool life. 

Tool Life Function of Red Hardness. Tool life, in the continu- 
ous cutting operation utilized for this test, is generally accepted 
as a function of red hardness. In view of the correlation of micro- 
structure with tool life, and the fact that red hardness may be 
regulated by changes in the austenitizing temperature during heat- 
treatment, an effort was made to determine what effect changes in 
the austenitizing temperature would have on the characteristics 
of the hardened and tempered microstructure of a single bar of 
high-speed steel. One bar each of three types of steel, namely, 
types 18-4-1, Mo-W, and W-Mo, was selected, and specimens 
1/,in. diam X 2 in. long were cut therefrom and heat-treated, as 
indicated in Table 13. The atmospheres of the preheat and high- 
heat furnaces were identical with those previously used and the 
heating rate of the high-heat furnace was such that the specimens 
were up to heat in 2 min and 23 sec. 

After heat-treatment, the specimens were sectioned and pre- 
pared for metallographic examination as previously described. 
The results of this investigation are shown in Fig. 14 and indicate 
that the characteristics of the hardened and tempered micro- 
structure progressively change from classification 6 to classifica- 
tion 1 as the austenitizing temperature is increased. 

It is to be noted in Table 3 that in preparing the various tool 
blanks for the continuous roughing-cut performance test, there 
were but few small variations in heat-treatment for the lots of 
steel within any one type of high-speed steel. In view of this and 
the variations in the characteristics of the microstructure found 
within any one type, it was considered probable that there may 
be a variation in the speed of reaction at the austenitizing tem- 


perature between various lots of the same type of high-speed tool - 


steel. 


ADDITIONAL TEsTS 


In order to determine if a difference in the speed of reaction at 
the austenitizing temperature existed between different lots of the 
same types of high-speed tool steel, samples were obtained from 
4 lots of each of three types of steel and, after austenitizing each 
type at a temperature for various lengths of time, were examined 
to determine the characteristics of the hardened and tempered 
microstructure. The compositions of the bars used together 
with the heat-treatment of specimens '/, in. diam X 2 in. long 
made therefrom are given in Table 14. After preparation for 
metallographic examination as previously described, the austen- 
itic grain count and characteristics of the microstructure of each 
specimen were determined. The results of this examination are 
presented graphically in Fig. 15 and indicate that a difference in 
the speed of reaction at the austenitizing temperature exists be- 
tween various lots of the same type of steel, since the time re- 
quired to develop a change in the microstructure varies for each 
lot of steel. Also, it is to be noted that the austenitic grain count 
of the specimens shows approximately the same rate of grain 
growth. 

However, there appears to be no relationship between the 
characteristics of the hardened and tempered microstructure and 
a definite grain size. 

In order to establish more definitely the effect of the hardened 
and tempered microstructure on the performance of high-speed 
tool steels, tool blanks were obtained from materials the composi- 
tions of which are given in Table 13; and, except for variations 
in the austenitizing temperature, were heat-treated at the maxi- 
mum conditions given in Table 3 for the particular types of steel. 
The austenitizing temperatures in these heat-treatments were 
regulated to produce variations in the characteristics of the hard- 
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TABLE 4 (Cont.) TOOL PERFORMANCE AND METALLURGICAL CHARACTERISTICS HIGH-SPEED TOOL STEEL; TYPE W- 
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TOOL 


TOOL LIFE 
CONTINUOUS 
ROUGHING CUT 
(MINUTES) 


METALLURGICAL CHARACTERISTICS 


ROCKWELL 
HARONESS 
SCALE 


AUSTENITIC 
GRAIN COUNT 


TEMPERED 


MICROSTRUCTURE 
(MAG 1000 x) 


~ HARDENED 
FRAC TURE 
GRAIN SIZE 


Tell -A-1-a 
T-Ll-A-1-B 

Tell-A-2-b 
T-ll-A-3-a 
Tell 


T+11-B-5-B 
T+1l-Celea 
T-11-Co1-B 


Tell-C-3-B 


Tell-CobeB 


Dell 
Toll 

‘Tell -F-s-5 
<4 
Tell 
Tell-Ge20p 
Tell 


26.92 
20.65 
16.87 
13.48 
24.73 


07.0 


66.9 


8 
il 
9 


NUMBER 


Tell-I-3-5 
Tell-J-4-8 
Tell-J-5-3 
TelleKelea 
Tell-K-2-4 
Tell-Fr-2-5 
Tell 


Tell-F-j-B 


Tell 


TOOL LIFE 


Voor 


ROUGHING CUT 
(MINUTES) 


HARONESS 
SCALE 


Tell-t 


Tell-Nel<A 


Tell-N-5-A 


Te1l1-N-5-5 
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Mo 


METALLURGICAL CHARACTERISTICS 


AUSTENITIC 
GRAIN COUNT 


TEMPERED 
MICROSTRUCTURE 
(MAG 1000 x) 


HARDENED 
FRACTURE 
GRAIN SIZE 


oan om @ 


3 


ow wee ee 


ecw 


wn 


w 


9-1 


9-1/4 
9-1/2 
8-1/2 
8-1/2 
9-1/4 


9-1/6 


=| = | 
| lo 3 21.03 65.5 10 9 
66.9 9 T-11-7-5-8 12.23 10 9-1/6 
i } Pel /2 Tol 12.23 65.6 ? 9 
20.68 il 2 o1/2 Toll 9.33 65.5 9 
| TelleBelea 66.2 lo 21/2 Tell 9.40 8-2/2 
| 27.38 66.2 8 ) | get/2 10.44 
12.97 66.1 12 /2 Tell -J-2-5 #06 
7.20 10 > 33.64 63.9 13 
9.25 66.8 3 | ? 19.69 12 | 
20.05 8 2 | | | 64.0 45 
18,75 66.8 10 } | 20.0 12 
17.02 ) 42 20.69 10 1 2-3/6 
16.58 2 9-1/6 16.01 65.7 11 1 3 
9.73 11 9-1/2 14.16 546 13 2 
| 
23.12 66.6 9 2 11.7 12 2 9 
Tell 10.15 9 20.29 | 65.7 ? 1 
21.92 66.5 9 2 9 | 64.3 10 1 | 9 
at 65.8 10 1 T-11-1-2-8 12.00 | 12 ? 
} 
the 22.50 10 2 9 13.65 65.6 li 8-1/2 
TelleBelea 21.70 66.5 10 9-1/2 Tell-1-3-8 14.67 4 | 9-1/4 
19.28 9 3 9-1/6 15.53 | 65.3 12 | 9-1/2 
ned 14.68 10 3 Tell-! 16.4 65.3 12 4 9-1/2 
red | 2.38 é 9 3 ll 1 4 
| 9 ? 
ong Tell 15.22 2-1/2 Tell 9.28 65.3 12 5 9-1/6 
for | 17.42 60.8 lo 2 10.12 15 5 9-1/4 
| | 
en- | 18.95 10 2 9-1/4 17.07 6.2 11 9-1/4 
ach 21.80 66.4 le 6 9-1/2 1362 12 & 8-1/2 
an 10.75 13 6 9-3/6 19.7 | 66.6 il 5 5 
16.17 66.6 9-1/6 10.55 12 5 9-1/2 
> 
> In 6 9-3/6 15.07 65.8 5 9-1/2 
be- 9.48 13 6 14.3 12 5 9-1/2 
re- | 12.03 13 2-1/2 7.03 65.8 12 4 9-1/4 
ach 10,98 66.2 12 $ 11.10 12 9-1/% i 
nt £.10 le 9-1/2 Tol 20.97 65.7 ll 
16.45 66.5 13 9-1 /b 16.63 9 9 
‘ain 11.28 12 9-1/2 Tell-X-3e4 17.55 66.2 9 
1s .62 65.2 9 T-11-n-3-3 20.95 
the 11.68 9 Tell 33.48 66.2 20 
and 14.10 64.3 9 3 9 T-11-t-4-5 20.50 $ 1 ate 
1.23 10 3 9 11.30 66.0 
ned 
ons 
eel. 
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TABLE 6 COMPARISON OF AUSTENITIC GRAIN COUNT WITH TOOL LIFE 


TENITIC GR 
th AUSTENITIC GRAIN COUNT 
4Tos 6T07 eTos 10 i2 147018 16 19 
3:00 9:33 13:93 
7.83 7.65 10.22 4 13.55 $.99 7.00 
14-4-2 8.27 4.25 7.33 $262 4.07 9:27 4.60 10.23 9.05 5.02 9.80 
33°33 13.50 9.00 16.25 8.63 3-33 as’ $.12 6.20 6.47 4.82 
14.03 7.39 18.67 5.95 9.07 7.18 10,22 
+27 6.40 
7.88 7.95 3.50 
10:63 7.83 6.00 
High 10.75 | High 18.67 Low 3.50 High 16.25 Low 4.07 High 13.55 Low 4.30 
Ave. 8.33 Ave. 8.08 Ave. 7.36 
16.67 13.7) 15.37 9.62 11.87 10.88 
10.23 10.63 11.20 8.47 15.78 lb.s8 15.75 15.15 17.10 13.95 9.37 
12.37 7.95 23.69 23.99 16.27 10.73 8.75 8.02 15.83 11.45 17.08 
10.53 16.20 14.90 16.99 21.98 15.65 9.47 12.02 16.70 10.15 
18.12 36.03 11.67 105 13.75 13.35 20.63 10.57 17.23 10.50 | yy 72 
22.33 13. 95 31-82 5.17 9.28 6.8% 13.22 16.88 | 16755 25750 
11.23 18.87 16.62 18.66 13.37 15.37 10.63 15.42 9.95 lb.65 17.87 § 39°03 21.07 
2 10.60 9.20 8.99] 21.76 13.35 25.55 11.80 21.02 1.50 7.55 12.03 10.67 16.40 16.16 8.58 15.25 9.47 
3.38 16.57 36.07 14.05] 10.65 10.42 12.60 12.70 15.12 16.65 9.68 8.40 15.90 8.57 | 14°05 13:83 16.96 
18-4-1 33.0 21.20 16.23 15.22] 13.87 6.08 6.82 8.75 13.82 2-8) 15.9¢ 10-87 11.37 14.28 15.27 | 9°60 12-49 
7.73 17.0 18.37 10.37 26.50 13.22 7.65 8.32 13.55 9. 13:8) 10.25 
16.00 11.54 13.18 9.61 15.55 33.18 10.62 10.85 11.05 16.55 9.50 11.42 
32 12.88 22.90 12.43 26.22 16.12 15. 9.53 26.58 
40.10 16,38 12.88 12.28 13.97 16.90 9.93 13.30 9.70 14.02 13.10 
11.460 12.85 11.35 %.10 10.53 14.78 22.83 17.67 W.be 11.90 0.86 
18.28 13.07 11.83 11.52 16.97 11.03 13.87 8.92 
12.70 
High 33.08} High 36.07 Low 8.99 High "36.03 Low $.17 igh 33.18 Low 0.86 High 25.50 High 14.96 
vs low 8.58 low 9.47 
ave. 13.95 Ave. 12.95 Ave. 14,05 ave. 12.22 
12.80 12.50 12.13 17.82 13.33 
12:68 12:75 13.78 16.5) 13.22 11.58 13.65 17.28 9.62 15.18 
6.05 16.42 12.98 | 27-62 22-85 17.22 17.80 12.87 9.55 20.68 15.58 10.93 16.17 
16.2) 10-38 13.33 15.35 12.9) 16-33 10.77 1210 14.08 13.67 | 15.48 1.85 
-4- . . . . 13.10 17.50 9.45 le. 12.60 17.06 
18-4-2 18.48 12.13 7.97 | 4257 13.30 13:67 11.65 15556 411350 | 15223 
$.32 15.93 13.20 6.23 12.97 15.07 14.68 
High 17.06 
High 18.48 Low 7.97 High 17.82 Low 4.57 High $3.56 Low 8.2) Low 10.93 
Ave. 13.57 ave. 11.43 Ave. 16.55 Ave. 14.47 
1s.9} 13.83 12.56 13.10 10.92 9.8) 
10.35 8, 6.88 8.37 7.83 
: 
45.12 [23048 39.29 9.10 17.82 14:68 10.92 13:15 8.50 10.18 22.97 12.55 
Mo- W 16:48 10:58 10:15 9.22 9:32 13.33 9.18 1149 5.69 14.21 
11.68 10.77 10.78 11.38 9.20 3} 
8.13 8.75 10.87 6.32 
11.60 7.87 10.90 12.60 13.18 10.8% 
18.57 11.63 8.37 
High 42.69) High 39.23 Hilgh 17.52 Low 9.10 High 16.57 Low 7.47 Righ 25.36 Low 2.36 13.3? 18.) 
Low 15.12] Low 13.68 low 1.) 
Ave.28.85| Ave. 21.03 Ave. 6.53 Ave. 9.8 
@.52 10.63 12.28 15.30 10.27 
10.52 13. 98 8.97 10.63 12.25 
9.53 9.20 11.65 12.23 8.00 7.02 7.95 
9.92 7.35 10.33 10.78 | 10.32 9.58 8.86 11.55 12.87 13.60 6.07 6.52 
13.13 13.47 12.37 8.08 6.08 12.40 11.52 11.10 
20 9.60 6. 
High 9.92 High 17.82 Low 7.35 High 15.30 Low 6.08 Bigh 16.10 Low 6.33 
Low 9.07 ave. 11.08 Ave. 9.79 ° ave. 10.53 
Ave. 9.37 
12.63 17.40 16:07 20.68 
14-4-2 15.50 117.75 19.20 20.12 18.17 13.30 
10.08 17.40 21.83 10.38 23.75 
+5% Co 21.82 
21.82 High 21.83 High 23.75 Low 10.34 igh 19.82 Low 13.30 
Ave.1b.95] Ave. 16.95 Ave. 17.51 Ave. 17.13 
£.82 10.80 18.45 39.68 20.27 14.80 17.77 9.62 7.25 12.28 9.22 $267 
22672 - Geb? 13.13 6.17 11.50 6.97 12.12 4.15 13.45 12.05 8.86 6.00 9.58 4.57 7.20 | 8.17 4.67 
6.50 6.55 | 12-56 9-28 8.3 8.22 8.29 8.39 8.07 6.93 5.63 6.33 7.57 4.95 10.00 | 11.20 10.05 | 4.58 7.30 
1-4-1 8.18 9.50 | 15-83 5-77 9425 6.99 6.33 16.00 11.33 8.10 6.37 5.77 9.42 6.22 8.60 7.38 6.70 $.23 7.95 
20.45 16.30 | 20-00 9.78 16.50 12:17 11.53 253 10.72 12.23 9.62 9.18 $.00 8.28 8.47 | 13.00 10.95 
+5%C0 21.96 15.52 8.29 6.37 9-58 be «6.07 9.67 8.50 6.76 10.88 7.30 9.60 6.25 9.53 8.17 5.88 
16.97 11.65 9.055437 9.65 12.72 
High 21.96 High 16.50 Low 5.77 High 39.68 Low 4.22 Righ 17.77 Low 4.15 High 11.10 Bigh 13.00 
6. Low 4.25 Low 4.58 
23.42 Ave. 10.00 Ave. 10,87 Ave. €.67 Ave. 7.75 Ave. 7.56 
16.12 17.65 11.97 
20.69 8.95 16.586 12.68 21.50 
12:33 19:28 25:38 | 9:50 12-13 26.01 26:34 13.65 
17.25 27.38 25.88 20.05 | 27-07 25-07 29-48 7.85 19.69 12.76 12.00 15.63 
4 27.13 10.58 29.38 | 20-20 16.62 10.55 9.15 11.80 
9.25 19.28 21.52 30.15 | 18-93 29.76 22.83 14-6? 18.22 1.32 17602 15-22 12.97 | 19.20 20.95 
1123 23-22 20.25 26.03 | 10.98 11.18 6.06 33.64 27,60 +10 10, 
w-Mo 20.50 16.72 20.25 23.12 10.15 6.318 19:77. 20:97 20.06 16.67 10.75 16.17 | 11.30 22.78 
21.52 19-28 29638 | 13-67 18.9 9.68 12,03 16.45 
| 22-33 12-33 21.23 30.64 12.29 
—-_ 20.33 13.18 9.73 17.02 15.97 
High 20.29 | nigh 29.38 Low 9.33 High 33.48 Low 6.18 33.64 Low 7.03 igh 22.78 
Low 9.25 Low 8.10 
Ave. 19,03 Ave. 16.9 Ave. 13.% Ave. 1.18 
-- 


BOS 
5 
Di 


TYPE OF 


COMPARISON OF MICROSTRUCTURE WITH TOOL LIFE 
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TOOL 


HIGH SPEED MICROSTRUCTURE | MICROSTRUCTURE 2 MICROSTRUCTURE 3 MICROSTRUCTURE 4 MICROSTRUCTURE 5 


MICROSTRUCTURE 


High 18.67 Low 5.62 


High 13.03 Low 4.25 Rigb 10.23 Low 4.07 


High 8.45 
Average 6.4 


High 33.18 Low 10.50 
verage 19.00 


Hiab 19.03 
average 


18-4-2 


15.58 
10.33 


Average 19.7? 


ORONO 


~ 


16.10 


Average 


High 23.75 


15.08 23.75 
14-4-2 <1,62 


Low 16,07 


High 13.67 Low 10.38 
average 19.12 


18-4-| 
+5%Co 


~ 


Righ 39.68 Low 14,00 


High 12.12 Low 4.50 
Average 


High 10.95 Low 
Average 7.71 


W= Mo 16.92 29.76 


Hieh 33.68 Low 16.01 


Bigb 19.77 Low 7.20 
Average 25.04 


High 16.17 Low 6.18 
Average 10.30 


« 


+ 


CABLE 
9.00 7.83 6,27 10.22 9.88 7.33 68.50 13.03 5.23430 6.18 7.00 
8.95 9.33 8,03 10.52 9.42 8.68 7.72 5.25 9.00 9.07 7.9@ 10.23 9.05 8.45 
14-4-2 13.55 5.62 10,22 13.50 6.03 5.95 7.39 10.38 6.60 5.02 bel2 6067 3-93 873 
6.65 18.67 10,75 16.03 5.05 7.88 7.65 6,728.63 5:22 9.27 «9.80 
7.98 10,00 16.25 6.20 6.00 10.63 7.18 4.50 6427 7283 : 
High 16.25 Low 5.05 3.50 
Average 9./) Average 8.8% Average 7.31 average 6.99 
10.98 23.07 14030 14.78 3-23 15.70 16.60 15.83 16.62 
15.98 16.9022. lb. +03 11.23 15.25 11.40 11.35 
13/8) 13297 13-55 12.42 9.95 15.99 15.42 22.83 15.15 13.35 10.53| 10.60 10.57 16.97 13.30 
42.28 11.03 10.57 13.35 11.90 10.63 11.83 6.92 9.88 11.37 13.07 16.68 9.83 6.02] 12.88 12.43 13.18 15.65 wi 
1}.70 16.02 15.37 11/82 12.70 10250 14.67 12417 13.95 #.82 17.08 13.27 10.15 8.50 9.67] 13.87 10.53 10.87 13.73 
12.40 90.03 10.85 12.70 10.68 16.27 10.23 12.85 10.10 12.88 15.55] 17.67 16.60 14.65 9.93 : 
36.07 28.9% 33.08 14:05 16.00 22:90 11.80 21.02 10.65 9.67 10.62 17.10 10.73 16.55 9.28 13.82] 7.13 8.58 12.69 1s.96 
1-4-1 33.22 13.37 18237 39:48 20.63 9,61 26.22 10.83 16.70 10.37 10.42 17.87 25.12 10.25] 19.03 8.75 11.20 6.45 
16.50 17.03 13.37 16.89 10.88 23.69 23.99 6.08 12.37] 15.78 10.72 13.83 
16.99 8.32 6.84 13.22 9.62 7.55 7.73] 11.05 13.75 7.95 9.37 
9.09 9.50 15.75 9.70 8.32 13.10 10.78] 8.40 5.97 10.67 8.99 as 
21.76 25.55 17.23 22.33 5.17 18.87 8.57] 0.85 9.50 11.5% 14.20 
11.52 9.20 18.66 3.38 16.16 8.75 0695 
High Riigh 26.22 Low 9.61 High 25.55 low 6.8% High 22.83 Low 3.38 Low 0.286 
A = Average 14.53 Average 13.85 Average 11.92 11.41 
| 16.23 6.23 12.17 15.68] 13.67 15.07 13.33 
10.38 13.67 12.99 16.82 | 13.17 11.38 16.53 19.4% 8.92 12.00 9.65 13.30 
13.32 16.48 10.90 11.80 | 16.07 12.63 15.62 9.55] 16.42 13.10 10.97 
17.50 12.88 16.85 13.15 | 13.33 16.68 13.65 17.06] 15.93 12.93 17.62 = 10-93 
18.68 13.22 13.85 17.80 | 12.13 7.77 15.23 15.56] 16.08 11.75 17.28 11:85 
| 17.82 20.48 53.56 15.35 12.50 15.18 61.35] 16.17 11.58 17.22 12.87 
16.88 12.13 14.48 13.20 13.78 16.90 
14:50 6.57 8.2 
High 53.56 Low 10.38 High 41.35 Low 6.23 High 17.62 Low 4.57 Righ 16.33 Low 3.42 Bas ee 
Average 16.96 Average 14.69 Average 13.37 Average 12.57 < evi 
11.68 12.03 9.00 12.60 | 9.47 12.35 10.35 .12.30 9.78 9.83 6.32 
12.5@ 12.106 16.03 | 15.87 10.28 11.38 10.30 12.73 18.57 10.92 16.70 10.92 7.17 5.7% | 10.63 10.8% 11.27 8.30 10.78 11.60 
13.57 22.25 17.62 17.92 13.20 12.32 12.28 13.83 le.b2 8.02 10.77 8.65 9.22 9.39 | 8.17 16.08 9.10 9.60 10.00 1.36 6.88 
17.63 39.2) | 13.15 10.60 16.92 15.12 8.37 9.20 13.83 0.25 12.62 7.67 35-66 8.37 10.87 9.63 5.69 11.43 9.02 
28.7% 21.8) 25.75 42.69 | 25.36 13233 12008 10°28 9:18 8.13 10.92 6.50 9.32 11.55 | 7.88 10.15 7.90 5.91 8.32 16.340 8.58 
8.75 12.60 7.87 7.83 | 6.98 10.30 10.03 2.36 6.90 7.33 9.05 
13.18 16.48 9.25 6.28 10.58 10.20 7.77 10.23 01.49 
High 62.69 Low 11.25 25.34 Low 10.18 High 18.57 Low #,02 High 15.46 Low 5.7% High 14.68 low 2.36 High 12.34 Low 1.36 (3 
average 13.16 Average 11.55 Average 10.35 Average 9.25 Average 2.76 
1.) 
9.8 
13.73 16.78 8.42 13.13 11.3) 12.23) 11.73 10.78 | +33 10.10 10.27 
12.37 10.70 12.25 11.55 7.77 10.52 9.53 9.92 +28 7.35 6.58 +52 6.08 
13.67 13440 9:07 11.65 7202 7.95 7.07 "3? 16210 
17.82 9.00 9.20 9.98 31.63 #.97 11.52 12.47 6.33 
16.78 tow 9.20 High 13.47 tow 9.02 High 12.23 Low 7.02 Righ tow 6.52 High Low 6.07 
Average 12,61 Average 11.25 Average 10.27 Average 9.42 
17.460 20,12) 21.83 Are 
45%Co 13.72 vis 
$.00 8.10 7.20 11.53 
11.10 6.70 6.37 8.29 
7.27 9.22 7.3? 6.22 
9.02 8.28 9.53 10.05 9.07 8.39 9.58 6667132.23 7.30 12.17 12.28 9.65 8.53 $.77 
15.52 22.96 9.28 9.18 12.72] 6.42 6.07 5.67 13.651 9:58 4.15 6.33 &.22 5.18 #.07 8.60 
8.37 16.97 9.60 33.17] 6.99 7.57 8.60 6.29] 6°37 7-31 11.50 5.77 7.92 9.62 10.72 
20.47 9-50 16.50 20.45 | 17.77 942 12.05 14-20) 8147 10-80 13-33 10.95 8.17 5.88 
10:09 9.78 8.17 6.97 
7.38 10.00 6.55 13.00 
‘ 12.72 
i 
26.73 17.25 16.72 27.38 2 
15:88 19.25 18:78 17-02 13:39 18:82 20:55 18:78 
26.92 26.0) 27.13 20.65 21.20 16.87 13.48] 12:68 21.70 19.28 14-68] 19120 20206 7-20 12.03 10.98 
20.25 19.27 20.68 20.05 | 29:38 10.58 15.22 14.62] 33°30 20:33 12:00 13.65 9.15 13.18 9.28 
20.29 18.9) 23.12 2.52 22620] 11.13 12.68 11:33] 14°67 1526) 16.67 16.42 10.18 19.77 10.55 9-48 8.10 
— 20.50 21.50 27442 18-95 20615] 2110) 12.13 11.23 16.12] 17:07 13,22 7.03] 15-07 14.32 7-85 
22.50 3306 17°45 11:97 9:33 9:60] 20°97 17°55 
13-07 12.29 11.76 18,58 18.35 15.82 19.69] 20:95 11.30 21.17 
22.78 27.60 22.85 
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TABLE 8 COMPARISON OF ROCKWELL HARDNESS WITH TOOL LIFE 


wen teen ROCKWELL HARDNESS ("C"SCALE) OF HARDENED AND TEMPERED TOOL NOSES 
TOOL STEEL /62.8 TO 63.2/63.3 TO 63.7/63.8 TO 64.2 64.3 T0 64.7 64.8 TO 65.2 65.3 TO 65.7|/658 TO 66.2/66.3 TO 66.7|668TO 67.2 
10.63 13.63 9.05 | 10.18 8.45 
13.87 9.22] 11.68 9.27 20.76 | 22-88 | 9-23 
7017 | 12-38 22610] 11.43 12.58 14.03 | 19792 12°60 39.23 | 10284 | 10-40 10.15 
11260 7247 | 9.63] 10.30 6.28] 8.75 10.23 12.32 | 12°93 28.74 | 13.10 14.68 10,58 11.27] 9-47 14.70 
Mo-W 9.32 9.25 | 13.83] 13.57 11.08] 17.52 18.57 10.92 | 30203 | 11.28 10.35 8.02 14.48] 10.77 78 
10.28 7.83 1.36] 9.83 8.13] 10.92 12.42 10.87 "9a 8258 | 17.42 10.20 5.69 25.36 +90 
9.10 7233 6.32] 14.93 9.00 9.02 | 12°30 7.77 113215 
10.30 25475 12655 12618 | 8230 13.33 | 13.18 9.39 
12.35 9.60 12. 
High 11.60 | High 14.21 High 14.43 High 25.75 Low 8.17/High 39.23 Low 5.91 | High 17.42 High 25.34 High 14.70 
Low 4.81 Low 1.36 Low 6.28 Ave. 12.51 Ave. 11.73 low 5.474 Low 1,49 Low 6.90 
Ave. 8.56 Ave. 9.84 Ave. 9.81 Ave. 11.14 Ave. 11.29 Ave. 10.60 
8.42 9.60 
12.37 11.65 
9.02 11.33 
9.92 9.07 12.32 6.58{ 10.78 10.52 11.55 | 12,23 11.73 13.13 9.98 
17.82 7.02 6.07 8,52] 13.73 13.67 12.87 | 12.28 9.58 6.52 15.30 
9.68 8.37 «98.00 8.08 | 10.10 10.27 6.33 6.78 
Mo-V 7.35 12.10 | 9-20 7-50 16610 | 9.27 7.97 11.42 12.25 
10.70 7.67 7295 11.63) 23-60 12-52 8.37 6.88 16.78 
10.63 7.00 10,32 
123 
19. 16: 
High 17.82 pigs 12.37 High 16.10 Low 7,00 |High 13.13 Low 6.33 | High 16.78 
Low 7.02 6.07 Ave. 10.76 Ave. 9,86 Low 6.78 
Ave. 9.93 Ave. 9.47 Ave. 12.22 
18.42 16.17 | 8.95 
on 12.68 21.03 | 12.97 73:35 15.22 17.25 
11.23 17.45 | 28.50 29.38 | 13-67 23.212 26.98 23.30 
146.10 19.20 14.62 9-33 18.58 | 10.98 20.15 | 22-52 12.68 | 
27.60 29.76 13.67 20.69 16.01 14.16 | 16.35 6.18 | 21-70 9.50 | 13-48 
w- Mo 12.29 16.62 20.29 22.85 | 17.07 15.07 | 10-58 11.80 35 
33.64 20.33 13.65 7.03 17.55 | 16-17 
9-15 15.63 9.28 | 33.48 11.30 | 16.465 19.77 
20.9 
High 33.64 | High 29.76 Low 12.29/High 20.69 Low &4.62| wigh 22.85 | High 33.48 High 23.12 High 26.92 
low 7.85 Ave. 18.89 Ave. 17.24 low 9.28 Low 6.18 Low 9.48 Low 4.25 
Ave. 18.80 Ave. 16.2} Ave. 17.15 Ave. 15.04 Ave, 19.04 
- TABLE 9 COMPARISON OF FRACTURE GRAIN SIZE WITH TOOL LIFE 
TYPE OF SHEPHERD FRACTURE GRAIN SIZE 
HIGH SPEED 
TOOL STEEL 7% 73 8 83 83 9 
14.70 11.25 9.25 17.52 
10.63 8.37 10.03 13.15 
12.32 3.10 11-26 | 13.87 10.87 11.55 12.0 +78 10.00 5.69 
8102 14.03 [10.92 12.62 | 10530 12.08 10.92 11.63 14-6) 2.36 5-93 
13.48 u.91 10.40 10.15 9.10 12.58 10.58 6.96 8.45 6.25 8.75 9.99 +7 
-w 28.76 9.20 9.00 9.22 8.32 8.90 4.61 6.28 
Mo 39.23 12.10 10.35 10.23 8.50 
25.75 7.33 47? 9.63 30 11.27 13.63 12.60 7.87 8.37 6.32 1.49 
13.83 10.28 | 15°57 17242 8.30 9.60 10.84 
7.83 | 11.60 12.60 11.18 
14.93 7.17 #.90 
9.05 13.33 9.18 #.13 
High 28.74 High 39.23)/High 4.03) High 14.21 High 18.57 Low 6.88 High 14.6) Low 5.7% Gigh 10.64 Low 2.36 High 7.77 Low 1.49 
Low 13.48|Low &.02/Low 7.33) Low 7.47 Ave. 11.38 Ave. 9.57 Ave. 6.57 Ave. 5.36 
Ave.21.1] 20,05) Ave. 10.24) ave. 10,66 
12.23 10.33 
13-47 12.25 12.87 | 10.27 7.467 6-58 7.50 8.37 8.88 
Mo-V 9-92 41-52 8.37 | 11.63 10.63 10.32 
8.97 7.77 
7.95 12.67 
High 13.47Bigh 10.70figh 17.82piigh 12.28] 12.87 High 16.10 Low 6.33 High 13.40 Low 6.07 
Low 9.20} Low 9.07|Low 9.60}/Low 6.08 Low 6.78 Ave. 9.87 Ave. 9.23 
Ave. Ave. 9.71 jAve. 13.60)/Ave. 9.85) Ave. 9.57 » 
26.92 17.62 6.18 | 20.65 28.50 18.95 16.67 | 20-68 17.02 10.98 
16.87 19.77 | 19.27 19.28 16.17 8.30 
21.20 26.73 13.68 20,05 és 13°38 15.22 22.10 11.30 10.75 
26.03 16,72 17.45 11.97 21:50 16.58 29.38 12.68 7.03 | 15-97 22-70 25.63 | 14,17 
15.82 13.65 18.58 0.38 18.75 21.03 16.01 13.67 17.07 11.33 17.55 27.38 20.95 16.62 11.08 
33-48 20.50 18-35 20.69 21.52 12.23 11.76 | 18.93 11.10 12.13 7.85 | 15-88 15-22 13.18 | 19,20 
10; 12,68 11.13 
High 33.48 High 30.38 Low 11.97 |High 27.13 Low 6.18] High 33.64 Low 7,03 High 27.38 Low 7.20 |High ac | 
Low Ave. 19.44 Ave. 16,67 ave. 16.09 Ave. 14.61 
Ave. 20.18 Ave. 
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TABLE 10 COMPARISON OF MICROSTRUCTURE AND AUSTENITIC GRAIN COUNT WITH FRACTURE GRAIN SIZE, FOR Mo-W, 
Mo-V, AND W-Mo TYPES HIGH-SPEED TOOL STEEL 


AUSTENITIG GRAIN COUNT 


4T05 


6TO7 


10 TOT! 


12TOI3 


14 TO 15 


16 TO18 


19 TO 21 


COMPARISON OF 

AVERAGE FRACTURE 
RAIN SIZE WITH 
MICROSTRUCTURE 


' 
8-1/2 


7-3/6 


oo 


8-1/2 


8-1/2 
9 


8-3/4 


8-3/h 
8-3/4 


8-1/2 


MICROSTRUCTURE 


9-1/2 9-1/b 8-3/4 8-1/2 
| 9-2/2 9-1/4 8-1/2 8-3/4 
3 8-1/2 9-1/2 | 9-1/b 8-3/b 8-3/b 8-1/2 
8-3/4 8-1/2 8-3/4 | 8-3/4 7-1/2 8-1/2 9 
9 8-1/2 9-1/4 9-1/2 9-1/6 8-3/4 
ave. 
Ave, 8-3/4 Ave. 9 Ave. 8-3/4 
9-1/b 8-1/2 8-1/2 
9-1/4 8-3/4 8-3/4 | 8-3/6 9 9-2/b 
8-3/4 8-1/2 9-1/2 9-1/2 9-1/4 
7-3/ 8-1/2 8-3/b B-1/2 8-1/2 9-1/4 | 8-3/4 9-1/2 9-1/b 9-3/b 
4 8-1/4 2-1/2 | 8-1/2 8-1/2 9-1/2 | 8-3/b 9 “1/2 | 9-1/2 9 
| 923/46 9 9-1/4 8-1/2 9-1/2 | 8-3/4 9-1/2 9-1/b 
B-1/2 9-1/2 | 9-1/6 


Ave. 8-3/4 Ave. 9-1/4 

8-3/4 
- - - 8-3/6 9-3/b 
8-3/4 8-1/2 8-1/6 | 9 8-3/6 9-3/b 
8-3/4 8-1/2 8-3/4 | 9 8-3/4 9-1/2 
4 9-1/2 3 8-3/4 9-1/4 
8-3/4 

8-3/4 

8-3/4 8-3/b 


9-1/2 
9 


9-1/2 
9-1/2 


Ave. 


COMPARISON OF 
AVERAGE FRACTURE 
GRAIN SIZE WITH 8 
JAUSTENITIC GRAIN 
COUNT 


8-1/4 


8-1/4 


ened and tempered microstructure. The tool noses were ground 
and tested in the continuous cutting test, as previously described. 
The average results of this test are presented graphically in Fig. 


16 and confirm the results previously obtained. 


To investigate further the influence of the hardened and tem- 
pered microstructure on the performance of high-speed tool 
steels, the failed noses of the tools tested were removed and the 
blanks again ground to the profile shown in Fig. 2. These tools 
then were subjected to an interrupted cutting test by being 
caused to cut a similar but smaller nickel-steel forging in which a 
30-deg segment had been removed parallel to the axis of the log 
so as to cause an interruption in cutting equal to '/12. the cireum- 


age of 35 interruptions per min. 


ference of the log. All tools were tested at a feed of 0.042 in. 
depth of cut 0.1875 in., surface speed of 70 fpm, and with an aver- 


The average results of the in- 
terrupted cutting tests are also presented in Fig. 16 and, 


might be expected, indicate that the microstructure giving 
the best performance in continuous cutting operation shows the 
poorest performance in the interrupted cutting operation. The 
reversal of the interrupted cutting-test curves is considered to in 
dicate that condition of microstructure where the effect of fric- 
tional heat, rather than the interruption of cutting, was the 
primary cause for tool failure. The test lathe setup for the i 
terrupted cutting test is shown in Fig. 17. 


Ave. 
8 7-1/2 “3/6 8-3/4 B-1/b 
8 8-3/4, 8-3/4 8-1/2 8-3/4 
wwe. 9 Ave. ave. 9 
9-1/2 9-1/2 9-1/4 
Ave, 8-1/2 Ave. 9 Ave. 9-1/4 9-1/2 
8-3/4 8-3/4 8-3/6 | 9 9-1/2 9-1/2 | 8-3/4 
8-3/h 8-3/4 8-1/2 8-1/4 | 9-1/4 | 8-3/b 
7-3/b 2-1/2 6-1/2 8-3/b 8-3/4 | 8-3/4 9-1/2 9-1/2 | 9-1/4 8-3/4 | 9-1/b 
8-3/h 9 8-3/4 8-3/h 8-1/2 | 9 8-1/2 9-1/4 [ 9-1/2 
- 8-3/4 8-1/2 8-3/4 | 9 9-1/2 9-1/2 | 9 
9-1/2 9 9-1/2 | 9-1/2 9-1/% 
Ave. 
9-1/6 
8-3/4 


2 in. 
aver- 
d, 
riViNg 
-s the 

The 
to in- 
frie- 
is the 
he in 


TABLE 11 
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COMPARISON OF AUSTENITIC GRAIN COUNT WITH MICROSTRUCTURE 


TYPE OF 


HIGH SPEED MICROS TRUC TURE 


TOOL STEEL 


MICROSTRUCTURE 2 | MICROSTRUCTURE 3 


MICROSTRUCTURE 4 


Nigh 13 
Ave. 


High 20 Low 9 
Ave. 12 


High 
ave, 


19 


High 17 Low 9 
Ave. ll 


| 


~ 
~ 


~ 
oo 


CON 
oh 


~ 


Low 7 
9 


High 11 
Ave. 


Ave. 


~ 


Low 5 
9 


High 15 Low 10 
Ave. 12 


MICROSTRUCTURE 5 | MICROSTRUCTURE 6 


4-4-2 ? 9 | @ 12 10 9 
High 12 low 7 | High 12 low 7 High 13 Low # High ls Low 9 High 12 Low 9 ee 
Ave. 9 Ave. 9 Ave. 10 ave. 12 Ave. 11 
1d 
} b i 10 10 10 “12 12 le 15 13 12 
} 10 10 lo «(13 12 9 «13° 10 
| | ; 8 8 12 12 
| 20 2 12 
| | | 
| | 
| low & | High le | Hteh 15 Low 9 | 15 Low 8 High 16 low 8 High 19 Low 
10 | Ave. Ave. 12 | Ave. 12 Ave. 12 Ave. 12 
10-4-2 | 9 10 le ll lo 10 42 12 
| | High le Low 8 High 15 low 9 High 14 Low 9 High 16 Low 10 
} ave. Ave. 11 Ave. 12 Ave. 12 
| | : 
| 9 6 } ul il 10 10h 1h 100 200 20 0 
} ? 6 10 5 10 10 10 ll 9 10 2 21 
High 14 Low 5 High 12 Low 5 High 1) Low 10 | High 20 Low High 20 Low 
Ave. @ Ave. 10 Ave. 11 Ave. ave. 15 
| | 
| | | 12 10 9 
6 0 10 > 10 | 8 10 9 
9 9 9 ° | 10 7 10 9 41 10 10 9 12 Oe 
10 1 9 9 ? ll 
| | | | 
| | tow High 12 tow | High 11 Low 7 High 14 Low 9 
ave. 10 Ave. 10 ave. 9 Ave. il 
| | 
| @ 5 ? ? 6 5 5 5 | 6 
#5%Co } 10 ll 5 11 | 
} | 
| 
High Low $ High ll Low | High 6 Lows | High ll Low6 | 
Ave. 7 ave. 7 | Ave. Ave, 8 
11 
} 2 le 12.10 13 16 12 
| 19M 10 9 9 9 9 6 7? 10 1217 
40 ll 9 1S @ 12 «12 1? 8 6 17 
P 16 le 13) 17 12 le 
2 1 6 
| 
| High 15 Low 7 High 16 tow 6 Hizh 17 Low # High 1} low o High 17 Low 8 
wwe. 10 ave. 11 | ave. 12 — Ave. ly 
> 10 12 #12 
hi 10 10 1 
10 10 11 10 10 9 20 9 13 ll 
High 13 Low 8 High 13 Low 6 High Low 9 High 14 Low 12 . 
|| || Ave. 10 Ave, ave. ll Ave, 13 
4 


Discussion 


TABLE 12 COMPARISON OF MICROSTRUCTURE AND AUSTENITIC 
GRAIN COUNT WITH AVERAGE TOOL LIFE IN CONTINUOUS 
CUTTING OPERATIONS 


AUSTENITIC MICROSTRUCTURE 
TOOL STEEL GRAIN COUNT ' 2 3 4 5 6 
8 +9 10.09 8.38 7.33 
10-11 7.63 10.86 5.82 t 
Ave. — 9.56 8.81 732 7.20 6.46 
lo - ll 186.36 17.56 14.81 15.42 13.59 11.11 
(8-4-1 12 - 13 13.58 15.31 13.68 12.13 11.72 11.60 
ave.* 17.70 16.23 14.71 13.49 12.24 11.27 
1-4-2 10 - 13.79 | 13.42 13.26 12.27 
12 - 13 18.03 13.58 12.85 
Ave.* 17.16 13.52 12.65 
8-9 16.46 | | 10.32 10.32 
“Mo- W | 12.17 11.446 10.07 10.10 9.99 
2-130 | 15.57 10.43 7.65 9.11 
ave.* 14.68 12.89 11.55 10.19 9.2% 9.55 
13.25 11439 | 19.82 18.38 
O- lb | 11.986 ----- 10.29 0.2 
Mo-V 12 - 13 coves | 10.9) | | 10.81 
Ave.* =| 12.61 11.25 10.64 9.82 
6-2 19-13 
ave.* 18.90 18.75 13.31 
18-4-1+5%Co 33 9.96 9.19 8.21 7.46 7.83 
12.89 9.01 | 8.9% 7.83 
w-Mo 10 - 11 25.66 18.39 16.33 | 15.09 13.81 10.93 
19.85 13.51 12.10 10.06 
ave.* 25.97 19.72 16.646 14.47 12.72 10.39 


% AVERAGE LIFE FOR ALL TOOLS WITHIN INDICATED RANGE 


TABLE HEAT-TREATMENTS TO DETERMINE ASSOCIA- 


G TEMPERATURE 


test results is caused by a small minority of the tools in any one 

It is unfortunate that the tool-life determinations inthe continu- classification. However, because of these variations, the data 
ous roughing-cut performance tests show wide variation for any do not permit the problem to be approached by statistical analy- 
one condition of microstructure, austenitic grain size, Rockwell _ ses, since the deviations of tool life within a classification exceed 
hardness, or fracture grain size. Generally, this wide scatter of | the deviations between classifications for any one factor of mi- 
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crostructure, austenitic grain size, Rockwell hardness, or 
fracture grain size. It is possible to eliminate from con- 
sideration those tools which show a wide deviation from 
the average tool life determined for a condition. How- 
ever, the utilization of any method for the elimination of 
such tools fails to improve the data so that statistical 
analyses may be applied. 

Of the observations noted and compared with tool 
life, the characteristics of the hardened and tempered 
microstructure appear to be most influential, in that there 
is, for all types of high-speed tool steel tested, an orderly 
regression from maximum to minimum tool life with 
changes in microstructure from classification 1 to classi- 
fication 6. Likewise, except for several isolated cases, 
the maximum and minimum values of tool life also 
show orderly regressions with microstructure. The 
comparison of austenitic grain size and Rockwell hard- 
ness within limits herein investigated fail to show any 
correlation with tool life, in that the maximum, mini- 
mum, or average tool-life values fail to show any orderly 
progression with classification of these properties. The 
relationship of fracture grain size to tool life, as shown 
by Table 10, indicates a progressive relationship be- 
tween fracture grain size and austenitic grain size and 
microstructure. However, as previously pointed out, 
the probable cause for the relationship between fracture 
grain size and microstructure is due to the fact that the 
tools exhibiting low-number microstructures were some- 
what coarser in average austenitic grain size than that 
of tools exhibiting microstructures of higher number. 
When the austenitic grain count is held at one clas- 


RE WITH CHANGES IN AUSTENITIZ- ification, no progressive change in fracture grain size occurs with 
change in microstructure. 


ime in The association of the characteristics of the hardened and 
—— —- deg — deg — tempered microstructure noted for tools in the continuous rough- 
18-4-1 1600 15 See Fig. 14 31/2 1050 2 ing-cut performance test with changes noted in the microstruc- 
Ses gee ne: 1030 3 ture of samples of a steel heat-treated using various austenitizing 


TABLE 14 COMPOSITION AND HEAT-TREATMENT oF SAMPLES OF HIGH-SPEED TOOL STEEL USED TO DETERMINE HEAT- 
REATING RESPONSE 


COMPOSITION 


HEAT TREATMENT 


SAMPLE 


PREHEAT HIGH HEAT TEMPER 


CARBON | TUNGSTEN CHROMIUM VANADIUM MOLYDENUM 


TEMP. °F (1) | TEMP. °F a) |TIME (2) 


TYPE 8-4-1 


2350°F 1050°F 2 
1600°F 1S*min, | 2350°F See 1050°F 2 brs. 
1600°F 15 min. 2350°F Chart 1050°PR 2 ars. 

2350°R 1050°R 2 


2220°F 1050°F 


284 4.234 1.875 5.16% 
4.08% 1.904 i685 
6.505 4.01% 2.034 5.04% 
7.09% 4.13% 2.054% 5.672 


1500°F 2250°F 2 

1500°F 15 min. 2250°F See 1050°F 2 hrs 
1500°F 15 min. 2250°F Chart 1050°R 2 hrs 
1500°F 15 min. 2250°F 1050°F 2 hrs. 


FURNACE 
TEMPERATURE 


NOTE (1) TIME IN 


(2) TIME aT 


| 
Prope 
17.83% 4.12 0.45% 
A 0.78% 1.664 3.874 1.22% 8.60% 1400°F 15 min. 2 hrs. 
B 0.85% 1.654 1.20% 8.99% 1400°F | 15 min. | 2220°F 1050°F | 2 hrs. 
c 0.834 1.78% 1.206 8.704 1400°F 15 min. | 2220°F 1050°F 2 ors. 
0.804 3.754 1.234 6.88, 1,00°F | 15 min. | 2220°F 10so*°F | 2 brs. 
0.824 


AVERAGE TOOL LIFE 


Fic. 11 RELATIONSHIP OF MICROSTRUCTURE AND GRAIN SIZE TO 
Too. Lire or SinGLE-Point Too.s tn Continuous Cuttina OPpEeRA- 
TIONS, Type 18-4-1 Hicu-Speep Toot STeet 


AVERAGE TOOL LIFE 


Fic. 12 RELATIONSHIP OF MICROSTRUCTURE AND GRAIN SIZE TO 
Too. Lire or SINGLE-Pornt Toots In Continuous Curtine 
TIons, Type Mo-W Hiau-Speep Toor Street 


temperatures is of particular interest. The original classification 
of microstructure was based upon the acicularity and coarseness 
of the structure. It is to be noted that microstructure 6, pre- 
sented in Fig. 9, is completely nodular; while microstructure 5, 
Fig. 8, shows the first evidence of acicularity, and the degree and 
prominence of this acicularity increases as microstructure pro- 
gresses from 4 to 1, Figs. 7 and 4, respectively. From these data 
it is apparent that the degree of acicularity of the hardened and 


AVERAGE TOOL LIFE 


| 
> 
Ve, 4 
C> 


Fig. 13. RELATIONSHIP OF MICROSTRUCTURE AND GRAIN SIZE TO 
Too. Lire or SINGLE-Potrnt TooLs in Continuous 
TIoNs, Type W-Mo Hiacu-Speep Toot STEEL 


tempered microstructure would be indicative of the quantity of 
carbide remaining in solid solution after heat-treatment. Since 
red hardness is a function of dissolved carbide, it is considered 
logical to assume that the degree of acicularity of the microstruc- 
ture would be indicative of red hardness; and that for any type 
of high-speed tool steel, tools of higher red hardness would ex- 
hibit hardened and tempered microstructures having a greater 
degree of acicularity. It is the opinion that, based on this as- 
sumption, the results of the continuous roughing-cut performance 
test fully demonstrate the influence of the hardened and tempered 
microstructure on tool life. 

The variety of hardened and tempered microstructures ob- 
served in the tools prepared for the continuous roughing-cut per- 
formance test is also of considerable interest. The association 
of the characteristics of the microstructure with changes in the 
austenitizing temperature would indicate that the heat-treatment 
of the tools varied considerably. However, this possibility was 
rejected in view of the care exercised in the preparation of the tools 
in addition to the automatic equipment used to record tempera- 
tures and the innumerable number of analyses made of furnace 
atmospheres during heat-treatment. Therefore the only other 
probability appeared to be that a difference in the speed of re- 
sponse, i.e., speed with which carbide is dissolved, existed between 
various lots of a type of high-speed tool steel when austenitized 
at the same temperature for the same length of time. 

The data presented graphically in Fig. 15 indicate that a dif- 
ference in the speed of response at the austenitizing temperature 
does exist between various lots of the same type of high-speed 
tool steel. Though the data show variations as high as 50 per 
cent in time for comparable carbide solution, as indicated by 
microstructure, it is not to be assumed that the limits presented 
represent the maximum and minimum speeds of response to be 
found for a type of high-speed tool steel. Of particular interest 
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MICROSTRUCTURE 


TYPE TYPE W-Mo 
4 
4 
2300 2350 2400 2450 2170 2220 2270 2320 2200 2250 2300 2350 


AUSTENITIZING TEMPERATURE °F 


Fic. 14 RELATIONSHIP OF HARDENED AND TEMPERED MICROSTRUCTURE WITH AUSTENITIZING TEMPERATURE 


TYPE TYPE MO-W TYPE w-MO 
| ] 
| | Pai | 
T 
w A j 
| | | | | 
ie} | 
= | 
6 A 1 
9 
2 4 
a 
4 J 5 2 4 6 2 3 4 5 
TIME IN HIGH HEAT FURNACE (MINUTES) 


Fie. 15 Response or Various SAMPLES oF HicH-Speep Toot STEELS WHEN QUENCHED From Same AvuSTENITIZING TEMPERATURE 


is the austenitic grain count determined for the various samples, 
and the apparent lack of association of grain size with the mi- 
crostructures developed. Furthermore, the rate of grain coarsen- 
ing fails to be indicative of the speed of response at the austen- 
itizing temperature. 

As might have been expected, that classification of micro- 
structure which proved most beneficial to tool life in the continu- 
ous cutting operation was found fo be quite detrimental to tool 
life in the interrupted cutting operation. This would indicate 
that there is a considerable loss in toughness with increase in car- 
bide dissolved during heat-treatment. It is likewise interesting 
to note that, as indicated in Fig. 16, maximum tool life in the in- 
terrupted cutting test occurs between 3 and 4 microstructure. 
Though the data are not presented here, it has been established 
by torsional-impact tests that maximum energy absorption of 


hardened and tempered high-speed steels occurs as the charac- 
teristics of microstructure 4 are approached. For microstructure 
1, the torsional impact strength is only 30 per cent of the maxi- 
mum determined. Since, as previously pointed out herein, 
within limits of grain size, there appears to be no relationship be- 
tween grain size and microstructure, it becomes evident that mi- 
crostructure does influence toughness as determined in the in- 
terrupted cutting test. 

It is the opinion that the data herein presented indicate the 
variations in the hardened and tempered microstructure between 
lots of the same type of high-speed tool steel to be influential in 
the performance of those steels in continuous and interrupted 
cutting operations without coolant. Furthermore, variations in 
the hardened and tempered microstructure between lots of the 
same type of high-speed tool steel subjected to identical heat- 


MAY, 1947 


f 


WOODING—MICROSTRUCTURE OF HIGH-SPEED TOOL STEEL IN TOOL PERFORMANCE 


+ 


| 


| 

30}——+ + 


a5}-— 


| 


nN 

T 


TOOL LIFE (MINUTES) 
| 


TYPE es | | TYPE Mo-w | 
_te-4-1] 
| 
j —— CONTINUOUS CUTTING OPERATION 
INTERRUPTED CUTTING OPERATION 


2 3 


treatment are the result of differences in the speed of response of 
those lots at the austenitizing temperature. Whether variations 
in the speed of response might be associated with slight differences 
in chemical compositions, or some inherent property of the steel 
developed during its manufacture, or a combination of both, is 
not known. It is unfortunate that the annealed microstructure 
could not be successfully classified, for classification of this prop- 
erty would have revealed data pertinent to mill practice. How- 
ever, it is considered that the lack of relationship between micro- 
structure and austenitic grain count is reasonably indicative of 
differences in mill practice occurring during production of the 
various lots of high-speed steel under test. Since variations 
in chemical composition do exist, it is considered that variations in 
hardened and tempered microstructure observed between lots 
of the same type of steel are the result of variations in chemical 
composition and mill practice. 

Therefore, in conducting performance tests of various lots of 
the same type of high-speed tool steel, in which the heat-treatment 
and conditions of test are held constant, it is not to be expected 
that the red hardness of all lots of tools will be uniform. Since 
nonuniformity in red hardness influences the performance of the 
tools, the variations in tool life should occur. Accordingly, the 
question of the machinability of the material being cut becomes 
secondary until such time as it is established that the character- 
isties of the hardened and tempered microstructure of all tools of 
a type of steel are identical, indicating that the red hardness of 
the tools is comparable. 

SuMMARY 


The performance of high-speed tool steels in continuous or 
interrupted roughing cuts without coolant is influenced by the 
hardened and tempered microstructure. 

Within the limits normally encountered (i.e., austenitic grain 
count 8 to 13, fracture grain size 8'/2 to 91/2, Rockwell hardness 
63 to 66.5), austenitic grain size and Rockwell hardness are not 
factors which influence materially the performance of hardened 
and tempered high-speed steels in a continuous roughing cut 
without coolant. 

Shepherd-hardened fracture grain size is associated with aus- 
tenitic grain size and within normal limits of austenitic grain size 
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Fig. 17. Larue Serup ror INTERRUPTED Cuttine 


shows no definite relationship with the performance of high-speed 
tools in a continuous roughing cut without coolant. 

The characteristics of the hardened and tempered microstruc- 
ture of high-speed steels are influenced by the quantity of.carbide 
dissolved at the austenitizing temperature during heat-treatment. 

Various lots of the same type of high-speed tool steel exhibit 
varying speeds of response, i.e., speeds of carbide solution, at the 
austenitizing temperature when subjected to identical heat-treat- 
ment. 

In conducting performance tests for a type of high-speed steel, 
various lots when subjected to the same heat-treatment will differ 
in performance as a result of differences in the speed of response 
at the austenitizing temperature; and such differences will be 
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reflected by the characteristics of the microstructure of the har- 
dened and tempered tools. 
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X-Ray Diffraction as a Gage for Measuring 


Cold Work Produced in Milling 


By F. ZANKL,' A. G. BARKOW,? ano A. O. SCHMIDT? 


An x-ray diffraction atlalysis established the fact that the 
cold work produced in the workpiece was effected by the 
radial-rake angle of the milling cutter. A milling cutter 
with a negative radial-rake angle required more power 
than a cutter with a positive radial-rake angle. This 
study also revealed the fact that the negative radial-rake- 
angle cutter produced a more intense and deeper cold 
work in the workpiece, both in the case of two magnesium 
alloys and in S.A.E. 1020 steel. 


INTRODUCTION 


UMEROUS investigations have been carried out concern- 
Nix milling-cutter designs and angles. These will affect 

power consumption, tool life, surface finish, economy of 
production, and numerous other factors. One of the most impor- 
tant considerations in milling-cutter design is the radial-rake angle. 
This angle on a face-milling cutter lies in a plane normal to the 
axis of rotation of the cutter. It is the angle between the line 
drawn along the cutting edge in this plane and the radial line ter- 
minating at the tip of the cutting edge in the same plane, Fig. 1. 


ROTATION ROTATION 
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Fie. 1 30-DeG NeGative anp 30-Dec Postrive RapraL-RakeE- 
ANGLE CUTTERS 


(These cutters are in the form of end mills such as used in the tests. The 
angles drawn in these sketches illustrate the method of recognizing a positive 
or negative radial-rake-angle cutter.) 


If the line drawn along the cutting edge passes ahead of the axial 
center of the cutter in the direction of rotation, the angle is said to 
be a negative radial-rake angle. If the line drawn along the cut- 
ting edge passes through the center of the cutter, the angle is said 
to be a zero radial-rake angle. It is quite apparent in this case 
since it can easily be seen that the line along the cutting edge coin- 
cides with the radius drawn to the tip of the cutting edge. If the 
line drawn along the cutting edge passes behind the center of the 
cutter in the direction of rotation, the angle is said to be a positive 
radial-rake angle. 

The study and analysis of the stresses in the workpiece involved 
in milling are of utmost importance. To be able to say definitely 
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that a certain radial-rake angle on a cutting edge caused more or 
less cold work than another has been a subject of discussion for 
some time. 

A conclusive series of experiments(1)* was conducted by J. B. 
Armitage and A. O. Schmidt. In these investigations test cuts 
were taken with milling cutters having various radial-rake angles. 
Observations made at the beginning and end of each test cut 
included calorimeter temperature and surface temperature of the 
test bar, measured, respectively, with a mercury thermometer and 
an Alnor low-range thermocouple. An Esterline-Angus recording 
wattmeter was connected to the milling-machine-drive motor for 
power-input determinations. Conclusions arrived at in this in- 
vestigation were based exclusively upon heat measurements of 
the calorimeter, from which the heat of the chips was determined. 
Test bars were cut dry, the chips falling directly into the circulat- 
ing water. Calibration of the calorimeter was based on the first 
law of thermodynamics. The variation of tool force with various 
radial-rake angles is shown by means of a graph, Fig. 2. An ex- 
amination of this graph augments the theory that the greatest 
tool forces are caused by a 30-deg negative radial-rake angle, and 
the least are caused by a 30-deg positive rake angle. Further 
considerations from these experiments showed that this relation- 
ship held true for any cutting speed between 194 and 1180 fpm. 
Since the graph is a straight line, one would expect the greatest 
amount of surface deformation to be caused by the rake angle 
creating the greatest tool force, since deformation should be pro- 
portional to the force causing it. 
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Fic. 2. Errect or Vartous Rapiat RaKE ANGLES ON TooL ForcES 
AcTING ON A Facre-MILLING CUTTER 


(Forces on 0-deg rake cutter taken as 100. Point F represents a cutter which 
had a negative primary radial-rake angle of 12 deg, and a positive secondary 
radial-rake angle of 30 deg.) 


In Fig. 3 is shown the surface temperature of the workpiece as 
measured on identical test bars made of S.A.E. 1055 steel, which 
indicates a similar increase in work done on the test bars for the 
negative radial-rake angles. These measurements were taken 
immediately after each cut with an Alnor low-range thermo- 
couple. 

Some of the conclusions drawn from these experiments are as 
follows: Power required at the cutting edge is higher.for the 
negative radial-rake cutter than for cutters with positive radial- 


* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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Fie. 3) Errect oF Various Raptat-RaKE ANGLES ON SURFACE 
TEMPERATURES OF A WORKPIECE MEASURED ON 8.A.E.-1055 Stock, 
1 In. Dram, Hot-Ro.iep, anp NoRMALIZED, AT A CurTING SPEED 
oF 300 Fem, Feep Per Toorsu 0.006 In., Depru or Cut 0.125 In. 


(The cutter had two teeth of cemented carbide. Higher cutting ym and 
heavier feeds resulted in a lower workpiece temperature. Finer feeds pro- 
duced higher surface temperatures in the workpiece.) 


rake angles. This holds true for conventional cutting speeds as 
well as higher cutting speeds up to 1180 fpm. <A cutter with a 
15- or 30-deg positive secondary radial-rake angle and provided at 
the cutting edge with a negative primary radial-rake angle 1 to 2 
times the width of feed per tooth was found to be a more effective 
cutter, since it combines the increased strength of the cutting edge 
afforded by negative radial-rake angles and the lower power re- 
quirement of the cutter with a positive radial-rake angle. 

The term ‘‘primary radial-rake angle” is applied to the angle 
which is ground on the tip of the secondary radial-rake angle. This 
primary angle can be positive or negative, depending upon 
the material to be machined. It forms a small face on the tip of 
a positive secondary angle, Fig. 4. 


ROTATION 


Fic. 4 Schematic Diacram or Cutter Tooto 12-DrecG 
NEGATIVE PrrmMarRY RADIAL-RAKE AND PosITIVE SECONDARY RaADIAL- 
ANGLE 


(A, positive secondary radial-rake angle; B, negative primary radial-rake 

angle; C, peripheral clearance angle; D, cutting edge; E, inserted solid- 

carbide blade; F, hardened wedge; G, ~\ oes body; H, chip-clearance sur- 
ace. 


Zlatin and Merchant (2) conducted a microscale study of the 
hardness of sections taken through chips and machined surfaces 
obtained under various machining conditions, gnd of the relation 
of this hardness to the geometry and mechanics of chip formation. 
A Tukon microhardness tester employing a Knoop indenter was 
used for these studies. It was found that steels may be severely 
hardened by the cutting process, very high increases in hardness 
having been observed. Various phases of the hardness distribu- 
tion in different types of chips were studied and found to have a 
number of practical implications in regard to the wear of the cut- 
ting tool and the serviceability of machined surfaces produced 
under various cutting conditions. Further, it appeared that the 
hardening effects produced by the cutting process can be pre- 
dicted semiquantitatively from the work-hardening properties of 
the metal being machined, as measured by the Meyer exponent. 


TRANSACTIONS OF THE A.S.M.E. 


All of this indicates the usefulness of microhardness tests as an aid 
in the study of the machinability of metals. 

The work of O. W. Boston (3) shows that the cutting force de- 
creased as the rake angle of the cutting tool was increased posi- 
tively. 

There are still numerous questions regarding what actually 
happens at the tip of the tool when a chip is removed from the 
workpiece. Since these questions are not yet all answered, and 
often misleading statements are made concerning machining, 
this study has been undertaken to correlate the effect of radial- 
rake angles and the work done by the cutter on the workpiece. 
An analysis of the subsurface condition of the workpiece should 
indicate that cold work produced in the workpiece is a function 
of the radial-rake angle of the cutter. 


X-Ray Dirrrraciion ANALYSIS 


The application of x-ray diffraction analysis to control of heat- 
treatment and recrystallization of cold-worked metals is well 
known. Whena material, especially a metal, is cold-worked, the 
erystal planes become bent and distorted. Reflections of x rays 
from a crystal with a distorted lattice is analogous to reflection from 
a cylindrical plane. Hence an undistorted grain will reflect the 
x ray to make a sharp spot, while a distorted lattice will make dif- 
fused or elongated spots on the film. This is commonly referred 
to as ‘‘asterism.” If the particle size is within the range which 
will produce uniform concentric Debye-Sherrer rings, the rings will 
become blurred due to the elongation of all small erystallites in 
all directions. 

The best way to analyze a phenomenon of this type is to study 
and observe the resolution of the K, doublet. The lack of reso- 
lution of the observed doublet becomes a semiquantitative 
measure of the amount of cold work that the specimen has under- 
gone. This method can be applied effectively to find the depth 
to which a metal has been cold-worked by a machining operation. 
Indirectly this also becomes a measure of the amount of work 
which has been expended on ‘the stock, in comparison with the 
amount of work that has gone into the chips and the tool. A 
series of photographs is made by the reflection of x rays from the 
metal surface, after successively increasing depths have been 
etched away. When further etching causes no further increase 
in sharpness of the spots, or better resolution in the K, doublet, 
the bottom of the worked layer has been reached. 

Experiments (4) used to correlate the severity of microstress 
with the degree of x-ray line broadening have been conducted by 
Niemann and Stephenson, Smith and Wood, Smith and Stickley, 
Clark, Pish, Seabury, McCutcheon and Thomassen, and Me- 
Cutcheon. Smith and Wood found that the sharply resolved 
doublet in the back-reflection pattern of steel dissolved into a 
single unresolved diffuse ring when the stress reached the yield 
point. Ordinary macrestrains manifest themselves in the x-ray 
pattern as a line shift, whereas microstrains show themselves 4 
a line broadening that may be difficult to distinguish from the 
similar broadening due to fine grain. In spite of this possible 
ambiguity, x-ray diffraction yields more information on straill 
than any other method. 

In this paper the problem of immediate concern was the depth 
of cold work developed in magnesium and steel alloys due to va 
riation in the rake angle of the cutting tool. The results obtained 
were correlated with those received thermodynamically by the 
investigations just mentioned. 


MATERIALS USED AND PREPARATION OF SPECIMENS 


Three types of materials were used in these tests. The first 
a J-1 type Dowmetal. This metal was a solid solution of alv- 
minum, zinc, and magnesium. The complete analysis is give” * 
follows: 
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ZANKL, BARKOW, SCHMIDT X-RAY DIFFRACTION ANALYSIS OF COLD WORK 


Per cent 
Aluminum. ... . .6.8-7.2 
OB 


The second material used was an M-type Dowmetal. This alloy 


had a high manganese content and was a solid solution of manga- 


nese and magnesium. The complete analysis is as follows: 


Per cent 
Manganese..... 
0.3 


Both of the foregoing materials were in the form of extruded 
Dowmetal rods 3/, in-diam and about 4 ft long. These rods were 
held in a lathe and carefully cut into small sections measuring 
ubout 2 in. in length. This operation was performed on a lathe 
as it left the ends of the specimen smooth and parallel. Such a 
condition was a decided aid in measuring the length of the samples 
hetween etches. The Dowmetal specimens were then stamped 
with the following code: 


Ai 
A: 


Bi 


C2 


I 
D: 


Fi 
F: 


The letters A, B, C, D, FE, and F were used to identify the radial 
rake angle of the cutter and the subscript denoted the depth of 
the cut. The specimens were then heated to a temperature of 
500 F forl hr. This treatment was used to relieve the specimens 
of any stress which might have been induced in them by the cut- 
ting and stamping operations. After heat-treatment the speci- 
mens were handled in such a fashion as to prevent any strains in 
the metal prior to the time they received the actual test cuts. 

The third material used in these tests was an S.A.F. 1020 steel. 
This steel was in the form of a */,in-square bar. This bar was 
cut into small sections about 2 in. long. After being cut to 
length, the samples were heat-treated for stress relief. 

The milling cutters used in the Dowmetal tests were all identical 
with the exception of the radial-rake angles. The following is a 
list of the radial-rake angles that were used: 


= 30-deg positive radial-rake angle 

12-deg positive radial-rake angle 

0-deg radial-rake angle 

12-deg negative radial-rake angle 

30-deg negative radial-rake angle 

30-deg positive radial-rake secondary angle with a 12-deg 
negative primary angle 


A 
B 


The milling cutters were all 3-in-diam face-milling cutters, 
equipped with a single cemented-carbide cutting tip, sharpened 
with a diamond wheel. All of the cutters had a zero axial-rake 
angle and were maintained with a keen cutting edge during these 
tests. The test cuts were performed on a Kearney & Trecker 2K 
vertical milling machine, Fig. 5. ‘The specimens were held in the 
jaws of a vertical chuck during cutting. At all times, at least /, in. 
of the specimen extended above the jaws. This was done to 
insure against straining the specimen in clamping. 

The Dowmetal specimens were milled at three separate surface 
speeds, 1180 fpm, 785 fpm, and 107 fpm, respectively. In each 
case the feed rate was adjusted so as to produce chips of approxi- 
mately the same thickness (0.003 in.) throughout the three tests. 
The three speeds 1180 fpm, 785 fpm, and 107 fpm used the fol- 
lowing feed rates: 4'/,, 3, and */s ipm, respectively. These three 
surface speeds were used in order to observe the variation in the 
amount of cold work when the surface cutting speeds are varied. 
In the specimens carrying the subscript 1, the depth of cut was 


0.040 in. In the specimens carrying the subscript 2, the depth of 
cut was 0.080 in. 
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A small portion of each of the two types of Dowmetal used in the 
test was powdered and placed in the x-ray beam in the form of a 
powder wedge. This wedge of material was slowly rocked back 
and forth in a powder camera so as to secure smooth Debye- 
Sherrer rings. The two resulting patterns were compared and 
found to be similar, although the spacing of the lines was some- 
what different. This indicated a change in the lattice parameter 
of the unit crystal. Both the J-1 and M-type Dowmetal were in 
the form of solid solutions. In the J-1 type Dowmetal, the alu- 
minum and zine were soluble in the magnesium to form a ternary 
solid solution of aluminum, zinc, and magnesium. In the M-type 
Dowmetal, a binary solid solution of manganese and magnesium 
was formed. Since the total percentage of manganese was only 
1.2 per cent, there was no free manganese (5) present. All of the 
manganese was contained in the close-packed hexagonal structure 
of the magnesium crystal. It appears that the manganese is able 
to cause sufficient lattice growth to account for the variation in 
the spacing of the rings shown on the two powder-pattern views. 

A complete analysis was made of these two powder patterns 
with regard to lattice parameters, structure of the crystal, and the 
crystal planes causing the reflections. In the M-type Dowmetal 
the intense doublet on the back reflection side was the resolution: 
of the cobalt Ka; and Kaz lines. These lines were caused by re- 
flection from the (006) planes in the crystal. The second ring 
was caused by reflections from the (300) planes. This line is 
similar to the respective line in the J-1 Dowmetal pattern. In the 
case of the J-1 Dowmetal, the intense reflections from the (006) 
planes did not appear on the diffraction pattern (see Figs. 12 and 
13). This was most likely due to some interference phenomena 
in the structure factor of this crystal disallowing its existence 


Test ProcEDURE 


The camera used in these experiments, Fig. 6, was a back-re- 
flection type using a flat film and a rather large pinhole arrange- 
ment. This large pinhole lessens the exposure time, since it 
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X-RAY TUBE 


ENO view 
Fic. 6 Schematic SKETCH OF Back-REFLECTION CAMERA 


SIDE view 


Fig. 7 Dowmetat SPECIMEN IN Position TO ReceIvE X Rapt- 
ATION 


(The rays are reflected upon the flat film from the milled surface of the speci- 
men.) 


allows a more divergent beam to strike the specimen and thereby 
irradiate a greater number of crystals. All the exposures were 
taken for a period of 30 min at a voltage of 35 kv and a current of 
15 ma. The radiation analyzed was the unfiltered K radiation 
from a cobalt target. 

The specimen was mounted in a saddle jig and held in the direct 
beam of the x rays at a distance of 5 cm from the film, Fig. 7. 
This permitted the rods to be removed and etched, after which 
they were again placed in exactly the same place in the back-re- 
flection camera. 

The first sample A;, which had been machined to a depth of 
0.040 in., was placed in the beam for '/; hr. At the end of this 
time the film was removed and the picture developed. The mil- 
led surface of the specimen was then etched in a very dilute hy- 
drochloric-acid solution until 0.001 in. thickness of metal had been 
removed from the milled surface. All of the Dowmetal specimens 
were treated in the foregoing fashion. 


TRANSACTIONS OF THE A.S.M.E. 
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This procedure resulted in a diffraction picture being made 
available for inspection of the milled condition of the subsurface 
of the specimen in steps of 0.001 in. in depth. The number of 
steps necessary was determined by the depth of penetration of 
the cold work. The limiting depth of penetration of the cold 
work was reached when two consecutive photographs resulted in 
an identical diffraction pattern. 

The success of such a procedure is due to the fact that practi- 
cally all of the diffracted x rays will be reflected from a depth less 
than 0.001 in. below the surface of the specimen being photo- 
graphed. During the etching process it was necessary to etch 
the specimen very slowly since a considerable amount of heat was 
liberated in the reduction. This heat could easily act as an 
annealing treatment and thereby reduce the evidence of cold-work 
crystal deformation in the specimen. 

The Dowmetal specimens having the subscript 2 in the identify- 
ing stamping were all machined to an initial depth of 0.080 in. 
This series was performed in order to observe if the depth of crys- 
tal deformation due to cold work would penetrate deeper under 
the surface of the specimen if the depth of cut were greater. In 
the J-1 type Dowmetal, the variation in the amount of cold work 
was determined by a visual inspection of the amount of line 
broadening and distortion in the rings on the diffraction patterns 
at various depths of etching. In the analysis of the M-type Dow- 
metal, the amount of cold work was determined by measuring the 
height of the peaks on a series of microphotometer traces which 
were run on the diffraction patterns. A microphotometer trace 
was made of each diffraction pattern. The height of the peaks of 
the, Ka; and Ka; lines were measured above the general background 
level and these results correlated to give values of distortion as 
compared to radial-rake angles. 


REsULTs AND Discussion 


In the case of the M-type Dowmetal, various radial-rake-angle 
milling cutters were used at three different surface speeds. Fig. 
8 shows an M-type Dowmetal milled at 107 fpm with a 30-deg 
positive radial-rake-angle cutter and a 30-deg negative radial- 
rake-angle cutter. The specimen in pattern (a) was milled witha 
30-deg positive angle cutter and the specimen in pattern (c) was 
milled with a 30-deg negative angle cutter. An examination of 
these two patterns shows far greater resolution in the pattern 
marked (a). This shows that the greater cold work exists in the 
pattern marked (c). An examination of the patterns (b) and (d) 
reveals greater distortion and grain fragmentation due to cold 
work in the pattern marked (d). In this case (b) was the dif- 
fraction pattern of the sample milled with the 30-deg positive 
radial-rake-angle cutter after 0.003 in. had been etched from the 
surface. The diffraction pattern marked (d) was due to the 30- 
deg negative radial-rake-angle cutter after 0.003 in. had been re- 
moved from the surface by etching. The far greater resolution 
of the Coxe; and Coxaz lines in the pattern (b) leaves no doubt 
that the greater amount of cold work was caused by the 30-deg 
negative radial-rake-angle cutter as shown in (d), Fig. 8. These 
results also show that a much greater penetration of cold-work 
distortion is caused by the negative radial-rake-angle ¢utter. 

Fig. 9 shows an M-type Dowmetal milled at 785 fpm witha 
30-deg positive radial-rake-angle cutter and a 30-deg negative 
radial-rake-angle cutter. In this test all conditions were exactly 
similar to those of the test shown in Fig. 8, except that here the 
surface speed was 785 fpm instead of 107 fpm as in the former 
case. Here again, (a) and (b) are diffraction patterns of the speci- 
men milled with a 30-deg positive radial rake-angle cutter, and 
(c) and (d) are patterns of the specimen milled with a 30-deg 
negative radial-rake-angle cutter. An examination of the pat 
terns (a) and (c) shows greater distortion and erystal fragmenta 
tion in the pattern marked (c). This is due to the greater amount 
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(a) 30-deg positive angle, no etch (b) 30-deg positive angle, 0.003-in. etch 
(c) 30-deg negative angle, no etch (d) 30-deg negative angle,0.003-in. etch 


Fic. 8 Dirrraction Parrerns or AN M-Typr Dowmertat, MILLeD at 107 Fem Wits 30-Dec Positive Raprat-RAKE-ANGLE 
Currer AND A 30-Dea NeGative Raptat Rake-ANGLE CUTTER 


(a) 30-deg positive angle, no etch (b) 30-deg positive angle, 0.003-in. etch 
(c) 30-deg negative angle, no etch ‘ (d) 30-deg negative angle, 0.003-in. etch 
Fig. 9 Dirrraction Patrrerns of M-Tyepe DowMeETAL, MILLED aT 785 Fem Writs « 30-Dee Positive 
CutTTerR AND a 30-Dec Neaative CUTTER 
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of cold work performed on the specimen (c) by the negative rake 
cutter. 

An examination of the patterns (b) and (d) shows greater dis- 
tortion and grain and crystal fragmentation in the pattern marked 
(d). In this case, (b) was the diffraction pattern of the sample 
milled with the 30-deg positive-radial-rake-angle cutter after 
0.003 in. had been etched from the surface. The diffraction 
pattern marked (d) was due to the 30-deg negative-radial-rake- 
angle cutter after 0.003 in. had been removed from the surface by 
etching. The far greater resolution of the Coxa: and Coxa: lines 
in the pattern (b) leaves no doubt that the greater amount of cold 
work was caused by the 30-deg negative-radial-rake-angle cutter 
as can be seen in Fig. 9. This is comparable to the analysis de- 
duced for Fig. 8. Pattern (b) in Fig. 8 is better resolved than the 
pattern (b) in Fig. 9. In these two cases, the sole difference resides 
in the surface speeds of the cutters. In Fig. 8 the surface speed 
was 107 fpm while in Fig. 9 the surface speed was 785 fpm. 

Fig. 10 shows an M-type Dowmetal milled at 1180 fpm with the 
following radial-rake-angle cutters: 30-deg positive rake, 0-deg 
rake, and 30-deg negative rake. The patterns marked with the 
letter A were milled with the 30-deg positive-angle cutter. The 
patterns B were milled with the 0-deg-angle cutter. The patterns 
C were milled with a 30-deg negative-angle cutter. The sub- 
scripts a, b, c, d, and e denote the following depths of etch: 0.000, 
0.001, 0.003, 0.004, and 0.005 in., respectively. 

An examination of the patterns A,, B,, and C, reveals that at a 
0.000-in. depth of etch, the amount of cold work in the pattern 
A, is less than in either B,, or C,, the cold work in C, being the 
greatest. The degree of cold work can be judged by the resolu- 
tion of the two diffraction rings. In this illustration, it can be 

seen that the greatest amount of cold work has been caused by 
the 30-deg negative-radial-rake-angle cutter. 

A further examination of the patterns A., B., and C, shows that 


at a depth of etch of 0.003 in., most of the distortion due to cold 
work has been removed from the specimen A,, but the patterns 
B, and C, still retain a large degree of distortion and erystal frag- 


mentation. This indicates that the cold work due to the 30-deg 
positive-angle cutter did not penetrate much deeper into the 
specimen than 0.003 in., but the cold work due to the 0-deg and 
30-deg negative-angle cutters did penetrate deeper into the speci- 
mens as can be seen by an inspection of patterns B, and C,. 

Finally, an inspection of patterns A,, B,, and C, reveals that at 
a depth of etch of 0.005 in., the cold work due to the 30-deg 
positive and the 0-deg angles has been nearly all removed, but 
that a considerable amount of distortion is still present in the 
pattern C, which is due to the cold work caused by a 30-deg 
negative-radial-rake-angle cutter. Here again, it should be noted 
that the patterns A, and C, were etched to a depth of 0.003 in. and 
so should compare with patterns (b) and (d) in Figs. 8and9. The 
only change in this case is the surface speed which was 1180 fpm. 

The pattern A, in Fig. 10 is not as well defined as either (b) in 
Fig. 9 or (b) in Fig. 8. From these facts it is quite possible that 
the amount of cold work in the specimen varies directly as some 
function of the surface speed. In other words, one might say an 
increase in surface speed will result in an increase of cold work and 
deeper penetration thereof into the specimen. 

Fig. 11 shows an M-type Dowmetal milled with various radial- 
rake-angle cutters. The surface speed in this case was 1180 fpm, 
while the depth of metal removed was 0.080 in. The letters A, B, 
C, D, E, and F, denote the following respective radial-rake 
angles: 30 deg positive, 12 deg positive, 0 deg, 12 deg negative, 
30 deg negative, and 30 deg positive /12 deg negative. The letters 
a, b, c, d, and e denote the following respective depths of etch: 
0.000, 0.001, 0.003, 0.004, and 0.005 in. 

An examination of the patterns Au, Ba, Ca, Da, Fa, and Fa re- 
veals the fact that the greatest amount of cold work can be found 
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in the pattern Dg and Ez. The least cold work was found in A,. 

The cold work in pattern F, ranged somewhere between the 
patterns Ag and Ba. A comparison of the microphotometer 
traces below each pattern also provides a similar indication of the 
amount of cold work. The trace below pattern E, has the small- 
est resolution of the K, doublet and so indicates that E, has the 
greatest amount of cold work. An examination of the next line, 
A, through F,, shows the greatest amount of cold work in E, and 
the least in A,. In all cases, it should be noted that the straight 
line below each microphotometer trace is not a reference level for 
intensity but merely an indication of the horizontal. 

An analysis of the line A, through F, shows that most of the 
cold work has been removed from A, but that some cold work 
still exists in pattern E,. The final line indicates a 0.005-in, 
etch. In this series it can be seen that the greatest cold work 
exists in pattern E,. The microphotometer traces also showed 
such a trend. 

Therefore, from the pattern in Fig. 11 it can be seen that the 
positive radial-rake cutters caused the least cold work while the 
negative radial-rake cutters caused the most. It is of interest 
to note that the amount of cold work due to a cutter with a 30- 
deg positive secondary radial-rake angle and a 12-deg negative 
primary radial-rake angle such as F was greater than that caused 
by a 30-deg positive radial-rake-angle cutter and less than that 
caused by a 12-deg negative radial-rake-angle cutter. 

Fig. 12 shows diffraction patterns of a J-1 type Dowmetal milled 


. at 1180 fpm with various radial-rake-angle cutters. The depth 


of metal removed was 0.040 in. In this series it is possible to see 
some distortion due to cold work in the patterns whose specimens 
had not been etched. Due to the large grain size it is difficult to 
detect the trend of cold work with respect to radial-rake angles. 
The need for a further analysis of large-grained specimens was 
indicated in this case. Fig. 13 is similar to Fig. 12, with the ex- 
ception that the depth of cut is 0.080 in. instead of 0.040 in. 

Fig. 14 shows a series of diffraction patterns of an 8.A.F. 1020 
steel. In Fig. 14, (a), (6), (c), and (d) were milled with a 6-deg 
positive radial-rake-angle cutter. The specimens in patterns 
(e), (f), (g), and (hk) were milled with an 18-deg negative radial- 
rake-angle cutter. The cutting speed in each case was 572 fpm, 
feed 0.010-in. per tooth, depth of cut 0.125 in. The patterns (a) 
and (e) had noetch. The patterns (b) and (f) had a 0.001-in. etch. 
The patterns (c) and (g) had a 0.0015 in. etch, and (d) and (h) a 
0.002-in. etch. 

An examination of the patterns (a) and (e) shows considerable 
evidence of cold work in both patterns. The patterns (6) and (/) 
reveal a greater amount of cold work in (f). An inspection of (¢) 
and (g) shows that most of the distortion due to cold work has been 
removed from (c), while the pattern (g) is still distorted and shows 
signs of cold work and crystal fragmentation. The pattern (d) 
has all the cold work«removed, while there is still evidence of 
cold work distortion in (A). 

From an inspection of Fig. 14 it is evident that the 6-deg posi- 
tive radial-rake-angle cutter causes less cold work and less pene 
tration of deformation than the 18-deg negative radial-rake-angle 
cutter. In this case, the pattern was caused by reflections from 
the (310) plane. Here also, as in the case of the magnesium 
specimen, no visible difference exists in the surface finish of the 
test bars machined at the same cutting speed and feed with 
cutters of different radial-rake angles. Profilometer readings of 
the steel test bars indicated from 23 to 28 microinches (rms). 


CoNCLUSIONS 
From the foregoing results, it is possible to state the following 
conclusions: 
1 Negative radial-rake-angle cutters produce more cold work 
in milling than do positive radial-rake-angle cutters. 
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hoe 9 of metal removed in milling was 0.040 in. The letters A, B, and C denote the following respective radial-rake angles: 30-deg positive, 0-deg, 
). deg negative. The letters, a, b, c, d, and e denote the following respective depths of etch: 0.000, 0.001, 0.003, 0.004, and 0.005 in. It can be 
seen that the amount of cold work is greatest when the radial-rake angle is most negative.) 
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Fic. 13 Dirrraction Patrerns or J-1 Type DowmetaL MILLED aT 1180 Fem Wirth Various RaprAt-RAKE-ANGLE CUTTERS 
(Depth of metal removed in milling was 0.080 in. The letters A, B,C, D, E, and F denote the following respective*radial-rake angles: §30-deg Baer (Physie. 
12-deg, positive, 0-deg, 12-deg negative, 30-deg negative, 30-deg positive/12-deg negative. The letters a, b, c, denote the following respective epths 0 eS 
etch: 0.000, 0.001, and 0.005 in. There is very little erence Speene these cuts and those of Fig. 12, although the latter were produced with only With the 
y in. depth of cut.) 
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(a) 6-deg positive angle, (e) 18-deg negative angle, 
no etch no ete 

(b) 6-deg positive angle, (f) 18-deg negative angle, 
0.001-in. etch 0.001 in. etch 

6-deg positive angle, 18-deg negative angle, 
0.0015-in. etch 0.0015 in. etch 

(d) 6-deg positive angle, (h) 18-deg negative angle, 


0.002-in. etch 0.002 in. etch 
Fig.14. Dirrraction Parrerns or 8.A.E. 1020 Steet MILLep W1TH 
4 Positive RapiaLt-RAKE-ANGLE CUTTER AND AN 18-Dee 
NeGative RapraL-RAKE-ANGLE CUTTER 


2 The depth of penetiation of deformation due to cold work is 


greater when using negative-radial-rake-angle cutters than when 
positive radial-rake-angle cutters are used. 

3 A cutter provided with a positive secondary radial rake 
angle (e.g., 30 deg) and a negative primary radial rake angle (e.g., 
\2deg) at the cutting edge will cause less cold work than a 12-deg 
negative radial-rake-angle cutter. 

4 There is little difference in the depth of cold work produced 
in Dowmetal by cuts taken at the same feeds but at different 


depths. 
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Discussion 


Micuakt Fieitp.* The authors are to be commended on their 
fine paper on the x-ray analysis of cold work produced in face 
milling. However, it appears that additional information may 
be developed from the data presented. For instance, no mention 
was made of the effect of cutting speed on cold work for the nega- 
tive rake angle cutter. Upon visual examination of the results of 
the milling of ““M’’ Dowmetal with the —30 deg radial-rake cut- 
ter, it appears as if there was less cold work at 1180 fpm than at 
785 or 107 ft per min (Figs. 10C(a), 9(c), 8(c)). This is confirmed 
by the diffraction patterns after the 0.003-in. etch. Again less 
cold work is portrayed at 1180 fpm than at 785 fpm (compare Figs. 
10C(c), 9(d)). 

From the foregoing it appears that at 1180 fpm the cold work is 
less than at lower speeds with a negative rake cutter. 

Furthermore, in examining the result of cutting speed on cold 
work with the +30 deg radial-rake cutter, the greatest amount of 
cold work appears to occur at the 785 fpm cutting speed with the 
least amount of cold work for 107 fpm. However, at 1180 fpm the 
cold work was intermediate to that of the two previous speeds. 

These conditions appear to be true for the zero etched surface 
as well as after 0.003 in. has been etched from the surface. (Figs. 

8(a), 9(a), 1OA(a), for the zero etch; and Figs. 8(b), 9(6), 10A(c) 
for the 0.003 in. etch.) 

From these observations with the +30 deg rake angle cutter it 
appears as if a maximum cold work is obtained at the intermediate 
speed with the amount of cold work being less at low and high 
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speeds. If this is so it might be in line with some previous tests 
by Ernst, Merchant, and Zlatin that under certain conditions 


the cutting force may be a maximum at some similar intermediate 


speed, with higher and lower speeds producing smaller cutting 
forces. 

It was somewhat surprising to see that there was such a small 
difference in the amount of cold work produced by the positive 
and negative rake angle cutters in the case of the milling of steel, 
Fig. 14. This small difference may be attributed to the shallow 
depth of cut, only 0.0125 in., but it should be borne in mind that 
the radial rake was varied in this series of tests whereas the axial 
rake would probably have a greater influence on the cold work 
produced in the workpiece surface since this surface is generated 
by the face cutting edge and it is the axial rake which controls 
the chip formation at the face cutting edge. 


AutHors’ CLOSURE 


When specimens are cut with a milling cutter, the immediate 
surface of the specimen is strained until failure occurs. That this 
is so can be readily seen when one considers the action of milling 
as a process of actually removing metal. Since the surface of the 
specimen is always strained beyond the point of failure the surface 
crystals undergo approximately the same effects when milled 
with a 30-deg positive radial-rake-angle cutter as when milled with 
a 30-deg negative angle cutter. Therefore in a test of this 
type one can obtain an indication of the amount of cold work that 
has been done on the specimen by investigating the layers of 
stressed material below the top surface. As successive layers 
of the deformed metal are removed from the specimen, a level is 
finally attained at which the amount of deformation can be seen 
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to decrease. The rate of decrease of deformation will depend 
upon the degree of severity of cold work. Finally, the specimen 
that shows evidence of deformation at the greatest depth is the 
sample which received the greatest magnitude of cold work. 

That the x-ray diffraction pattern is an indication of the im- 
mediate surface only can be seen by an examination of the pat- 
terns (a) and (d) in Fig. 14. The first mentioned is a pattern of 
8.A.E. 1020 steel taken after the sample had been deformed by 
milling. The second is a pattern of the same sample after 0.002 
in. had been removed by etching. 

In pattern (a) the smooth ring is due to the reflections from 
the many small crystals that were created by the milling action. 
It can also be noted that the large grain size of the unstrained 
material below the surface doesn’t contribute to the diffraction 
ring. The entire pattern is due to reflections from crystals 
not more than 50 X 10° A° below the surface (approx. 0.0002 in.) 

No conclusions have been drawn concerning the effect of speed 
on the cold work produced in milling. Conclusions of this nature 
were purposely omitted because the authors believe that the 
nature of the tests involved do not represent a complete or exact 
account of the effect of speed on cold work; although it appears 
that the surface speed of a milling tip does have a pronounced ef- 
fect on the magnitude of cold work. 

In the case of the steel specimens, the depth of cut was 0.125 
in. in all tests. 

This study concerned itself with the cold work produced by 
the various radial-rake angles. Since all cutters had a zero- 
degree axial-rake angle, the change in the depth of cold work was 
entirely due to the change in the radial-rake angle. The effect 
of the axial-rake angle was a constant in all tests. 
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Tracer points are commonly made in conical form with 
a spherical tip for contacting the surface. Through meas- 
urement of surfaces with diamond points of various tip 
radius, it is shown that even relatively large radii may be 
used. The 0.0005-in-radius point commonly used in 


averaging instruments is wholly adequate for surfaces 
tested. 


INTRODUCTION 


HE surfaces of materials finished by abrasives are charac- 

terized by a type of roughness which depends on the 

finishing operation and the abrasive used. The dimen- 
sions of the irregularities which comprise this roughness are of 
interest as these dimensions determine the roughness limit or 
specification. Instruments have been developed in the past few 
years which will give readings of the vertical dimensions of this 
roughness, expressed in inches. It is common knowledge that 
typical finishing operations may produce surfaces having rough- 
ness only a few millionths of an inch in height. 

The basis of the practical instruments for measuring this rough- 
ness is the tracer point which contacts the surface roughness and 
transmits the minute displacements to the amplifying device. 
Although this point. must be very small, practical considerations 
of use require that it be rugged and as little subject to fracture 
and wear as possible. Materials such as the diamond and the 
sapphire are commonly used for tracer points, and these are 
fashioned as tiny cones or pyramids with their sharp points slightly 
rounded to reduce the wear and breakage hazard to which a dead 
sharp point would be subject. 

The rounding of the tip of the tracer point naturally raises the 
question: ‘‘Can a point of such bluntness reach the bottom of the 
roughness irregularities?” If the answer to this question is nega- 
tive, then the readings of instruments using these blunted points 
is subject to considerable question. This is a problem which 
should be studied seriously and impartially as it is the basis of the 


best-known method of measuring the tiny dimensions involved in 
roughness, 


Test PrRocEDURE 


In the present investigation, it is proposed to show the differ- 
enees in average roughness reading that are obtained on a variety 
of specimens using tracer points of different sharpness. Four 
diamond points were obtained in mounts to suit them for use in 
the common type of “profilometer” tracer. One of the points 
Was intended to be representative of the 0.0005-in. tip radius 
commonly used in this instrument. Subsequent measurement 
showed, however, that this point was somewhat sharper than 
‘xpected. Two other points were prepared to represent tips a 
actor of 2 and 4 sharper than this commonly used type. A 
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Tracer-Point Sharpness as Affecting 
Roughness Measurements 


By D. E. WILLIAMSON,' LINCOLN PARK, MICH. 


fourth point having a tip radius approximately 4 times 0.0005 in. 
was chosen in order to illustrate the effect of an extreme of dull- 
ness, 

The use of these four points in measuring a variety of surfaces 
should give a clue as to the importance of sharpness in so far as 
accuracy of reading is concerned. It is to be appreciated that 
most of the difficulties in making roughness readings are repre- 
sented in the results, inasmuch as standard instruments and 
measuring techniques were used. Some slight advantage was 
obtained in the test by attempting to obtain specimens with small 
point-to-point variation in roughness. The success of this at- 
tempt can be judged from the plot in Fig. 6. It is understood 
that no investigation of this kind can include all types of surfaces 
without the expenditure of many times the work necessary to 
demonstrate the effect. For this reason the tracer points and 


specimens used will be kept available for such further investiga- 
tion as may seem desirable. 


MEASUREMENT OF Rapius 


The most difficult part of the work lies in obtaining a satisfying 
value for the tracer-point radius. This measurement is so diffi- 
cult that it is almost never done except by the manufacturers of 
the tips or the instruments that use them. Even then the radius 
is frequently not determined accurately as performance is of more 
importance than strict adherence to a dimensional specification. 
Two methods of determining the radius of the tip were used for 
this investigation. The first involved the use of a microscope 
and ‘camera lucida,” the second being ordinary photomicro- 
graphy. 

In both methods the point was illuminated from behind so that 
a silhouette was obtained. Using the microscope and camera 
lucida, a magnification of 644 was obtained, which gives very 
satisfactory definition of the shadow image. The principal diffi- 
culty comes in matching the shadow image with prepared circles 
to determine the radius of the point. The eye rapidly fatigues 
to the point where it is impossible to decide on a satisfactory 
value for the radius. 

For this reason photomicrographs at 794 were prepared. 
Each diamond was photographed in two positions 90 deg apart. 
Reproductions of the photographs of the four diamonds used in 
this investigation are shown in Figs. 1, 2, 3, and 4. The sharp- 
ness of the shadow boundary is better than might be expected. 
The original negatives show diffraction effects in the form of a 
dark fringe along the side of the cone. These effects were visible 
on the ground glass while focusing, and apparently did not inter- 
fere with the sharpness or shape of the desired image. 

The photomicrographs were measured with the aid of a trans- 
parent template having concentric circles engraved in one side. 
By this method considerable time could be spent in deciding 
which circle of the template best fitted the point without the eye 
fatigue induced by the direct use of the microscope. This is 
essential, as diamond points are never perfect cones with per- 
fectly blended spherical tips. As shown in Fig. 5, the irregularity 
of the tips falls into two general classes. In each class the radius 
at the extreme tip of the diamond is different from the radius of a 
sphere which would blend perfectly with the conical sides. In 
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Fic. 1 No. 1, Rapivus 2090 MicroincHEs 
(Reference line is 0.001 in. long in all figures.) 


Fic. 2. Diamonp No. 10, Rapius 331 MicroincHEs 


one case, this ‘‘tip radius” is less than the ‘‘blend radius,” an effect 
probably caused in lapping due to the orientation of the diamond 
crystal structure. In the other case the tip radius is larger 
than the blend radius. This condition is probably caused by 
improper lapping and is also characteristic of worn points. 


Tip Data 

The values of the tip and blend radius obtained from the photo- 
micrographs is shown in Table 1. The two positions in which the 
diamond was photographed are indicated by 0 deg and 90 deg. 
The diamonds are seen to be quite uniform and regular in shape, 
only diamond No. 5 showing any appreciable flattening at the 
tip. Ordinarily, the effective radius of a tracer point is consid- 
ered to be the tip radius (and the results of this investigation sup- 


TABLE 1 DIAMOND POINT RADII 
Tip Blend Average 


Diamond Position, radius, radius, radius, 
no. deg microinch microinch microinch 


1 2050 2050 
90 2130 2130 2090 

10 252 315 
378 378 

5 315 151 
250 164 

6 88 88 
126 88 


Note: Each point was photographed in two positions. Point radius 4 
the average of four measurements. All values are in millionths of inch 
(microinches). 
port that contention). However, if a given point does not fully 
bottom the irregularities of roughness, it must necessarily co” 
tact the surface at points other than its extreme tip. Therefor’ 
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Fic. 3) Ditamonp No. 5; 


No. 6; 


TIP 
TIP RADIUS RADIUS 
Fic. 5. Departures From Perrect SHAPE Make NECESSARY A 
CAREFUL Stupy or DiaMonp 
(Tip radius is usually the controlling factor. When tip and blend radius 
are equal, the point has perfect shape. 


the average of tip and blend radius was accepted as most charac- 
teristic of the particular points used. Fortunately, this choice is 
hot critical and did not affect the results of the investigation. 


Rapius 220 MicroINcHES 


Rapius 97 MicroINCHES 


PREPARATION OF SPECIMENS 


The roughness specimens used were all prepared specially for 
the test by ordinary abrasive finishing methods. A tabulation 
of the specimens and method of finishing is contained in Table 2. 
This method was preferred to the selection of samples from pro- 
duction parts, due to the great variety of shapes and materials 
which would have been included. Further, surfaces produced on 
the surface grinder with some care as to wheel and feed are likely 
to be more uniform. The specimens were made of 2 K 4 X 
*/\-in. slabs of carburized 1020 steel. The lay of the four ground 
pieces was the long way of the slab, as was the lay of the belt- 
sanded specimen. The lapped surface was produced on a cast- 
iron lap with considerable loose abrasive present, final rubs being 
made the long way of the piece. With the exception of No. 6, 
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TABLE 2. TEST SPECIMENS 
Approximate 


Specimen * roughness, Rockwell 

no. microinches (rms) — Abrasive 

1 51/2 63 Loose 

2 81/2 59 150J wheel 
3 12 52 60H wheel 
ft 36 60 46H wheel 
5 42 55 46H wheel 
6 25 61 Belt sand 


Nore: Specimens were 2 X 4 X #/j-in. slabs of carburized 1020 steel 
Nos. 2 to 5 were surface ground to a uniform finish. 


the specimens were found to be exceptionally uniform as far as 
point-to-point variation in roughness is concerned. 

Roughness readings of the specimens were made using standard 
profilometer equipment including a type S tracer and type U 
‘‘mototrace.” This equipment was determined to be in good 
electrical and mechanical condition. The tracing speed supplied 
by the mototrace was 0.22 ips, and the length of trace was just 
less than the 2-in. width of the specimen. Readings were taken 
at three different places on each specimen with each of the four 
tracer points previously described. The direction of trace was 
the short way of the piece, or perpendicular to the lay. One 
measurement was taken in the center of the piece and two others 
1/,in. in from the right and left ends. 


RovuGHNEss READINGS 


The specimens were aligned for reading in such a way that the 
tracer points all followed essentially the same path. Considera- 
ble care was taken with the sharper points to avoid such high 
pressures as might damage the points or the specimen. As the 
photomicrographs were taken at the conclusion of the test, the 
success of this effort is substantiated. Inspection of the speci- 
mens fails to show any damage due to the action of the diamonds. 

Reading of the profilometer was done in accordance with the 
accepted practice except that more attention was paid to point- 
to-point variation in roughness than would otherwise be neces- 
sary. Those readings which appeared to be unusually steady 
were recorded as a single number. Readings with only slightly 
more variation were recorded as a range of roughness. Some 
exception was necessary in recording of the readings on specimen 
No. 6, due to the extreme variability of the surface. The action 
of the profilometer meter was such that the top of the range was 
very erratic and indistinct. For this reason, the bottom of the 
roughness range only was plotted. The right-hand edge of this 
piece was sufficiently different from the center and left that it has 
been plotted as a separate surface. 

The roughness readings obtained are presented in Fig. 6. The 
three readings made on each specimen with each diamond are 
individually recorded on the graph. The center reading of each 
group occupies the abcissa denoting the point radius of the group. 
Profilometer reading is plotted as the ordinate, which is broken 
to allow the inclusion of all of the data on the same graph. A dot 
indicates a steady reading, whereas a vertical line indicates a 
range of roughness. Readings for specimen No. 6 are represented 
by crosses and include only part of the data as mentioned. Read- 
ings taken with the 2090-microinch point on specimens No. 4 and 
“glass” interfere with other readings but are easily identified as 
they are single readings represented by dots. 


INTERPRETATION OF Data 


The interesting feature of the data in Fig. 6 is the relative un- 
importance of the effect of tracer-point sharpness. The dashed 
lines connecting associated data call attention to this fact. Of 
particular interest is the very modest reduction in reading ob- 
tained with the bluntest point. This reduction is at no point 
greater than about 25 per cent and for specimen No. 4 appears to 
be only 9 per cent. 
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Fic. 6 Errect or Tracer-Point SHARPNESS ON RovuGHNess 
READING 
(Roughness specimens are identified in Table. 2.) 


A notable exception is the case of the ground glass. Judging 
from this curve, it is apparent that even the 97-microinch point 
fails to bottom all of the irregularities. This seems to be a char- 
acteristic of ground glass and is probably due to the chipping 
action of the loose abrasive used in grinding. The narrow irregu- 
larities thus produced are in sharp contrast to the dull hills and 
valleys commonly produced by abrasives on metal. 

It is noteworthy that the curves of specimens Nos. 1 and 2 
show the same flattening as the other curves. This should serve 
to dispel in some measure the erroneous idea that tracer-point 
instruments cannot measure below about 8 microinches rms, but 
are useful only as comparators on smooth surfaces. The lapped 
surface of specimen No. 1 was produced in the same manner as the 
surface of the “ground” glass, that is, through the use of loose 
abrasive on a cast-iron lap. Certain elements of surface char- 
acter are apparently determined to a greater extent by the ma- 
terial than by the finishing process. 


CONCLUSIONS 


The experience of the users of averaging-type tracer-point 
instruments has led to an acceptance of this method of measure- 
ment. Therefore the tracer point itself is accepted as a trust- 
worthy tool in the majority of cases. In the foregoing investig- 
tion it has been attempted to extend this trust to cover finer and 
more critical surfaces. In speaking of the ability of tracer points 
to follow the finest textures of roughness, it is pointed out by R. 
E. Reason, et al, of Taylor, Taylor, and Hobson: ‘On most ordi- 
nary mechanical surfaces, there seem to exist... .larger depre* 
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sions of sufficient wave length to be fully penetrated, and it will be 
shown that in the presence of these larger depressions the omis- 
sion of the finest texture is of little consequence to the average 
reading.” 

The data presented in this paper show that measurement of 
average roughness on metal surfaces finished with abrasives can 
be satisfactorily carried out by tracer-point methods. Regard- 
less of the smoothness of the piece, a tip radius of 0.0005 in. 
(500 microinches) should be adequate. Exceptions as in the case 
of the ground glass are bound to occur, and may even be fotind on 
metals, although such an exception has never come to the atten- 
tion of the author. 


It has been shown that the error occasioned by tracer points 4 
times blunter than 500 microinches is generally less than the point- 
to-point variation in roughness of a single specimen. It is not to 
be assumed from this that maintenance of tracer points can be 
relaxed. A diamond having an original radius of 0.0005 in. can 
easily be worn to one having several thousandths tip radius, ‘the 
rate of wear depending upon the type of service. Under low- 
power magnification, it is easy to mistake the “blend” radius 
for the “tip” radius, and many false readings have been taken on 
this account. It is clear, however, that a good point of 0.0005- 
in. radius can be used to obtain true and accurate readings of 
average surface roughness. 
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Surface Finish of Steel in Face-Milling 


By A. O. SCHMIDT,' MILWAUKEE, WIS. 


Exhaustive tests have shown that the radial rake angle 
has relatively little effect upon surface finish of the work- 
piece in face-milling operations. Cutting speed and feed 
per tooth determine the surface finish, i.e., the higher 
the speed and finer the feed, the better the surface be- 
comes. However, if this is carried to extremes the cutter 
will wear rapidly. 


UITE frequently in trade literature recommendations are 
made regarding the use of specific negative rake angles in 
order to obtain better surface finishes. From several 

thousand profilometer readings of surface finish gathered in face- 
milling tests with a variety of radial rake angles over a period of 
3 years, it can be concluded that the radial rake angle has rela- 
tively little effect upon the surface finish of the workpiece. 

Cutters used in previously reported tests (1, 2)? were of two- 
bladed construction having 0-deg axial rake and various radial 
rake angles including 30 deg, 15 deg, 6 deg positive, 0 deg, 6 deg, 
12 deg, 20 deg, and 30 deg negative. Cutting speeds ranged from 
25 to 1180 fpm. Readings of surface finish were usually taken 
after the first and third cut across a 1-in. round test bar of nor- 
malized steel, S.A.E. 1055. The best surface finishes were ob- 
tained at cutting speeds greater than 500 fpm. With very fine 
feeds of 0.0005 in. to 0.001 in. per tooth, readings as low as 8 
microinches were occasionally recorded. However, it would be 
impossible to duplicate at will such fine surface finishes because 
of the continuous changes in the cutter and the workpiece. 

The fact that a fine feed and high cutting speed will wear off the 
cutting edge even when it is made of cemented carbide, coupled 
with the fact that the workpiece material is never homogeneous, 
will lead one to understand the frequent occurrence of variations 
in surface finish even within a small area of the same test speci- 
men. On a workpiece as small as 1 in. diam, it was found ex- 
pedient to take three profilometer readings in different places 
and these very seldom were identical. However, wear at the 
cutting edge will very often improve the appearance of the 
machined surface. For example, a tool that becomes chipped 
will leave a rough surface finish. After this same cutting tip 
has worn smooth it will burnish the milled surface, thus giving 
again lower profilometer readings. 


Surrace-Finisu STUDIES 


Values of surface finish shown in Fig. 1 were obtained with a 
flyeutter and are quite representative of the observed conditions. 
The comparatively small variation in surface finish due to differ- 
ent rake angles at a cutting speed of 572 fpm, can be noticed as 
well as the rougher finish with large differences caused by a lower 
cutting speed. Fig. 2 illustrates the radial rake angles used in 
these tests and Fig. 3 shows surface-finish reproductions. 

When a multiple-tooth cutter is used these phenomena cannot 
be observed as readily as when cutting with a single-bladed cutter, 
Engineer, Kearney & Trecker Corporation. Mem. 

* Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Special Research Committees on Metal Cutting 
Data and Bibliography and on Cutting Fluids, and the Production 
Engineering Division, and presented at the Fall Meeting, Boston, 
Mass., Sept. 30-Oct. 3, 1946, of THe American Society oF 
MECHANICAL ENGINEERS. 

- Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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(Lower part, cutting speed 572 fpm, feed 0.010 in. per tooth, depth of cut 

0.125in. Material cut S.A.E. 1020, normalized, */,in. square. Three read- 

ings were taken in different places on individual specimens. Upper part 

represents surface finish under identical conditions with exception that 
cutting speed was 115 fpm.) 
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Fic.3 Surrace as OBTAINED FLy CurTer or 12-DG 
NEGATIVE RapiaLt-RakE ANGLE, PLOTTED IN Fia. 1 

(Lower view at 572 fpm; upper, 115 fpm. Both views taken at same 

magnification. The trace left by profilometer head can be seen. The 

length of this mark is 0.120 in. Profilometer readings for the upper 
surface, 160; for the lower surface, 30 microinches (rms). ]} 
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Fig. 4 PRoFILOMETER READINGS OF SURFACE FINISH AS OBTAINED 
Wuen §.A.E. 4140 Steer or 300 BHN AND VaRYING FEED 
Toots 


(Cutting speed, 428 fpm. Cutter had two putting edges provided with 12- 
deg negative radial rake angle.) 
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because of the variations in run-out, however small, of the various 
blades. The data recorded in most of the previous tests were ob- 
tained from a two-bladed cutter and it was found that they 
were about 70 per cent in agreement with the graph in Fig. 1. 

Fig. 4 has been plotted with values obtained from a two-bladed 
cutter of 3 in. diam. In quite a few surface-finish readings, taken 
in a series of tests, significant variations from the general trend 
were found, extremely fine or coarse finishes occurring unexpect- 
edly. In the case of an unexpectedly coarse finish, an examina- 
tion of the cutting edge with the microscope often revealed minute 
chipping, while an extremely fine surface-finish reading among 
otherwise rough surface finishes might be due to the microstruc- 
ture of the particular workpiece. 


Tests aT CaLrrornia INSTITUTE OF TECHNOLOGY 


Surface-finish readings taken at California Institute of Tech- 
nology (3) on milled steel surfaces (S.A.E. 4130, normalized, 160- 
170 Bhn), when a feed of 0.003 in. per tooth was held constant 
and the cutting speed was varied between 90 and 1500 fpm, show 
a marked improvement of the surface from several hundred 
microinches at the low speeds to 20 to 35 microinches at 660 fpm. 
At cutting speeds above 660 fpm, the machined surface became 
somewhat rougher again and was about the same as at 540 fpm. 
This general trend was also observed when the feed per tooth was 
0.015 in. Profilometer readings were between 40 and 240 mi- 
croinches at 100 fpm cutting speed and decreased to between 20 
and 80 microinches at a cutting speed of 400 fpm. Increasing 
the cutting speed above 400 fpm did not bring about any marked 
improvement in surface finish. 


REQUIREMENTS FOR MILLING 


The major requirements for a milling cutter which will give 
satisfactory cutting action and long life between regrinds are as 
follows: 


1 Acutting edge designed to resist the cutting forces and made 
of a material which will stand up and not wear or chip readily. 

2 A tool shape which will reduce the power required for the 
operation at hand. 


As the cutting speed is increased or the workpiece material be- 
comes harder, these two requirements assume greater importance. 

As one result of our research on high-speed milling, we have 
established that cutters with inserted cemented-carbide blades at 
positive radial rake angles, which are provided at the cutting 
edge with a negative radial rake angle 1'/, to 2 times the width 
of feed per tooth, are very effective. 

This design feature combines the increased strength of the 
cutting edge afforded by negative radial rake angles and the 
lower power requirement of positive radial rake angles. In Fig. 
5 the term primary radial rake angle refers to the narrow radial 
rake angle A ground at the cutting edge according to specific 
requirements. The secondary radial rake angle is the angle B 
at which the cutting tip is set in relation to a radial line through 
the cutting point and is always positive (usually 15 deg.) 

Application of this combination of radial rake angles to pro- 
duction cutters results in several advantages, i.e., tool life between 
grinds is increased, power consumption is lowered and carbide- 
tip material is used more economically. Surface finish as ob- 
tained under standard machining conditions will be more uni- 
form through reduced wear and tear of cutter. 

These cutters are all-purpose face mills. They can be used on 
steel, cast iron, and various nonferrous alloys. Either positive 
or negative primary radial rake angles can be ground on them to 
suit the requirements of different workpiece materials. Of course 
the proper grade of carbide for the material being milled should 
be used. The cutter bodies are alloy steel, heat-treated and 
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made with an accuracy which permits the use of these cutters for 
precision work. Location of the holding wedge behind the cutting 
blade permits the provision of ample space for a large smooth chip 
clearance in front of the blade. Since steel chips exhibit a 
tendency to weld to hardened cutter bodies during heavy cuts, 
thus causing early failure, the chip-clearance surfaces have been 
highly polished or chromium-plated to minimize this tendency. 


Curtrer-DEsIGN CONSIDERATIONS 


The shape and position of the gullet in front of the tooth is 
such that the chip is guided during the time while the tip is 
cutting. This prevents curling the chip toward the workpiece, 
or trapping it, which often is the cause of marred surface finish. 
When the chips ride around with a milling cutter, smeared or 
rough spots on the milled surface will appear and tool life will 
be shortened. 

Very often a poor surface finish on the workpiece will result 
from chips which become trapped underneath the cutter in face- 
milling. To prevent this, the blades in the cutter, Fig. 5, are very 
close to the cutter face and the chip coming off will not find an 
opening to slip between the cutter body and workpiece. 


Fie. 5 Borrom View or CuTrer Bopy Wirx 
INSERTED CARBIDE BLADES 


(Primary radial rake angle A negative; secondary radial rake angle B 
positive. Top: Section through blade and wedge.) 


In many cases negative axial rake angles will cause surface 
scratches, as these angles have a tendency to curl the chip towards 
the workpiece and mark the machined surface, as illustrated in 
Fig. 6. This will be especially noticeable when the axial rake 
angle is more negative than the radial angle (4). However, 
since a negative axial rake angle will often improve tool life, this 
chip interference can be eliminated by sloping the flute in such 
a Way as to carry the chip away from the machined surface. 

Cutters having a 15-deg positive radial rake angle, provided 
with a small negative face at the cutting edge, operate with less 
vibration and deflection in the workpiece and milling machine. 
Since they consume less power than cutters with wholly negative 
rake angles, they can take heavier and deeper cuts without stall- 
ing the machine during the operation. 

The rake angles on a milling cutter therefore will be chosen to 
give the best tool life for the operation at hand. A negative rake 
angle of 6 deg on a cutting tip, set at a 15-deg positive radial rake 


SCHMIDT—SURFACE FINISH OF STEEL IN FACE-MILLING 


Fic. 6 Marks ON MACHINED SURFACE 
(Caused by chips from cutter with negative axial rake.) 


angle as shown in the center of Fig. 2 and in Fig. 5, will make a 
very effective cutter for mild steel. For harder steel, e.g., 300 
Bhn, a cutting edge ground with a negative rake of 12 deg on the 
same positive cutting tip has been found most satisfactory. 


CoNcCLUSIONS 


If a fine surface finish is desired, feed per tooth and cutting 
speed should be adjusted as indicated by the following observa- 
tions of surface finish in milling operations: 


1 Quality of surface finish in face-milling is determined less by 
the radial rake angle than by the cutting speed and feed per tooth. 

2 At the same cutting speed and feed, the surface finish, as 
measured by a profilometer, is approximately the same for both 
negative and positive radial rake angles. 

3 The higher the cutting speed and the finer the feed, the 
better is the surface finish. However, at too fine a feed and too 
high a cutting speed the cutter will wear rapidly. 

4 Heavy feeds and slow cutting speeds will result in poorer 
surface finish. 
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Discussion 


A.W. Meyer.* The quality of surface finish obtained by use 
of carbide cutters is always interesting. We usually expect a 
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better appearance in finish due to the burnishing effect produced 
by using negative angles. 

With the use of flycutters, we usually obtain a bright and clear 
finish at the start which gradually changes to a streaked and 
smeared appearance. This is actually still smooth, although not 
as pleasing to the eye. y 

With multiple-tooth cutters, finish is dependent upon the ac- 
curacy of locating the teeth in the cutter body. The quality of 
finish with these cutters remains fairly uniform during the life 
of the cutter. 

The author has shown chips marring the machined surface. 
We also have observed this tendency and have seen “chip 
bands” produced on the finished work and, in some cases, have 
seen evidence of secondary bands when the cutter leaves the 
work and re-enters the work near the end of the cut. 
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The chip band makes its appearance, we find, whenever the 

spiral angle exceeds the rake angle in the negative direction. 
(—10 deg axial rake) 
(— 5 deg radial rake) 

The scratched pattern can be overcome by making the negative 
radial rake angle greater than the negative axial rake angle. 
When these angles are equal, we are at the borderline and find the 
tendency to produce a chip band. 

Chip scratches are in some instances produced on the sur- 
face ahead of the machined surface, but, as these are subse- 
quently removed, they are not in the end detrimental to the 
finished work. 

This paper is directed to an interesting and important phase 
of carbide-milling and is a welcome addition to our sum total 
knowledge in this art. 
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Regulation Theory for Thermal 
Power Plants Employing 


a Closed Gas Cycle 


This paper deals with the power regulation of gas-tur- 
bine plants employing a closed cycle according to the 
proposals of Ackeret and Keller. Theoretical calculations 
are shown in order to follow the nonstationary processes 
which occur in the plant when changing load. It is 
demonstrated how the regulation means shall operate 
with respect to the specific properties of the closed cycle 
for insuring a quick action in the case of sudden load 
changes. 


Keller,? operate according to the schematic layout in 

Fig. 1. After compression in a compressor, the working 
ing air first traverses a recuperator following-which its tem- 
perature is raised in an air heater to 1100 to 1300 F as a general 
rule. Subsequently, it expands in a turbine, gives up a part 
of its heat content in a recuperator to the compressed air, is 
cooled in a cooler, and again enters the compressor, whereby the 
cycle is completed. The output of the turbine in excess of that 
required for driving the compressor is employed as useful output; 
for example, to drive an electric generator. 

As is known, installations of this kind have the advantage 
from a regulating point of view that fluctuations in the developed 
output can be brought about simply by changing the quantity 
of working medium describing the cycle. Hereby the machine 
efficiencies remain practically unchanged, since the pressures at 
every point of the cycle vary in the same ratio whereas the 
temperatures and flow velocities remain unaltered. Hence it is 
only the density of the circulating working medium which is 
varied. 


(Vater op gas-turbine plants, proposed by Ackeret and 


Consequently, the operation of the regulating equipment is 
fundamentally simple. When the load on the plant drops, the 
working medium, i.e., usually air, must be discharged from the 
cycle, while with increasing load, the working medium has to be 
admitted to the cycle. In the original operating condition and 
in the operating condition which is sought after a change in 
load has taken place all pressures in the cycle are in the same 
ratio to one another. During the transition period, however, 
matters are different, because the pressures do not change with 
equal rapidity at all points of the cycle. 

The pressure in the vicinity of that point of the cycle where 
the air is admitted or withdrawn will approach the new condi- 
tion more quickly than the pressure at remoter points. Thus 
during the admission or withdrawal processes a temporarily 
differing transitory condition will adjust itself at which the ratio 


' Chief Engineer, Research Department of Escher Wyss Engineer- 
ing Works, Ltd. 

*“The Escher Wyss-AK Closed-Cycle Turbine, Its Actual De- 
velopment and Future Prospects,’ by C. Keller, Trans. A.S.M.E., 
vol. 68, 1946, pp. 791-822. 

Contributed by the Oil and Gas Power Division and presented at 
the Semi-Annual Meeting, Detroit, Mich., June 17-20, 1946, of 
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AIR HEATER 


ACCUMULATOR 


hic. 1 ReGutatinc Layout or Criosep-Cycie 
PLANT 

(F = pendulum; Ky, KL = pistons of restoring device influenced by high 

pressure and low pressure of circuit: S = pilot valve, SM = servomotor; 


* = combined inlet-outlet valve.) 


of inlet and outlet pressure of turbine and compressor changes 
for the time being. During the period which elapses until the 
final stationary condition is reached from this transitory state, 
the accumulated volumes in the piping and heat-exchanging 
units installed between the turbine and compressor have a con- 
siderable influence. It follows that, in contradistinction to 
water turbines or steam turbines, the power given up by the 
plant is not determined by a certain position of a valve or guide 
apparatus, since according to the particular operating condi- 
tion, changing phenomena can still take place in the cycle itself. 

It has been found that these nonstationary transitional condi- 
tions are susceptible to theoretical investigation and, moreover, 
in a relatively simple manner and in good conformity with the 
results obtained from actual trials. Such theoretical results 
enable the particular characteristics of the plant to be utilized in 
an advantageous manner. In the following remarks the bases of 
some theoretical calculations, such as were carried out in connec- 
tion with the experimental plant installed at the Escher Wyss 
Works, shall be referred to and certain conclusions drawn as to 
the behavior of the plant during regulating processes. 

In this connection, reference is made only to an installation 
with single heating, i.e., one in which the heated air expands 
completely in a turbine, without reheating, from the highest 
pressure of the cycle p,, down to the lowest cycle pressure p,. 
Furthermore, it is assumed that during the nonstationary proc- 
esses the air will flow to the turbine at constant temperature. 
Consequently, the temperature control itself will not be dealt 
with further. Incidentally, trials have shown that, owing to the 
accumulation of heat in the heater tubes, the temperature 
changes but slightly, even if the furnace control does not follow 
instantaneously the changes of load. 

For making the calculations, knowledge is necessary of the 
characteristic lines for the co-ordination of the initial turbine pres- 
sures and final compressor pressures, as well as the turbine out- 
put and compressor input, all in relation to the flow quantity. 
Hereby the characteristic lines for the constant low pressure p,;, 
= | are sufficient, i.e., the relationships between the ‘values 
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divided by p, for the pressures, weights of circulating medium, 
outputs and inputs, since an alteration of all these magnitudes 
in the same ratio always leads to a possible working condition. 
If the pressure ratio py/p, for turbine and compressor is 
plotted in relation to the weight of working medium flowing 
through per second (divided by p,), namely, gy for the turbine 
and g- for the compressor, a diagram is obtained as shown in 
Fig. 2. At the stationary operating point N, the quantity flow- 
ing through is the same for tur- 


bine and compressor. 
other hand, for a lower pres- 
sure ratio, 
charged by the compressor is 
larger by an amount Ag than 
the volume passing through the 
turbine. 

With the closed cycle, it fol- 


On the 


the volume dis- 


Siege Se Se lows in this case that the ac- 


Pe Pu 


PRESSURE-V OLUME 
oF Com- 


Fie. 2 
CHARACTERISTICS 
PRESSOR AND TURBINE 


cumulating space of the cycle 
on the high-pressure be- 
tween compressor and turbine 
is filled, while the low-pressure 


section discharges and, moreover, for a period until the sta- 
tionary condition N with gp = gc is again reached. For upward 
deviations of the pressure ratio the process is analogous; the 


compressor then delivers a smaller volume than that which the 
turbine admits and, consequently, the plant again tends to reach 
the stationary condition. Unless outside action is taken, it 
follows that a deviation from the stationary. pressure ratio can 
be of only passing duration. If the power input N¢ of the com- 
pressor and the power output N of the turbine are plotted in 
relation to the weight of the working medium flowing through, 
then a diagram results as in Fig. 3. 
The normal point N corre- 

sponds to a turbine output VQ 
and a compressor input 


PQ. 
The difference NP represents 
the normal useful output. 
Under a reduced pressure ratio 
and with changed values g; 
and g- according to Fig. 2, the 


| 
\ | 


turbine output_ corresponds to | 
the distance RT and the com- i | 
pressor input to the distance ttt 
SU. The useful output is RT pete are 


— SU and has now been reduced 
by AN,. With relatively slight 
lowering of py it is even possi- 
ble for the useful output to 
disappear completely. In- 
versely, a relatively slight in- 
crease of py also suffices, for example, to double the useful out- 
put. This fact is important for the practical execution of the 
regulating equipment, because by suitably utilizing this rather 
unexpected “momentary effect’? much quicker regulation can 
be brought about. Figs. 2 and 3 are based upon a fixed speed. 
An alteration in the speed would bring about displacement of 
the characteristic lines. 
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THEORETICAL CALCULATIONS FOR BEHAVIOR OF PLANT UNDER 
NONSTATIONARY WORKING CONDITIONS 


of the paper: , 
Py = pressure in high-pressure section of circuit 


p, = pressure in low-pressure section of circuit 


The following nomenclature is used throughout the remainder 
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weight of working medium flowing 
through turbine and compressor in 


time unit 


weight of working medium in cir- 
culation per time unit at stationary 


full load 

output of turbine and 
compressor 

useful output 


input of 


torque of turbine and compressor 


useful torque of the plant 


= speed, rpm 
= time taken under normal working 
conditions by particle of working 
medium for passing from middle of 


compressor through 


high-pressure 


section of circuit to middle of tur- 


bine 


~ 
il 


time taken under normal working 


conditions by particle of working 
medium for passing from middle of 
turbine through low-pressure sec- 
tion of circuit to middle of compressor 


time required for circulation of 


particle of working medium under 
normal operating conditions 
“starting-up time’’ for plant, i.e., 


period within which plant is by full- 
load torque accelerated from speed 


0 to normal speed 
go = weight of working medium intro- 
duced from exterior into high-pres- 
sure section of circuit per time unit 
= weight of working medium intro- 


Ploy Joy No, Mo, no = 


duced from exterior into low-pres- 
sure section of circuit per time unit 
values representing condition for 
stationary full load 


Pu*, pi*, g* = values representing condition for any 
given stationary condition having 
same pressure ratio as at full load 

Pu* APu 
PHo PHo 
Pir — _ | 
PLo PLo 
gr —go* Agr | 
Jo Jo | 
= temporary deviations from sta- 
Go— go" Ae |, tionary state of equilibrium based 
Jo wo on full-load condition 
M,—M,* AM, 
Ma Mo 
n—m | 
no no 
Mw 
A= : = relative alteration of useful torque 


when changing only py 


= relative alteration of difference of 


weight of working medium passing 


through turbine and compress0! 


when altering only py 


to th 
full 
reads 


The j 
to th 
above 
97 =- 
to the 
Since 
and tk 


|| 
= 
Pa 
- 
: T sl 
ir 
th 
abi 
pre 
burbi san 
rela 
T 
pres 
worl 
pres 
ress 
the: 
porti 
PHo 
C 


que 


“equalizing period’”’ 


time 
derivative with respect to time 


When dealing with the nonstationary phenomena in the cir- 
cuit by mathematical means, one can, in accordance with the 
usual practice for treating vibration problems, assume linear 
relationships between the different variables by limiting oneself 
to relatively small deviations from the state of equilibrium. 
In particular, the characteristic lines for pressure and output, 
according to Figs. 2 and 3, will be replaced in the close vicinity 
of the stationary condition by their tangents at this point. The 
subsequent remarks deal only with processes where the speed is 
constant or where only slight temporary deviations occur from 
the normal speed. ‘For the sake of simplicity, the influence is 
disregarded which a change in speed causes in the weight of 
working medium flowing through, in the output and in the 
torque. Accurate calculations in this regard have shown that 
this influence during regulating processes has the effect of a self- 
regulation, i.e., is stabilizing. 

Without reference to the calculation of the characteristic 
lines in themselves, one can insert for the relative deviation u of 
the useful torque from the stationary condition a relation having 
the following form 


A wy + (1 — A) y........... [1] 


The coefficient A, which in practical cases can have a value of 
about 4, gives the influence of the change Ap, of the high- 
pressure py, a8 Apy = Wu-Puo. That the coefficient of y, 
must have the value (1 — A) follows from the consideration 
that, when changing the high pressure and low pressure in the 
same ratio (for example, ¥,, = ¥, = \), the useful output and 
useful torque must also change in the same ratio (i.e., also 
u = \, pressure-level variation proper with py/p, = const). 

For the relative difference in the quantity of working medium 
flowing through turbine and compressor, the following linear 
relationship may be inserted 


The uniformity of the coefficients of ¥, and y, results here 
from the fact that an alteration in the high-pressure py and low- 
pressure p; in the same ratio, in such a way that yy = yy, 
again leads to a stationary condition with the same weight of 
working medium flowing through turbine and compressor, 
ie., yp — ye = O, if the speed remains constant, namely, ¢ = 0. 
Further equations are obtained from the balances for the con- 
tent of working medium of the high-pressure section and low- 
pressure section of the plant. If slight alterations in the tem- 
perature distribution are disregarded, the weight content is pro- 
portional to the pressure prevailing at any time. According 
to the definition of T',, the content of the high-pressure section at 
full load is equal to go 7'y, whereas, for any given pressure py it 
reads as follows 


yr — vo = C (Wa - 


Pu 
Gy = go TH 
The increase per second of the weight content G, is now equal 
to the surplus of the volume discharged from the compressor 
above the Volume flowing through the turbine (namely, g¢ — 
9r = —[yr — yc]go) increased by the volume qq - go introduced 
to the high-pressure section of the cycle froin an external source. 


Since in accordance with the definition Pu = Pu* + PHo* vu 
and thus 
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it follows that 


dG es dy 
= = [—(vr — ¥c) + qu) “Jo 
dt dt 


or when employing Equation [2] 


= — V1) + [3] 


If a quantity q,.go is supplied per second from an external 
source to the low-pressure section the following equation is 
obtained in a similar manner 


= +C (Wo [4] 


Equations [1], [3], and [4] now permit of important prediec- 
tions being made, as to the behavior of the plant under non- 
stationary working conditions. 


BEHAVIOR OF PLANT aT CONSTANT OR ONLY SLIGHTLY CHANGING 
SPEED 


The processes herein referred to may take place, for example, 
when the plant drives an electric generator that is connected to a 
large network, the frequency of which cannot be influenced by 
the plant itself. For these conditions, it shall be illustrated how 


the output given up by the plant can be influenced by arbitrary 
external action. 


A number of different cases shall be dealt with as follows 
(a) A fully closed cycle 


da =U =9 
Equations [3] and [4] become 
Ta: vn = —C 


= +C We [6] 
Consequently 


Tavat+T. =0 


Tu va + Ti. = const = 0 


as the whole contents of the circuit compared to the stationary 
condition are not changed. It follows that 


VL T, va 
while insertion in Equation [5], after some transformation, gives 


va = T,T, (7] 


The solution is as follows 


vy = const = e Ty 
whereby 


C-Te (“equalizing time”)... {9} 


The relative deviations of the pressures py and p,, run in this 
case according to an exponential function with negative exponent 
thus proceeeding asymptotically toward 0.. The value le 
defined according to Equation [9], can appropriately be desig- 
nated as the equalizing time. It represents the time within 
which the deviations from the stationary condition return 
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1 
to the fraction -. The smaller 7',, the quicker will the pressure 
e 


ratio reach its stationary value. In installations having heat- 
exchanging apparatus of ample size 7’, is, in practice, of the 
magnitude of a few seconds. 

(b) Uniform introduction of working medium into high-pressure 


section of cycle 
Qn = const = Qy,q, = 0 


Equations [3] and [4] result in 
Taba = — —¥1) + [10] 


If one assumes initially a stationary condition with Yy = ¥, 
= 0, fort = 0, the following solutions are obtained 


and the course of the useful output or useful torque becomes, 
according to Equation [1] 


T,| ¢ ATe—T 
Vu + (1 4) Vi Quy HE + ( Tx ) 
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The temporal course of the pressures and the output, according 
to Equations [12], [13], and [14], have been plotted in Fig. 4 by 
way of example from the stationary half-load condition. The inlet 
quantity was here so chosen that, in the course of a period of ¢ = 
10 T,,, the contents of the cycle are increased by one half the full- 
load contents (Qy = T¢/10 T,). Since py increases quickly 
during the first moment when the working medium is admitted, 
whereas p, only follows afterward, a quick increase in output 
results under an increased pressure ratio. For a value A = 4 


t 
va = + ( (12} and Ty = 2 that is to say, = 3 7',, the factor of (1 

Te LT, Ta e'/Te) in Equation [14] becomes equal to 5. At the commence- 
‘ ment of the admission of the working medium, the output conse- 
QuT, E (: quently increases 6 times more quickly than would be the case it 
ae ce only the pressure level were raised with an even distribution 
over the whole cycle of the same ad- 
450 Z 450 mitted quantity of working medium. 
For example, 60 per cent of the full- 
rg a load output is already reached after ( 
350 Pa 4- 350 Pat = T,/3 instead of only after ¢ = 2 1. 
y 1 Inversely, if the working medium were 
300 oa 300 ond discharged to the same extent and 
pressure Py within the same period, the useful out- 
Wa ase put would already have dropped to 40 
200 200 2s _— per cent only because of the reduced 
pressure ratio. Consequently, the sup- 
150 150 ply or withdrawal of working medium 
to or from the high-pressure section 
100 pa 100 —-—- ——— gives rise to particularly quick action. 
50 50 (c) Uniform introduction of working 
medium to low-pressure section of plant 
ts) 0 For the supply of a constant quan- 
5 5 tity Q, to the low-pressure section, one 
prebsure rptio prebsure rptio must insert in Equation [3], gy = 
4 4 and in Equation [4], = Q,.  Other- 
wise the calculation proceeds funda- 
Pru /Pr mentally the same as for admission on 

3 3 the high-pressure side. 
1,2 The result is given in Fig. 5. Pro- 
i [Wis J ceeding from the same initial condi- 
1,0 Pa 1 10 Fi tion and with the same admitted quan- 
“tity per time unit as in Fig. 4, the 
as / T pressure course and output course for 
inlet of working medium on the low- 
joulp pressure side have been inserted. 
0,6 spite of the increase in the contents 0! 
. _ the circuit, the output at first drops 
04 0,4 a consequence of the reduced pressure 
\ ‘ ratio and recovers only after a certail 
0,2 0.2 Li "No time has elapsed. Thus where speedy 
adaptation to load fluctuations is 
0 ‘ \ quired, the supply or withdrawal of 
2 4 6 8 0 83612 0 2 4 7 i012 working medium on the low-pressure 
time time b/T, side is inadequate. For’ the first 
moment it has, in fact, an opposite 


Fic. 4 Course or Pressure, Presscure 

Ratio, Userut Output WHEN INnTRO- 

puctneG Arr Into HicH-Pressure Part or 
Circuit 


Fic.5 Course or Pressure, Pressure Ratio, 
AND UseruL Output WHEN AIR 
Into Low-Pressure Part or Crrcvuit 


effect and would thus lead to quite 
unstable regulation. It is suitable 
only for increasing or lowering th 
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pressure level slowly, quick load fluctuations being dealt with 
by other regulating means. 

(d) Necessary course for admission of working medium on high- 
pressure side where course of output or torque is prescribed: 

Under this heading the remarks are limited to the supply and 
withdrawal of working medium on the high-pressure side. The 
question arises as to what temporal course shall be chosen for the 
admission in order to follow a prescribed course of the output; 
that is to say, uw. From Equations [1], [3], and [4], ¥y, ¥,, and 
gy can, in fact, be caleulated (with q; = 0). 

Of particular interest is the necessary course of the inlet 
quantity for a sudden change in load, for example, by the amount 
Ifthe values u, and are calculated as deviations 
from the final condition that is sought, then, for example, one may 
assume » = ~y = ¥, = A, before a sudden reduction in load by 
the amount \ takes place. In the case of sifdden changes to 1 = 0, 
Equation [1] likewise calls for a sudden alteration of Yy or Yr. 
Since the admission or withdrawal of working medium takes 
place only on the high-pressure side of the cycle, only ¥,, can be 
suddenly changed. Furthermore, u drops from \ to zero when 
vy suddenly drops by the amount Avy = =. This is brought 


about when a quantity of working medium 


Wa = { 


AG = gly, - 


is withdrawn suddenly, that is to say, in practice within a very 
short period Af. 

After withdrawing this quantity, the load reduction by the 
fraction \ has already been brought about owing to the instan- 
taneous reduction of the pressure ratio. Lowering of the pres- 
sure level proper would require for the same load reduction a dis- 
charge quantity G = go7’,-’. Consequently, the quantity to be 
withdrawn (or for load increases supplied) on the high-pressure 


side is only the fraction a of this quantity, that is to say, 
AT 
with 4 = 4 and 7'y/7'~ = 2/3, only one sixth of the quantity 
which will have to be withdrawn for lowering the pressure level. 
Needless to say, the remaining quantity must still be with- 
drawn because otherwise the changed pressure ratio will gradually 
again be equalized as has already been explained under (a). 
For this further withdrawal process, the 
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load to no load would require a sudden withdrawal of working 
medium on the high-pressure side of about one sixth of the 
contents of the cycle, while the remainder would have to be 
withdrawn gradually with an intensity which at the commence- 
ment would be approximately equal to the normal quantity g,, in 
circulation per second, as represented in Fig. 6. 

The supply and withdrawal process for periodical load fluctua- 
tions can also be calculated on the basis of the mathematical 
relationships which have been represented. It has been found 
that for quick fluctuations the low pressure is subjected to prac- 
tically no further change and that the load fluctuations are, for 


pressure 


discharged ai 


at 10 20+ 
time sec. 


30 


Fig. 6 Ipeat Course or Arr DiscHarGce aNp Pres- 


sURE WHEN THROWING Orr Futt Loap 


the greater part, brought about only by altering the high pres- 
sure. Consequently, the consumption of regulating air and the 
corresponding losses are, thanks to the momentary effect, 
much smaller than would be the case for changes in the pressure 
level proper (see Fig. 7). 

It may be mentioned in passing that the method of regulation 
by opening a by-pass pipe connecting the high-pressure section of 
the circuit to the low-pressure section, which has already been 
tried out in practice with the Escher Wyss experimental plant, 
is likewise accessible to mathematical investigation when em- 


following equation applies 24 


= A vu a a — A) Vi = const = 0 


[i5) 


The result obtained shows that the 


remaining quantity has to be withdrawn 
temporarily in accordance with the 


course of an exponential funétion with — 12 


T 
negative exponent one fluctuation 
A 
L 


Thus the quantity withdrawn per second 


proceeds relatively slowly and asymptoti- 


cally toward zero. The time which Lt 
elapses until it goes back to the fraction 0 

AT 40 20 
72 T* = T. T,; in other words, with 


the values previously employed, approxi- 
mately 6 times the equalizing time 
T,, which in its turn represents a few 


seconds. A sudden reduction from full Fic. 7 


30. SO 60 2 80 90 10 0 120 
Number of load fluctuations per hour. 


a) Required power in % of the normal output af terminals. 
b) Drop of efficiency. 
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ploying Equations [1], [3], and [4], in that only gy = —q, has 
to be inserted as being equal to the quantity flowing through this 
piping. However, the present paper shall primarily be devoted 
to regulation by supplying and withdrawing working medium 
without going into questions of by-pass regulation which are 
of course important. 


AUTOMATIC SPEED REGULATION 


The simplest kind of regulation is one with which, on an in- 
crease in speed taking place, the speed-measuring means, usually 
a centrifugal pendulum, opens a discharge valve with the assist- 
ance of a servomotor, this valve allowing the working medium to 
discharge from the high-pressure section of the cycle into the 
open air or into a low-pressure accumulator; or, on the other hand, 
opens an inlet valve through whie’ working air from a high- 
pressure accumulator is suppli ue circuit at the same 
point. 

For obtaining a clear co-ordination of speed and output in the 
state of equilibrium, the regulating gear must of course be re- 
stored by an influence that is characteristic for the useful output 
of the plant. Such a restoring means is the pressure py or p;, 
prevailing in the cycle. Since these pressures do not change for 
the moment in the same ratio, it is even appropriate to allow 
both pressures to act on the regulation. 

Consequently, the regulating actions proceed fundamentally 
according to the schematic drawing, Fig. 1. In this figure, 
which shows the equipment only in principle, the supply and 
withdrawal of working medium take place by upward or down- 
ward movement of the piston K*, the high-pressure side of the 
cycle being connected either to a high-pressure accumulator HP 
or to a low-pressure accumulator LP. 

Restoration of the control gear influenced by the centrifugal 
pendulum F, is effected by the alteration of the cycle pressures 
Py and p, acting on the pistons Ky and K,. In this connection, 
it is already assumed that the pressures py, and p, act in the op- 
posite sense, an arrangement the suitability of which is proved 
by the subsequent calculations. 

Mathematical investigation of the automatic regulation leads, 
apart from Equations [1], [3], and [4], to two new equations, 
namely the “motor equation” and the “control equation.” The 
first reads 


[16] 


This equation follows from the fact that the deviation of the 
torque from the condition of equilibrium accelerates the speed. 
T,, is the so-called ‘‘starting-up time.” It is a measure for the 
flywheel momentum of the rotating parts and represents the 
time within which the rotors would be accelerated from a speed 
zero to the full number of revolutions, under the action of full- 
load torque. 

The control equation reads 


This is drawn up on the assumption that the quantity of work- 
ing medium supplied or withdrawn is proportional to the devia- 
tion of the piston K* in Fig. 1, from its mid-position. Term 6 
signifies the relative difference of the speed in the stationary full- 
load and no-load condition (speed droop). The coefficient k is 
connected with the transmission ratio of the contro# rods and 
the cross section which is freed when raising piston K*. The 
coefficient k represents that quantity qy which is admitted to the 
cycle when, with unchanged circuit pressure (namely, yy = 
¥, = 0), the speed has been reduced by the amount 6, i.e., ¢ = —— 6. 

T is the “following-up time” of the servomotor and deter- 
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mines the time within which the movements of piston K* and 
the inlet quantity q, respond in relation to a change in speed. 
It is that time in which a deviation from gq of the magnitude 
determined by the right-hand side of Equation [17] goes back 
to the fraction 1/e. 7, = 0 represents immediate response of 
dy to the change of ¢. 

The coefficient r designates the restoring means of the control 
under the action of the high-pressure py or its relative alteration 
vy. That the restoring coefficient of y, must now have the 
amount (1 — r) follows from the requirement that when pro- 
ceeding from stationary full load to stationary no load in a 
closed cycle (qq = = 0), whereby yy = ¥, = the speed 
change shall be ¢ = 6 in accordance with the definition. If r = 
1, then the restoring action takes place only under the high- 
pressure p,,, whereas if r = 0, only under p,;. When r > 1, it 
designates amplified regtoring action by py, which is, however, 
again partly reduced in the stationary condition by the negative re- 
storing action from p, (coefficient (1 — r) < 0). An amplified 
restoring action by py (r > 1) is appropriate on account of the 
nonstationary conditions in the circuit which temporarily adjust 
themselves, whereby the output given up by the cycle is in- 
fluenced to a much greater extent by changing py alone than 
by a simultaneous change of both pressures py and pr. 

The five variables u, and ¢ must therefore during a 
regulating action meet the requirements of the five Equations 
{1], [3], [4], [16], and [17]. 

Elimination one after another of the remaining variables leads, 
for example, for qq, to the differential equation of the fourth 
order 


Qu +4qy + +equn +dqy =0..... [18] 
The coefficients a, b, c, d, then have the following values 
k ( 
a= — c= — {| —— 
T,\TT, 1T, Tc 


rk k 
T, TH T,T, Tc 8T, 
with 


Ty T 
oT. To = Ty + T, 

The solutions of the differential Equation [18] generally repre- 
sent oscillation processes. To insure the regulating actions 
again being stabilized after a disturbance in the equilibrium be- 
tween developed and consumed output, these solutions must be 
damped oscillations. The regulation is then stable. This gives 
rise to certain conditions for the coefficients a, b, c, d (Hurwitz 
criterion). 

The temporal course of the remaining variables ¥y, ¥1, 
¢issimilar. For example, when full load is suddenly thrown off, 
a course of the speed deviation ¢ results as illustrated in Fig. 8 
According to the magnitude of the restoring coefficient this ¢ ap- 
proaches the stationary value 6 from below or from above, and 
moreover, asymptotically. There exists a certain value r = 1" 
of the restoring coefficient for which ¢ adjusts itself from the 
commencement to the stationary final value 6. By introducing 
this value r = r* in the coefficients a, b, c, d, a certain limit value 
T, = 1;* for the following-up time is obtained, which may not 
be exceeded if a stable course of the regulation is to be insured. 
An exact calculation check with consideration of the “self- 
regulation” as a consequence of the speed dependency of the 


- 3“Uber die Regulierung von Turbinen,” by A. Stodola, Rew 
Polytechnique Suisse, vol. 23, 1894, p. 110. 
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machine characteristics, reveals in reality an even larger range of 
stability for 7, as in Fig. 9, whereby the factor k, defined accord- 
ing to Equation [17], may be of only limited value. 
as are encountered in practice have been inserted for the remain- 


ing constants. 


In the limiting case 7, — 0, in which the servomotors immedi- 
ately follow the control, the differential equations for the regu- 
lating processes become simpler. 
lated under this assumption and referring to sudden throwing off 
of full load is illustrated in Fig. 10. The following figures were 


inserted 


"s=0.04, 7, = 


Tc = 12 


increased. 


PRESSURE AND SPEED VARIATION RECORDED AFTER THROW- 
ING Orr Loap or Escuer Wyss Test PLant 


8sec, A = 4, Ty = 8sec, 


Fig. 11 shows the course of pressure and speed, recorded ex- 
perimentally during a reduction in load on the 2000-kw trial 
plant installed at the Escher Wyss Works. Thus the theoretical 
course, as in Fig. 10, is fundamentally confirmed. As a conse- 
quence of minor imperfections in the regulating equipment, 
which could be eliminated without difficulty in a plant of new 
construction, the fading time for the fluctuations is somewhat 
Moreover, as compared to regulation effected only 
by admitting and withdrawing the working medium, the situa- 
tion is somewhat changed by the fact that during the test, by- 
pass regulation was simultaneously in action, which incidentally 
can likewise be followed mathematically with the aid of the basic 
equations that have been referred to. 


The foregoing remarks show that during the regulation of 
these new closed-cycle plants nonstationary processes take 
place in the circuit which can be calculated in advance by theo- 
retical means and furthermore with a satisfactory degree of 
coincidence with results obtained during actual trials. By 
making good use of the characteristics of the plant during the 
nonstationary processes (momentary effect), an action of mul- 
tiple effect with consequent speedy adaptation to the load fluc- 
tuations can be insured. 
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A regulating process calcu- 
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T, = 1.67 sec, k = 3, r =r* = 2.67 


CONCLUSION 


5 
| 
_ 
| 
J 
| 

ns 

itz : 

290 
not 


¥ 
: 
‘ 
Ex 
Pr 
ex! 
ste 
r 
te 
th 
hart, 
te 
te 
> 
st 
=f 
) 
p 
t 
t 
' 


This paper is essentially a report of the progress of the 
A.S.M.E. Special Research Committee on Vessels Under 
External Pressure since the last issue (1943) of the Unfired 
Pressure Vessel Code. It includes new charts for determin- 
ing the thickness of cylindrical unfired vessels subjected to 
external pressure when constructed of carbon or low-alloy 
steel, monel, “‘A”’ nickel, inconel, aluminum (commercially 
pure grade) and aluminum-manganese alloy. The in- 
formation for the steels and aluminums includes charts 
for vessels which operate at elevated.temperatures. Pro- 
posed rules for the reinforcement of openings, testing of 
vessels, and odd-shaped vessels are also discussed. 


HE present rules in the 1943 edition of the A.S.M.Ie. Un- 

fired Pressure Vessel Code for Vessels Subjected to Exter- 

nal Pressure apply to steels of twenty different specifica- 
tions and are satisfactory for vessels operating at temperatures 
that do not affect the physical properties of the materials appre- 
ciably. Since the publication of this edition, the Special Researe! 
Committee on Vessels Under External Pressure submitted ma- 
terial to the Boiler Code Committee for expansion of these rules. 
The chart for unfired cylindrical steel vessels has been enlarged 
and modified to cover a greater range of steels at both ordinary 
temperatures and elevated temperatures, and new charts for 
some of the nickel and aluminum alloys have been made available. 
tules for reinforcement of openings, testing of vessels, and odd- 
shaped vessels have been proposed. This new information is dis- 
cussed in the following. 

The present chart for determining the shell thickness of un- 
fired cylindrical vessels, Fig. U-22 in the code, covers working 
pressures from 15 psi up to 400 psi. It was not made to include 
pressures below 15 psi because vessels intended for operating on a 
partial vacuum might accidentally be subjected to a complete 
vacuum, and it was agreed that all such vessels should be de- 
signed for at least 15 psi pressure. It became apparent, however, 
that the chart would be more useful if expanded to cover lower 
pressures as large vessels, outside the scope of the Code, which 
must often be designed to carry only a small negative pressure, 
would be penalized seriously if they were made strong enough to 
carry a complete vacuum. 

The present chart is based on a working pressure of one fifth 
the computed collapsing pressure. This was in accordance with 
the code practice. During the war it was suggested that consid- 
eration be given to the feasibility of reducing the factor from 5 to 
4 in order to conserve critical materials. It was pointed out that 
the API-ASME code was based on a factor of 4. Furthermore, 
experience and experimental investigations indicated that the 
behavior of vessels subjected to external pressure was well enough 
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understood so that a factor of safety of 5 was no longer necessary. 
Therefore the chart has been redrawn based on a factor of safety 
of 4. This chart is not included in this paper as the charts which 
are described in the next section cover the same range. 


SreeL VesseEts aT NORMAL AND ELevATED TEMPERATURES 


As the need for rules to cover steel vessels at elevated tempera- 
tures became greater, a search was made to determine a practical 
method of applying correction factors to the chart to adjust for 
elevated temperatures. Such factors have to apply to the yield 
strength and the modulus of elasticity, as both of these proper- 
ties are used in the construction of the chart and both are af- 
fected by high temperatures. A study of the problem resulted in 
a single pair of charts for determining the shell thickness of un- 
fired cylindrical vessels subjected to external pressure when con- 
structed of carbon or low-alloy steels. 

The reason for two charts is that it is not feasible to construct 
a single chart that will cover the entire range of length-to-diame- 
ter (L/D) ratios. These charts, indicated by Figs. 1 and 2, 
show the required ratio of thickness to diameter (t/D), from 
which the thickness may be obtained. Whereas the present code 
chart is entered from the left with the working pressure P, and 
from below with the L/D ratio, the new charts are entered with 
different co-ordinate values obtained from simple formulas 
which correct for changes in yield-strength and modulus-of-elas- 
ticity values. This makes the charts applicable to vessels at 
elevated-temperature conditions where these values are reduced, 
or to carbon and low-alloy steels which may have yield strengths 
higher than 27,500 psi, the value used in the construction of 
the charts. The t/D ratio is determined from both charts and 
the smaller ratio thus obtained is used in computing the mini- 
mum required thickness. ' 

The values of co-ordinates to be used in entering the charts 
are computed from the following formulas. These formulas are 
also indicated on the charts. 

_ 29 108 Sy 
X = Ek x 27,500 < D for Fig. 1 


29 106 Sy 


x 27,500 for Fig. 2? 
Y= os nay x P for both Figs. 1 and 2 


where 


L 
abseissas value to be used instead of D 


ordinate value to be used instead of P 

yield strength for steel used, at temperature of operation, 
‘ psi 

modulus of elasticity for steel used, at temperature of op- 
eration, psi 

P = working pressure, psi 


2 Figs. 1 and 2 were developed by the API-ASME Committee on 
Unfired Pressure Vessels. 
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L = length of cylindrical shell between center of head seams 
or between centers of circumferential stiffeners, in. 
outside diameter of cylindrical shell, in. 


D 
t minimum required thickness of shell plate, in. 


These charts may be used for the design of unfired cylindrical 
vessels subjected to external pressure when constructed of any 
ferrous materials whether operated at normal or elevated tem- 
peratures, if the yield strength and modulus of elasticity are 
known for the operating conditions. Curves for yield strength 
and modulus of elasticity at various temperatures for mild car- 
bon steel may be found in the API-ASME Code for unfired pres- 
sure vessels. 


NoNFERROUS MATERIALS 


Separate charts are being made for each of the nonferrous ma- 
terials as this seems to be the most feasible method of treating the 
various materials, owing to their different stress-strain charac- 
teristics. Charts have been constructed for three of the nickel 
alloys. Fig. 3 is for hot-rolled “B” monel plate, SB-127; Fig. 4 
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for ‘‘A”’ nickel plate, SB-162; and Fig. 5 for inconel plate, SB- 
168. These charts apply to normal temperatures only. Correc- 
tion factors for elevated temperatures will be prepared as soon 
as data on these materials at elevated temperatures become availa- 
ble. 

Fig. 6 is a chart for determining the shell thickness of cylindri- 
cal welded vessels subjected to external pressure when constructed 
of aluminum plate, SB-178, which is commercially pure alumi- 
num. Fig. 7 is a similar chart for vessels of aluminum-manga- 
nese alloy plate, SB-126. Both charts are satisfactory for vessels 
which operate at ordinary temperatures. For elevated tempera- 
tures, the chart Fig. 8 is used where reduction factors for both 
materials are indicated. For any given temperature this chart 
gives a single reduction factor Which corrects for the reduction in 
both the yield strength and the modulus of elasticity of the ma- 
terial. The factors for aluminum SB-178 are slightly lower than 
for aluminum alloy SB-126. The factors apply against the work- 
ing pressure. Thus in determining the ¢/D ratio for a vessel, 
the working pressure is divided by the factor from Fig. 8 to 
obtain the correct value for entering the chart, Fig. 6 or 7. 
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DESIGN OF STIFFENING RINGS 


For the design of stiffening rings of steel, the information now 
in the code may be used for vessels when constructed of any of the 
foregoing materials. This is covered by Par. U-126 to U-133, 
inclusive, and Figs. U-26 to U-29, inclusive. When the stiffeners 
are made of a material other than steel, the moment of inertia 
selected from Fig. U-26 should be increased by the ratio of the 
modulus of elasticity of steel to that of the material under con- 
sideration at the operating conditions. 


Ovut-oF-ROUNDNESS ALLOWANCE 


For out-of-roundness allowance, the present code rules, Par. 
U-125 and Fig. U-24, are satisfactory for vessels built of steel, 
monel, ‘‘A”’ nickel, or inconel. However, new charts, Figs. 9 and 
10 of this paper, have been proposed for vessels built of the two 
aluminums, SB-178 and SB-126. 


Tcses UNvER EXTERNAL PRESSURE 


Fig. 11 is a revised chart for determining the wall thickness of 
tubes under external pressure which replaces the present code 
Fig. U-1. This figure is satisfactory for both ferrous or nonfer- 
rous materials and is used with values for working stress from 
Tables U-2 and U-3 in the code. 


REINFORCEMENT OF OPENINGS 


The following rules have been proposed for the reinforcement 
of openings: 


(a) Openings in single-wall vessels subject to external pres- 
sure shall be reinforced in accordance with the rules of Par. U-59 
(g) of the present code, where ¢ is the thickness required by the 
charts, Figs. 1 to 7, except that the required cross section need 
be only 75 per cent of that specified in Par. U-59(g). 

(b) Openings in each shell of a multiple-wall vessel shall be 
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reinforced in accordance with (a) if the shell is subjected to 
external pressure, or in accordance with the requirements of 
paragraph U-59(g) if the shell is subjected to internal pressure, 
regardless of whether or not there is a common nozzle secured to 
more than one shell by strength welds. 

An opening cut in the shell of a vessel subjected to external pres- 
sure offers a problem that is not well understood. At least there 
seems to be little information available on the subject. The 
foregoing rules are based mostly on information that has been in 
the code supplemented by some test data and they are of- 
fered for want of better rules. This is a subject that should re- 
ceive further attention of investigators and research committees. 


TESTING OF VESSELS UNDER EXTERNAL PRESSURE 


The following rules for testing of vessels subjected to external 
pressure are under consideration: 

l(a). Vessels, or chambers of combination vessels (such as 
heat exchangers or jacketed vessels) which in service will be sub- 
jected to pressures ‘“‘below” atomspheric only, shall be subjected 
to an “internal” hydrostatic pressure of 25 psi. 


1(b). Vessels so constructed or installed as not to be capable 
of withstanding safely the weight of water required to fill them 
for hydrostatic test, may be tested in accordance with the require- 
ments of Par. U-64(e) or (f) of the present code, except that the 
test pressure shall be 25 psi. 

2(a). The maximum allowable internal working pressure, 
based upon the weakest part of each chamber of combination 
vessels, which in service will be subjected to internal pressure 
above atmospheric, shall be calculated in accordance with rules 
set forth in this code, using nominal dimensions of the finished 
construction and the allowable stress of the material at atmos- 
pheric temperature as given in Tables U-2, U-3, or U-4, of the 
present code. 


1 Each chamber of such vessels of fusion-welded construction _ 


shall be subjected to a hydrostatic pressure of twice the pressure 
so calculated, at which time all other chambers shall be under 
atmospheric pressure, 

2 Each chamber of such vessels of construction other than 
fusion-welded shall be subjected to a hydrostatic pressure of 1'/; 
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times the pressure so calculated, at which time all other chambers 
shall be under atmospheric pressure. 


Opp-SHAPED VESSELS 


The rules for cylindrical vessels subjected to external pressure 
of course do not apply to odd-shaped vessels-where the pressure 
is applied to only a portion of a cylinder, or where the shell is not 
a true cylinder, within the limits allowed by the tolerances for 
out-of-roundness. Such vessels, termed odd-shaped vessels, must 
be treated separately; the following rules have been suggested: 

(a) Vessels subjected to a collapsing pressure and having a 
shape other than that of a complete circular cylinder, or formed 
head, and also cylindrical vessels having an external pressure 
applied over only a portion of the circumference, shall be fully 
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stay-bolted in accordance with the requirements of Par. U-40 to 
U-50 of the present code. 

(b) If such a vessel is constructed without stay-bolts, or only 
partially stay-bolted, the completed vessel shall successfully with- 
stand a hydrostatic proof test of at least 3 times the maximum 
allowable working pressure at atmospheric temperature. 


CONCLUSION 


The foregoing material has been prepared by the A.S.M.E. 
Special Research Committee on Vessels Under External 
Pressure and is now in the hands of the A.S.M.E. Boiler Code 
Committee. It should of course not be used in designing code 
vessels until it appears in the Code. 

This material is presented here for the information of those in- 
terested in the design of vessels subjected to external pressure. 
A constant effort is being made to continually improve and enlarge 
this information in order to expand the usefulness of the code. 

The principal difficulty in this program is in obtaining the 
hecessary data on the physical properties of the materials. These 
must include complete tension and compression data on the 
physical properties of the materials in the condition in which it 
Seeurs in a fabricated vessel, and must cover the temperature 
range for which the material is suitable. 


CHART FOR DETERMINING WALL THICKNESS OF TUBES UNpDER EXTERNAL PRESSURE 
(This replaces Fig. U-1 in the 1943 edition of the Unfired Pressure Vessel Code.) 


Discussion 


MarsHatu Hour.* The Society is to be congratulated upon 
having such a forward-looking and active committee working on 
this problem. The discussion which follows is not intended to 
criticize the past work of the committee but to suggest two new 
problems and possible means of their solution. 

Par. 39(b) of the 1943 edition of Section VIII refers to Par. 
UA-18 to UA-24, inclusive, for rules for the design of flat heads 
with openings having a diameter greater than 50 per cent of that 
of the head. In view of the fact that the terms in these latter 
paragraphs are defined in relation to flanges some of them require 
careful interpretation when applying them to flat heads. It 
appears that a simpler and more direct design procedure could be 
obtained from an analysis in which the head is treated as a plate 
with a hole rather than as a flange. Analyses of several special 
cases of flat plates with holes have been worked out in the litera- 
ture.‘ Such an analysis could lead to coefficients that could be 
used in the equation of Par. 39(a) for flat heads without holes. 


3’ Aluminum Research Laboratory, New Kensington, Pa. 
4 “Formulas for Stress and Strain,’’ by R. J. Roark, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1943. 
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A comparative study of these two methods indicates that the 
flange-method of design gives about the same result as was ob- 
tained by the flat-plate method for a simply supported plate, 
when the diameter of the opening is 50 per cent of the diameter 
of the head. With relatively larger openings, the results of the 
flange method shift over to agree with the results obtained by the 
other method for plates with fixed edges. 

It is suggested that the rules for the design of flat heads with 
openings greater than 50 per cent of the head diameter be revised 
so that the simple equation of Par. 39(a) can be used with coeffi- 
cients which vary with the ratio of the diameters of the opening- 
and head. 

The second suggestion has to do with the moment of inertia 
required for stiffening rings for circular cylinders under external 
pressure. Par. U-126 and Fig. U-26 specify minimum values of 
moments of inertia for rings on vessels of various proportions and 
pressures. Under these conditions, the designer would probably 
choose a section symmetrical about its neutral axis. On the 
other hand, the theory presented by Dr. R. G. Sturm® indicates 
that it should be permissible to consider part of the shell wall 
acting with the stiffner. Under these conditions, the designer 
would probaly choose a tee-section of approximately the same 
over-all dimensions as the symmetrical section chosen under the 
present rule and count on the shell wall to act as the second flange. 
The code method is obviously much the simpler, but it also must 


5 ‘A Study of the Collapsing Pressure of Thin-Walled Cylinders,” 
by R. G. Sturm, University of Illinois Bulletin No. 329, Engineering 
Experiment Station, 1941. 
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be wasteful of material. The designer should perhaps be given 
the choice of methods for determining the moment of inertia of the 
stiffening ring. 

AUTHOR’sS CLOSURE 


The committee is indebted to Mr. Holt for his helpful suy- 
gestions. His proposal for openings in flat heads offers inter- 
esting possibilities. As the subject of openings in flat heads is 
being studied by the Subcommittee on Special Design, the sug- 
gestion has been referred to that group. 

With reference to Mr. Holt’s proposal to design stiffening 
rings on the premise that a portion of the shell shall function as 
part of the stiffener section, this matter has been considered, 
For this condition it is necessary for the connection between the 
stiffener and the shell to be a continuous weld, strong enough for 
the shell and the stiffener section to function as a single unit, 
As such a connection between stiffener and shell is not feasible or 
satisfactory in many vessels the complete unit stiffener section, 
only, has been indicated in the code. This fits most cases and 
seems sufficiently simple to justify the additional material in the 
stiffener section. The subject, however, will receive further 
consideration as it may become desirable, in the future expansion 
of the code, to make it optional whether the stiffener section alone 
shall have the full required moment of inertia as is now indicated 
in the code, or whether a portion of the shell may be considered as 
part of the stiffener section. The latter choice might be prefer- 
red for vessels made of the more costly materials in such instances 
where it may be necessary to use the same material for the stiff- 
ener ring as for the shell. 
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This paper presents the theoretical équations under- 
lying nondimensional charts suitable for the design of 
circular cylindrical steel vessels under external pressure. 
The method used in constructing the charts is shown 
and their advantages and limitations are discussed. 
It is shown also how the charts can be used for the design 
of pressure vessels constructed of nonferrous and other 
materials which have nonlinear compressive stress-strain 


curves. 


INTRODUCTION 


HE external pressure that will cause a circular cylindri- 

cal vessel to collapse cannot be accurately predicted by 

a single formula. In this respect, the behavior of a vessel 
under external pressure is somewhat analogous to that of a 
column under axial loading. If a column is sturdy, it will not 
collapse until its yield strength has been reached, or in some 
cases even exceeded, whereas if a column is slender, it may 
collapse at lower values of axial stress. The correct formula 
to use in calculating the compressive strength of a column de- 
pends upon the ratio of the length of the column to its least radius 
of gyration, commonly called the ‘‘slenderness ratio.” 

In much the same way, if a vessel is sturdy, that is, if the 
stiffening rings or heads are closely spaced and the shell is rela- 
tively thick, it will not collapse until the shell has been stressed 
to its “true compressive yield strength.” In this case, 
the strength against collapse depends upon the compressive yield 
strength and the thickness-diameter ratio of the shell only, and is 


independent of the length of the vessel between stiffening rings. > 


If the stiffening rings are more widely spaced, or if the shell is 
relatively thin, the collapsing pressure depends upon the elastic 
modulus and the thickness-diameter ratio of the shell, and also 
upon the ratio of the length between stiffening rings to the diame- 
ter, but is independent of the yield strength. If the length of the 
vessel between stiffening rings or heads exceeds the ‘‘critical 
length,” support is no longer offered to the middle portion of the 
vessel, and the collapsing pressure is independent of further in- 
crease in length. For these vessels, usually called pipes or 
tubes, the strength against collapse depends upon the elastic 
modulus and the thickness-diameter ratio only, and is inde- 
pendent of the yield strength and the length-diameter ratio, ex- 
cept for very thick tubes which do not collapse until the yield 
strength is reached. 

Thus it is apparent that the choice of the correct formula to 
use in calculating the strength of a particular vessel under ex- 
ternal pressure depends upon a number of factors. Moreover, 
the use of the wrong formula for a particular case may result in 
serious error. To avoid confusion, and to eliminate the pos- 
sibility of using a formula where it is not applicable, the A.S.M.E. 


‘Chief Physicist, David Taylor Model Basin, Navy Department. 
Contributed by the A.S.M.E. Research Committee on Strength 
of Vessels Under External Pressure and presented at the Annual 
Meeting, New York, .N. Y., December 2-6, 1946, of THe AMERICAN 
OcIETY OF MECHANICAL ENGINEERS. 
OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society, 
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Special Research Committee on Vessels Under External Pressure 
came to the conclusion that the formulas should be combined in 
graphical form in such a way that no formula would appear in 
any portion of the chart where it was not pertinent. A chart of 
this kind is Fig. U-22 of the A.S.M.E. Code for Unfired Pres- 
sure Vessels, 1943, (1).2. A revised form of this chart is repro- 
duced here as Fig. 1. 

The formulas used in the construction of Fig. 1 are listed as 
follows (2) 


5/2 
2.42 E 


p = 4P a L [2] 
D D 
1 2E hy 
= 4P = — 3 
4 (3) 
p = 4P = 86,670 — 1386 [4] 


where ¢ = minimum required thickness of shell plate, in. 
D = outside diameter, in. 
L = length of vessel between centers of head seams or be- 
tween centers of circumferential stiffeners, in. _ 
E = elastic modulus of material in shell, psi 
S, = yield strength of material in shell, psi 
u = Poisson’s ratio 
p = collapsing pressure, psi 
P = working pressure, psi 


Equation [1] applies to the region on the left side of the chart 
where the curves representing constant values of t/D are hori- 
zontal; Equation [2] applies to the central portion where they 
are inclined; Equation [3] applies to the right side for values of 
t/D less than 0.023; Equation [4] applies to the right side for 
values of ¢/D greater than 0.023. This dividing line between 

Squations [3] and [4] was experimentally established for steel 
tubes having a yield point of about 37,000 psi. It is not neces- 
sarily the same for steel or nonferrous-metal tubes having dif- 
ferent mechanical properties. 

Fig. 1 was constructed for pressure vessels built of medium 
steel having an elastic modulus E of 29 X 10° psi, and a minimum 
yield strength S, of 27,500 psi. However, Equations [1], [2], 
and [3] are wholly general and can be used to construct charts 
similar to Fig. 1, for materials other than medium steel. They 
can even be used to construct charts for materials which do not 
have a constant elastic modulus, provided E is replaced by the 
correct value of the modulus at the corresponding stress. The 
reduced modulus T is defined (3) by the equation 


EE, - 
= (/E + VED? 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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ang chart is a revision of Fig. U-22 of the A.S.M.E. Code for Unfired Pressure Vessels,jreference (2). 
t is based on a factor of safety of 4, i.e., the working pressure is one fourth the collapsing pressure. | 


where E, is the slope of the stress-strain curve at the required 
stress, called the tangent modulus. The simple tangent modulus 
is frequently used instead of the reduced modulus 7’ as the effec- 
tive modulus. The tangent modulus is always lower than the 
reduced modulus. 

It will now be shown how a master chart, constructed with 
nondimensional co-ordinates, can be used to represent Equations 
{1] and [2] for any given values of elastic modulus and yield 


strength. 


CONSTRUCTION AND UsE oF NONDIMENSIONAL CHART FOR PREs- 
suRE VEssELsS Wits Lenots Less THAN THE CrITICAL LENGTH 


Let us consider Equation [1]. It may be written in the form 


t S t 
p ki 8,5 1° 27,500 27,500 D Ki 27,500 D [1a] 
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Also, by omitting the last term in the denominator, Hquation 
[2] can be written 


= 108 
p = ky-29 X 29 x 108 


L J 
D D 


If values of collapsing pressures are calculated for the sal 
value of ¢/D for vessels of different materials having differet! 
values of E and different values of S,, and if these values *” 
plotted with the co-ordinates 
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it will thereupon be found that the curves exactly coincide.* 
The reason becomes apparent when X and Y are introduced 
into Equations [la] and [2a], giving 


t 52,000 ¢ 
Y= = pO [1b] 
5/2 
t 76 10° t 


where F is the factor of safety. In these equations, X and Y de- 
pend on t/D only and are independent of the mechanical proper- 
ties of the materials. Equation [1b] yields a straight line parallel 
to the X-axis for each value of t/D, and Equation [26] yields an 
equilateral hyperbola for each value of t/D. 

The use of the nondimensional co-ordinates XY and Y opens 
up wide possibilities. If a single curve, such as shown by the 
solid lines in Fig. 2, can be used to represent the collapsing pres- 

sures for vessels with 


structed with ma- 
terial having any 
value of elastic modu- 
lus and yield strength, 
then a single chart 
composed of curves 
for different values 
of t/D can be used to 
‘ replace many .charts 
similar to Fig. 1. 

It should be ob- 
served, however, that 
the solid curve in 
Fig. 2 is drawn on 
the assumption. that 
the elastic modulus remains constant until the yield strength of 
the material is reached, and the stress-strain curve remains flat 
after the yield strength is reached. A stress-strain curve illustrat- 
ing these assumptions is represented by the solid lines in Fig. 3. 

In practice, it is 
found that stress- 
strain curves cannot 
be accurately repro- 
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Fie. 2 ScHEMATIC NONDIMENSIONAL 
Piotr ror Constant t/D 


(When Equations [1] and [2] are plotted on the 

nondimensiona! co-ordinates for a single value 

of t/D, they fall on the solid curve, regardless of 
the values of EB and Sy used.) 


duced by two straight 
3 A lines such as O-B and 
i / B-D in Fig. 3. Ac- 
z / tual stress-strain 


curves for ferrous 
materials follow a 
0 path like O-A-C-D. 
—— The point A marks 

Scuematic Stress-Strain Curve the so-called propor- 


(The solid lines O-B and B-D, represent an tional limit, i.e., the 
\ealized stress-strain curve in which the elastic 
is constant until the ield point the point at which devia- 
a is reached. e broken line A-C, in- i Ne 
dicates the region of reduced modulus which tion from état 
_ tionality between 
stress and strain is 


is found in most metals.) 
readily apparent. The broken line A-C represents the region 
of reduced modulus. The point C indicates the yield point of 


the material at which the stress-strain curve has zero slope. 


*The use of the nondimensional co-ordinates X and Y was sug- 
gested by Charles Trilling, formerly of the staff of the David Taylor 
Basin. The possibility of using them in an extension of the 

for Unfired Pressure Vessels was described to the A.S.M.E. 


Pecial Research Committee for Vessels Subjected to External Pres- 
sure by reference (4). 
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Since for stresses above the proportional limit the elastic 
modulus is reduced below its value at lower stresses, it is appar- 
ent that the solid curve M-O-Q in Fig. 2 is unsafe for the region 
corresponding to the broken line A-C in Fig. 3. However, the 
formula from which the curve O-P was calculated is valid, pro- 
vided the correct value of the modulus is used in this region in- 
stead of 2. 

If the curves of the chart are corrected for the region of re- 
duced modulus, it can then be used by designers without further 
consideration of variations in modulus. Such corrections are 
represented in Fig. 2 by the broken line N-P. 

The curve M-N-P-Q in Fig. 2 then is valid for a material which 
has a particular type of stress-strain curve. It applies also to 
materials which have stress-strain curves that are affine (5) to 
the particular curve.‘ For materials with other shapes of stress- 
strain curves, the points N and P will be displaced and the curve 
N-P will be altered. The point P approaches the point Q as the 
ratio of the yield strength to the proportional limit increases, 
reaching Q for a material with proportional limit at zero stress. 
The point N approaches the point M as the ratio of the true 
compressive yield strength to the arbitrarily chosen yield strength 
increases. The term true compressive yield strength refers to 
that stress at which the modulus is so reduced that a sturdy col- 
umn or pressure vessel collapses under compressive loading, 
whereas yield strength denotes that stress at which an arbitrary 
permanent set is obtained. 

If curves for additional values of t/D are added to Fig. 2, a 
chart such as shown in Fig. 4 will be obtained. This chart was 
constructed by the use of Equations [1b] and [26] using a factor 
of safety of 4. When Fig. 4 is used for a material with a yield 
strength of 27,500 psi and an elastic modulus of 29 X 10® psi, 
it gives values of t/D identical to those obtained from Fig. 1 
for all lengths less than the critical length. For lengths greater 
than the critical length, Fig. 4 gives values of t/D which are too 
large. Fig. 4 is to be used only for the design of pressure vessels 
with lengths less than the critical length. An additional chart 
is required for the design of pressure vessels with lengths ex- 
ceeding the critical length. The construction of such a chart 

will now be discussed. 


NONDIMENSIONAL CHART FOR PrREsSURE VEssELS WiTH LENGTHS 
GREATER THAN THE CrITICAL LENGTH 
As previously mentioned, the collapsing pressure of cylindrical 
vessels with lengths greater than the critical length is given by 
Equations [3] and [4]. These two formulas can also be expressed 
in nondimensional form and represented by a chart. 
Before this can be done, however, Equation [4] must be expres- 
sed in a form that contains the mechanical properties of the mate- 
rial. Such a form is shown in the following equation® 


t 
p = 4P = 2.348, — 1.068, 


Equations [3] and [4a] can be expressed in nondimensional 
form by use of the additional parameter* 
29x 10° S, 

E 27,500 


whence 

4 If two curves are affinely related, one curve can be obtained from 
the other by the transformation €: = a€:; ¢1 = 802, where a and 8 are 
constants. . 

5’ This equation was developed by K. Aadland of the Texas 
Company. Since its publication, reference (6), the coefficients have 
been changed to the values given in Equation [4a]. 

‘ This parameter was suggested by Prof. Dana Young of the Uni- 
versity of Texas. 
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use. The answer has already been suggested. If X is less than 5, 
Fig. 4 always applies; if X is greater than 20, Fig. 5 always ap- 
plies; if X lies between 5 and 20, either chart may apply. To 
find which chart does apply, the value of t/D is to be determined 
from each chart. That chart which gives the smaller value of 
t/D for a given value of X and Y is the pertinent chart. 

Thus the two charts, Figs. 4 and 5, can be used for the design 
of cylindrical steel vessels under external pressure provided the 
elastic modulus and the true yield strength of the material are 
known for the operating conditions of the vessel. They can also 
be used for the design of vessels from other materials that have 
stress-strain curves affine to those of steel. Curves similar to 
Fig. 4 can be constructed to represent any set of affine stress- 
strain curves, as for example, those for certain nonferrous mate- 
rials. In a following section it will be shown how Figs. 4 and 5 
can be used for the design of nonferrous pressure vessels. 


CHARTS IN API-ASME Cope 


Charts using the nondimensional X, Y co-ordinates were first 
published in the API-ASME Code for Unfired Pressure Vessels 
in 1943. However, at that time the parameter Z, Equation [7], 
had not been developed, and although several attempts had 
been made to compile charts for the design of vessels longer than 
the critical length, none was completely satisfactory. The chief 
difficulty was in determining which chart was applicable in the 
transition region near the critical length. However, since most 
pressure vessels are shorter than the critical length, a chart 
similar to Fig. 4 was used. In this chart, Fig. 27 of (6), Fig. 4 
was arbitrarily cut off at Y = 12 and Y = 15. The chart was 
used only for unfired cylindrical vessels of medium steel which 
had an L/D ratio equal to or less than 12. The chart was satis- 
factory since it was intended to take care of the reduced yield 
strength and modulus of medium steel at elevated temperatures, 
and the values of X were usually less than L/D. 

Conservative charts taken from (6) which show the variation 
of yield strength and elastic modulus with temperature are 
shown here as Figs. 6 and 7 
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Since the charts, Figs. 6 and 7, are conservative, the data ob- 
tained from them can be used for designs based on the chart, Fig. 
4, even though the stress-strain curves for the materials at ele- 
vated temperatures may not be affine to the stress-strain curves 
for the same material at normal temperatures. As additional 
data become available, Figs. 6 and 7 will be verified or modified. 

For values of L/D greater than 12, a chart of working pressure 
against t/D was developed, in which a separate curve was given 
for each temperature. This chart is Fig. 28 of reference (6). It is 
given here as Fig. 8. 

The values of t/D obtained from Fig. 4 and Fig. 8 for L/D 
= 12 may differ slightly from each other because the critical 
length is not always 12 but varies from 10 to 15 as may be seen 
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from Fig. 1. In case of discrepancies, the smaller value of t/D 
is to be used. 


Master CHARTS FOR NONFERROUS MATERIALS 


As previously pointed out, a chart made up of curves for con- 
stant values of t/D such as the solid gurve in Fig. 2 is applicable 
to any material, provided it is entered with the correct value of 
modulus for the corresponding compressive stress. Thus Fig. 4 
can be used for determining the shell thickness of pressure ves- 
sels constructed of materials such as copper and aluminum which 
have a relatively low proportional limit, provided a suitable 
compressive stress-strain curve has been obtained for the mate- 
rial. Fig. 4 differs from the solid curve in Fig. 2 only in the re- 
gion of the knee, and in this region all values given in Fig. 4 
are on the side of safety. 

The use of Fig. 4 for the design of a pressure vessel to be con- 
structed of material which has a compressive stress-strain curve 
as given in Fig. 9, will now be explained. It will be observed that 
the material has a constant modulus below a stress of about 2000 
psi only, whereas the A.S.T.M. standard yield strength is about 
5000 psi. Obviously, if pressure vessels are to be built economi- 
cally with such a material, they should be designed for stresses 
above the so-called proportional limit. Above this limit, how- 
ever, the reduced modulus obtained from the stress-strain curve 
decreases rapidly. The proper value of reduced modulus to use 
in Fig. 4 can be determined only by some sort of trial-and-error 
method. 

A trial-and-error method is necessary because the reduced 
modulus cannot be determined until the stress at failure is known; 
the stress in the shell cannot be calculated until the shell thick- 
ness is known, and the required shell thickness cannot be obtained 
until the proper value of the reduced modulus is known. The only 
resort is to assume a value of the reduced modulus, find the re- 
quired shell thickness for that modulus, compute the stress for 
that thickness, and then determine from the stress-strain curve 
the value of the reduced modulus for that stress. Comparison 
of this value of reduced modulus with the value initially selected 
is used to guide the next choice, and the method is repeated until 
a satisfactory agreement is obtained. 

Although such a method seems laborious, it is really quite 
simple to carry through. To avoid repeated computations, a 
curve of reduced modulus plotted against stress is established 
-from the given stress-strain curve. Such a curve was obtained 
from Fig. 9 by the use of Equation [5], and is given in Fig. 10. 

The trial-and-error part of the procedure is then carried out in 
the following steps: 

1 Assume some value 7’, for the reduced modulus between the 
initial value E and zero. 

The particular value selected is not especially important. The 
choice should be guided by the type of vessel under considera- 
tion. For pressure vessels with small values of L/D, the stress 
at failure will be well above the proportional limit. Hence a low 
value for 7, say, about '/; or '/, of Z, should be assumed. For 
long tubes, failure will occur at relatively low stresses and a 
‘higher value of T, say, about */, or is indicated. It should 

be repeated, however, that the selection of a good initial value 
T; is not essential, but merely reduces the amount of computation. 

2 Calculate X and Y using the reduced modulus 7’; instead of 
E and determine t/D from the chart, Fig. 4. 

3 Calculate the stress in the shell by the formula 


FP 
[3] 


This formula can be represented by a curve if desired. 
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4 Find the value of reduced modulus 7':, for this stress from 


Fig. 10. 


Equation [5].] 


5 Determine the mean value 


6 Repeat the steps previously outlined, using 7’; instead of 7), 


Ts 2 


unless the two are equal. 


The correct value of ¢/D is indicated when the assumed modt- 
lus corresponds to the value obtained from the shell stress. 

Ezample. To find the required shell thickness of a vessel (0 
work under external pressure, constructed of the material havitg 
the stress-strain curve given in Fig. 9, with L/D = 2 and a work 


ing pressure of 40 psi, using a factor of safety of 4 


Step 1: 
Step 2: 


L/D=2 P = 40 psi 
Assume 7; = 3 X 10* psi 
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S, = 5000 psi 
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From Fig. 4 


t/D = 0.018 


Step 3: Stress in shell is 


D 


Step 4: From the curve, Fig. 10, 


T, = 1.5 X 10* psi for S = 4430 psi 


Step 5: 


+7: 3.0 X 10° + 1.5 108 
1 = = 


2 2 


= 2.25 X 10* psi 


Repeat calculation with 7’; = 2.25  10® psi 
Step 2: 


3 
3.52 X = 4.7 


X = 
2.25 
Y = unchanged = 220 
t/D = 0.020 
2 X 40 
Step 3: S= ae 4000 psi 
Step 4: From the curve, Fig. 10 


Ty = 2.25 X 10* for S = 4000 psi 


and since 7’, agrees with 7’; our computation is finished. 

If the length of the vessel exceeds the critical length, the same 
general procedure just described is to be used in connection with 
Fig. 5 instead of Fig. 4. For intermediate lengths, both Fig. 4 
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and Fig. 5 are to be tried. That chart which gives the minimum 
value of t/D is to be used. 

The method just described can be used for the construction of 
charts incorporating the reduced modulus. However, in the con- 
struction of charts, a trial-and-error method is not necessary. It is 
simpler to choose a collapsing stress and find the corresponding 
value of reduced modulus from Fig. 10, and compute the value of 
T/S. Elimination of p from Equation [2] and the equation for 
hoop stress Equation [8] yields an expression for 7’/S in terms 
of t/D and L/D, where E is replaced by T. Substitution of dis- 
crete values of t/D in this expression gives corresponding values 
of L/D for which the working pressures corresponding to the 
chosen stress can be calculated. Repeat this process with differ- 
ent values of stress until sufficient points have been obtained 
to determine the chart. Such charts can be used directly for 
the design of vessels constructed of any material which has a 
stress-strain curve affine to the curve given in Fig. 9. The 
charts can be used in the same manner as Figs. 4 and 5, with- 
out recourse to the trial-and-error method. 
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This is a brief discussion of variables and considerations 
that must be treated when designing a pressure vessel for 
the collapsing load. A description is given of collapsing- 
pressure diagrams and the formula used in determining 
values. A method is presented which eliminates trial- 
and-error solutions by use of appropriate charts based 
upon instantaneous moduli of elasticity. Calculations 
and charts are shown for ‘‘A’’ nickel and stainless steel 
17-7; (SA264, Type 301). 


ECAUSE a thin cylindrical shell under external pressure 
B is analogous to a column, in that the shell wall is subject 

to circumferential compression, it must be treated as an 
instability problem which involves all of the idiosyncrasies of 
columns with all of the complexities of the behavior of shells. 
The influence of certain factors, however, can be readily recog- 
nized. Some of these factors are as follows: 


1 The relative ratio of diameter to thickness D/t which cor- 
responds to the slenderness ratio L./k for columns. 


(a) As in the case of columns, if D/t becomes very small, the 
limiting strength of the tube is that producing the crushing 
strength of the material in the vessel wall. 

(b) For very thin-walled vessels, the wall may buckle under 
stresses well below the elastic limit of the material and then the 
modulus of elasticity of the material is the significant property. 

2 For thin-walled vessels, ‘the free length of the cylinder 
(between bulkheads, flanges, or any other type of support with 
an adequate moment of inertia to hold the shell round) influences 
the pressure at which the shell will buckle, provided the length 
is not greater than the critical length. For very long vessels, the 
ends of the vessel are so far removed from the center portion that 
the behavior of the shell at the center is not influenced by the 
condition at the ends. 

3 No vessel is perfect and, when subjected to a gradually in- 
creasing external pressure, will exhibit deformations either elastic 
or plastic at pressures that may be far below the theoretical col- 
lapsing pressure of the vessel computed on the basis of perfect 
elasticity and perfect shell contour. Hence no shell is expected 
to withstand more than this theoretical value of pressure. 

4 The strength of vessels subjected to external pressure must 
be considered as resulting from one of three actions: 


(a) Astatic action in which the buckle is entirely elastic and, 
after the load is released, the vessel will return to its original 


(6) Heterostatic action in which the vessel fails by buckling 


"Research Professor, Purdue University, West Lafayette, Ind. 
Mem. A.S.M.E. 


* Purdue University. 

*“Buckling of Elastic Structures,” by H. M. Westergaard, Trans. 
AS.CE., vol. 85, 1922, pp. 576-654. 

Contributed by the Research Committee on Strength of Vessels 

nder External Pressure and presented at the Annual Meeting, 
New York, N. Y., December 2-6, 1946, of THz AMERICAN Society 
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which may be caused by, or result in, plastic deformation of the 
metal. 

(c) Orthostatic action in which failure occurs not by buckling 
but plastic yielding of the material entirely. 


A summary of the various analyses of shells subjected to ex- 
ternal pressure is given in a bulletin,‘ which refers to the work of 
G. H. Bryan, R. von Mises, D. F. Windenburg, H. M. Wester- 
gaard, and others, which have considered the problem of elastic 
buckling. This reference also treats the application of the En- 
gesser, Considére, and von Kaérmdén concepts of effective moduli 
of elasticity in resisting buckling beyond the elastic ranges. 

The most convenient form of presenting to the designer a 
quick and simple means of determining allowable pressure for 
vessels subjected to external pressure is the chart developed by 
the Special Research Committee on Strength of Vessels Under 
External Pressure, of the A.S.M.E. The construction of such 
charts covering all three ranges of action of shells may lead to a 
long and tedious process of successive approximations unless the 
use of intermediate-property charts for the material is resorted 
to. The use of such intermediate charts makes possible the di- 
rect computation of a large number of values so that reliable 
curves may be fitted to the computed points. 

For some materials, such as mild steel, which have a definite 
yield point, it is sufficient to consider only the elastic range of the 
material, cutting off the values at a stress equal to the yield 
point. For materials which do not have a yield point (and this 
comprises most materials, including heat-treated and alloyed 
steels), such a procedure of cutting off the curves is either unsafe 
when a high-value yield strength of the material is used, or un- 
economical whén the proportional limit of the material is used as 
a limiting stress. 

The formula developed and presented as Equation {68] in the 
bulletin* previously mentioned, for the collapsing pressure of 
thin-walled cylindrical shells of circular cross section throughout 
the entire range of L/D may be rewritten as 


{1} 


in which P is the collapsing pressure of the vessel, psi; K is a 
constant dependent upon the ratio (length/diameter)L/D; the 
ratio (diameter/thickness)D/t; | and the nature of the support 
at the ends of the vessel (values of K are presented in Fig. 9 of 
this paper); 2’ is the effective modulus of elasticity of the metal 
in the vessel wall, psi; ¢ is the thickness of the shell wall, in.; 
and D is the outside diameter of the shell, in. 

The effective modulus of elasticity is the usual value of modulus 
of elasticity when the stresses are in the elastic range and for 
higher values of stress becomes that value of modulus which gov- 
erns further deformation of the material at any particular value 
of stress. By this definition, the effective modulus is the slope 
of the tangent to the stress-strain curve at the stress considered. 
Attention is directed to the fact that in place of three or four 
formulas to cover the entire range of L/D and D/t values for 
vessels, this one formula together with Fig. 9 is all that is needed. 


4“*The Study of the Collapsing Pressure of Thin-Walled Cylin- 
ders,”’ by R. G. Sturm, University of Illinois, Engineering Experiment 
Station, Bulletin No. 329, 1941. 
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Furthermore, other simplifications of thinking of this problem and 
of computations will become apparent in this paper. 

Among the data available or easily obtainable for every metal 
are its stress-strain relationships from standard short-time com- 
pression tests. It is desirable to use the compressive properties 
of plates for the property charts because a shell under external 
pressure undergoes essentially compressive stress. As is more 
often the case, several stress-strain curves of each metal are 
available due to varying conditions of fabrication and testing. 
The lowest values obtained should be used for safety. Examina- 
tion of Fig. 1 indicates how the least-stress values for each strain 
may be determined by plotting a composite of all available 
curves. This “least-value” curve was replotted singly as Fig. 2. 

With the least-value stress-strain curve determined, tangent 
lines are drawn at various stress values from slightly below the 
elastic limit until a point well into the plastic region is reached. 
The slopes of these tangent lines at various stresses are needed so 
that the tangent moduli of elasticity may be determined. The 
tangent modulus has been found to give reliable and slightly con- 
servative values of critical load for a great variety of buckling 
problems. 

A simple method for determining this tangent slope was em- 


TABLE 1 VALUES OF E’ FOR “A” NICKEL 


Tangent AE’ 

line AT 4S de S/Ae 
8600 0.00020 29 x 108 
9000 2750 0.00010 27.5 XK 106 
9500 2100 0.00010 21 X 105 
10000 1800 0.00010 18 X 106 
11000 1400 0.00010 14 X 10° 
12000 0.00010 8.5 108 
13000 0.00010 4X 106 
13500 230 0.00010 2.3 K 106 
14000 250 0.00020 * 1.25 & 106 
14500 175 0.00020 0.875 x 106 
15000 110 0.00020 0.55 & 106 
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ployed; at some stress value, e.g., 11,000 psi, a convenient hor- 
zontal distance was measured from the tangent line ( Ae = 0.0001) 
and the vertical distance from its extremity to the tangent line 
recorded (S = 1400). The tangent modulus of elasticity (£’) at 
11,000 psi was then determined 


1400 
= — = —— = i 


(see Table 1). The values of E’ so determined were then plotted 
as functions of their corresponding stress values in Fig. 3, curve 
(a). 

A further consideration of Equation [1] shows that the average 
compressive stress in the side wall of the vessel can be computed 
as 


PD . 
S KE (t/D)* 5 E'(t/D)?... 


The properties of the material involved may be gathered to the 
left of the equation to give 


S K 2 3 
83} 
The ratio of stress to tangent modulus (S/E’) may be readily ob 
tained from curve (a) in Fig. 3 and plotted in curves (b) and (¢ 
of the same figure. Curves (6) and (c) in Fig. 3 are identical with 
the exception that the abscissa for curve (b) is one tenth the scale 
of that for curve (c), in order that high and low stress value 
will yield accurate corresponding terms, as will be shown lst 
The values for these curves were obtained from curve (a) of the 
same plot; various values of stress and corresponding values of 
E’ being tabulated as in Table 2. 
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The separation of all geometric properties of vessels to the 
right side of Equation [3] permits the construction of master 
charts or tables of geometric relations which are entirely inde- 
pendent of the material of which the vessel is constructed. 

With the aid of Fig. 3 it is possible to eliminate successive 
approximations in the selection of values for use in the collaps- 
ing-pressure equation, because proper use of this chart or similar 
charts supplies the correct correlation necessary between the 


With the several discussed figures constructed, Table 3 was 
made in such a manner that the selection and computation of all 
variables could be easily made throughout the entire range of 
Practical usage. A first step in this direction was made by letting 
column 1 be values for D/t; this, because Fig. 9 was so con- 
structed that D/t was a variable determining K. Column 2 was 


STURM, O’BRIEN—COMPUTING STRENGTH OF VESSELS SUBJECTED TO EXTERNAL PRESSURE 


Fic. 3. Curves Usep ror Moputus or ELasticiTy 
or NIcKEL 

TABLE 2 VALUES OF S/E’ FOR “A” NICKEL 
Ss E’ e= S/E’ 
1450 29 108 0.000050 
2900 29 106 0.000100 
4000 29 xX 106 0.000138 
5000 29 x 106 0.0001725 
5800 29 X 108 0.000200 
7000 29 10* 0.000241 
8000 29 0.000276 
8500 28.8 x 10¢ 0. 295 
8750 28.5 X 10° 0.000307 
9000 27.5.X 106 0.000327 
9250 23.2 108 0.000398 
9500 21 106 0.000452 
9750 19.4 108 0.000502 
10000 18 X 10° 0.000555 
10500 5.8 XK 10° 0.000665 
11000 13.3 106 0.000827 
12000 8.5 x 106 0.001412 
12500 6.1 X 108 0.002050 
12750 5.1 106 0.002500 
13000 4.1 X 106 0.003170 


geometry of the vessel and the stress-strain behavior of the ma- 
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made to be simply the inverse value of D/t, because it is desirable 
that collapsing-pressure curves be determined singly upon this 
design feature, i.e., {/D is the usual design characteristic held con- 
stant. Interposed between the variable held constant and the 
variables being altered were (t/D)? and (t/D)* as columns 3 and 4 
respectively, merely for the sake.of convenient computation in 
conjunction with column 2, t/D. Next selected were values of 
L/D and its corollary, L/R, as columns 5 and 6, respectively. 
With these values selected and tabulated, it was possible to de- 
termine, as column 7, the necessary values of K from Fig. 9; 
values were read from the extrapolation lines of each set of curves 
designated by D/t. 

Column 8, the value of S/E’, was next computed from the fore- 
going tabulated values by using the equality 


S/E' = K/2(t/D)? 


or, more simply, one half the K value (column 7) times column 3. 
With reference to Fig. 3, it may be seen how proper values of 
E’' were determined. At each value of S/E’ determined in col- 
umn 8 by calculation, a corresponding stress value was found from 
either curve (b) or (c), dependent upon the magnitude’ of the 
S/E’ numerical value. At this stress value, a corresponding 
FE’ value was read from curve (a). The convenient construction 
of Fig. 3 made it possible to trace horizontally from the inter- 
section of curve (b) or (c) with the S/E’ determinant to curve 
(a), thence down from this intersection to get the modulus-of- 
elasticity value. These EZ’ values were tabulated as column 9, 
Table 3. 

Multiplication of columns 4, 7, and 9 yielded the desired pres- 
sure recorded as column 10 due to the previously noted equation 


P = KE'(t/D)* 


However, it is common practice to use a safety factor of 4, so that 
the working pressures noted in column 11 are the collapsing pres- 
sures divided by this safety factor (column 10 + 4). 

With these results compiled, a practical reliable chart for the 
collapsing pressures of various pressure vessels subjected to ex- 
ternal pressure and constructed of hot-rolled annealed “A” 
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TABLE 3 VALUES USED IN CALCULATING COLLAPSING PRESSURES FOR ‘A"’ NICKEL VESSELS 


1 2 3 4 5 6 
D/t t/D (t/D)? (t/D)! L/D L/R 
500 0.0020 0.000004 0.000000008 0.2 0.4 

0.3 0.6 

0.5 1.0 

0.7 1.4 

1.0 2.0 

312 0.00321  0.0000103 0. 000000033 0.2 0.4 
0.3 0.6 

0.5 1.0 

0.7 1.4 

1.0 2:0 

1.5 3.0 

2:0 4.0 

200 0.00500 0.000025 0.000000125 0.2 0.4 
0.3 0.6 

0.5 1.0 

0.7 1.4 

1.0 2.0 

1.5 3.0 

2.0 4.0 

3.0 6.0 

143 0.00700 0.000049 000000343 0.2 0.4 
0.3 0.6 

0.5 1.0 

0.7 1.4 

1.0 2:0 

1.5 3.0 

2.0 4.0 

3.0 6.0 

5.0 10.0 

10.0 20.0 

20:0 40.0 

100 0.01000 0.00010 0.0000010 0.2 0.4 
0.3 0.6 

0.5 1.0 

0:7 1.4 

1.0 2,0 

1.5 310 

2:0 4.0 

3.0 6.0 

5.0 10.0 

7.0 14.0 

10.0 20.0 

70 0.01430 0.000204  0.00000292 0.2 0.4 
0:3 0:6 

0.5 1.0 

0.7 1.4 

1.0 2.0 

1.5 3.0 

2.0 4.0 

3.0 6.0 

5.0 10.0 

7.0 14.0 

10.0 20:0 

50 0.02000 0.00040 ©.0000080 0.2 0.4 
0.3 0.6 

0.5 1.0 

0.7 1.4 

1.0 2.0 

15 3.0 

2.0 4.0 

3.0 6.0 

5.0 10.0 

7.0 14.0 

10.0 20.0 

15.0 30.0 

31.25 0.03200 0.001024 0.0000327 0.2 0.4 
0.3 0.6 

0.5 1.0 

0.7 1.4 

1.0 2:0 

1.5 3.0 

2.0 4.0 
3.0 6.0 

5.0 10.0 

7.0 14.0 

10.0 20.0 

15.0 30.0 

20 0.05000 0.0025 0.000125 0.2 0.4 
0.3 0.6 

0.5 1.0 

0.7 1.4 

1.0 2.0 

1.5 3.0 

2.0 4.0. 

3.0 6.0 

5.0 10.0 

7.0 14.0 

10.0 20.0 

15.0 30.0 


nickel plate was drawn. All variable factors arising in the design 
of external pressure vessels were included, by example, L/D as 
abscissa, working (collapsing) pressure as ordinate, and t/D as 
the determining constant. Thus for any set of desired design 
conditions the allowable pressure may be quickly and easily de- 
termined. 


7 8 9 10 1l 
S/E’ = P= Working 
K K/2(t/D)? E’ at S/E KE'(t/D) _ pressure, psi 
400 0.000) 14 X 108 44.75 11.19 
250 0.000500 18.7 X 106 37.40 9.35 
140 0.000480 19.2 X 106 21.50 5.38 
93 0.000186 29 X 106 21.55 5.39 
61 0.000122 29 X 10% 14.16 3.54 
340 0.001750 7.2 106 20.18 
210 0.001081 11.2 X 108 77.6 19.40 
110 0.000566 18.4 X 108 66.8 16.70 
72 0.000371 23.6 106 14.03 
48 0.000247 29 X 108 45.9 11.48 
33 0.000170 29 x 108 31.6 7.90 
25 0.000129 29 X 106 23.9 5.98 
330 0.004125 3.3 X 108 136.1 34.03 
185 0.002315 5.6 X 108 129.3 32.43 
93 0.001162 10.6 X 108 123.2 31.05 
61 0.000763 14.4 X 106 109.8 27.45 
45 0.000563 17:4 X 106 98.0 24.50 
27 0.000462 19.7 X 10¢ .5 16.65 
21 0.000263 29 x 108 76.0 19.00 
13.5 0.000169 29 x 106 49.0 12.25 
300 0.007350 2.1 * 106 216 54.00 
175 0.004280 3.1 X 106 186 46.50 
85 0.002080 6.2 X 106 180.8 45.20 
55 0.001350 9.2 K 108 173.5 43.38 
37 0. 12.8 X 106 162.5 40.63 
23 0.000564 17.4 X 106 137.5 34.38 
18 0.000441 20.2 K 106 125.0 31.28 
14 0.000343 27 X 108 129.5 32.38 
7 0.000172 29 x 10¢ 69.5 17.38 
2.7 29 108 26.8 6.7 
2.2 - 22.0 5.5 
270 0.013500 1.5 X 108 405 101. 2! 
160 0.008000 1.9 X 106 304 76.00 
77 0.003850 3.5 X 10¢ 269.5 67.38 
0.002500 5.3 106 265 66.25 
33 0.001650 7.6 X 108 251 62.75 
20 0.001000 12 X 106 240 60.00 
14.5 0.000775 14.3 X 108 207 50.18 
9 0.000450 20 X 106 180 45.00 
6.3 0.000365 24.4 X 106 154 38.50 
3.3 0.000165 29 x 10¢ 95.6 18.90 
2.5 0.000125 29 X 10¢ 72.5 18.13 
260 0.026500 1.0 X 106 759 189.75 
150 0.025500 1.1 X 106 482 120.50 
70 0.007140 2X 106 408 102.00 
42 0.004280 3.2 K 106 392 98.00 
27 0.002760 4.9 X 108 386 96. 50 
17 0.001730 7.2 XK 108 357 89.25 
12 0.001224 10.1 X 106 354 88.50 
7.9 0.000805 14 X 108 322 80.50 
5 0.000510 18.5 X 108 270 67.50 
3 0.000306 28.7 X 106 251 62.75 
2.4 0.000245 29 X 108 204 51.00 
245 0.049000 0.7 X 108 1370 
140 0.028000 1.0 X 108 1120 
61 0.012200 1.6 X 106 780 195.00 
37 0.007400 2X 106 592 148.00 
25 0.005000 2.7 X 108 540 135.00 
15 0.003000 4.5 X 108 541 135.25 
10.5 0.002100 6.4 X 106 538 134.50 
7 0.001400 8.9 X 10¢ 498 124.50 
3.6 0.000720 15 X 108 432 108.00 
2.6 0.000520 18.4 x 106 383 95.75 
2.3 0.000460 19.6 X 106 361 90.25 
2.2 0.000440 20.3 XK 108 357 89.25 
220 0.112800 0.2 X 108 1440 eee 
120 0.061500 0.6 10° 2360 
55 0.028200 1 X 108 1800 450.00 
32 0.016400 1.4 X 106 1460 365.00 
21 0.010750 1.7 X 108 1170 292.50 
12 0.006150 2.3 X 108 902 225.00 
9 0.004610 3 x 108 884 221.00 
5.6 0.002870 4.6 X 106 843 210.75 
3.1 0.001590 7.8 X 106 791 197.75 
2.5 0.001280 9.6 X 106 785 196.25 
2.2 0.001128 « 10.9 X 108 783 195.75 
2.2 0.001128 10.9 X 108 783 195.75 
30 
17.5 0.021900 1.2 X 106 2630 657 .50 
11 0.013750 1.5 X 10¢ 2060 515.00 
0.009620 1.8 X 106 1735 433.75 
4.2 0.005250 2.6 x 106 1370 342.50 
2.6 0.003250 4.1 X 108 1334 333. 50 
2.3 0.002880 4.6 X 10° 1325 331.25 
2.32 0.002750 4.8 X 108 1320 330.00 
2.2 0.002750 4.8 xX 106 1320 330.00 


Complete charts used in calculations for the determination of 
a collapsing-pressure diagram, Fig. 8, for stainless steel 17-7’ 


5“Tensile and Compressive Properties of Some Stainless-Steel 
Sheets,”’ by C. 8. Aitchison, Walter Ramberg, L. B. Tuckerman, and 
Herbert L. Whittemore, part of Journal of Research of the National 
Bureau of Standards, vol. 28, April, 1942. This conforms to the 
A.S.M.E. Materials Specification SA264, Type 301 stainless steel. 
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are presented in Figs. 5, 6, and 7, based on available data.® It is 
interesting to note that in Table 3, columns 1, 2, 3, 4, 5, 6, and 7 
are identical for other metals. This is due to the fact that varia- 
-bles were selected throughout the same range and that values 
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of K for any metal may be so determined from Fig. 9, and are the 
same for equivalent geometric conditions. Therefore it is obvious 
that to construct a collapsing-pressure diagram for any external 
pressure vessel fabricated from any metal, it is only necessary to 
have original stress-strain measurements and the values contained 
in Table 3, columns 1 through 7, inclusive. All that then remains 
to be done is construction of curves similar to those in Figs. |, 
2, and 3, or 5, 6, and 7; these curves may be easily obtained by 
following the method discussed and tabulated. 


SUMMARY 


1 Construction of collapsing-pressure diagrams for vessels 
subjected to external pressure may be accomplished simply and 
quickly if stress, strain, and modulus of elasticity are properly 
correlated so that the instantaneous modulus to stress ratios in 
the plastic region are plotted against values of stress. Then, for 
all geometric-design conditions, the necessary values for calcula- 
tions may be selected to give greatest convenience in computation 
to cover any desired range of vessels. 

2 Calculations are simplified because all geometric properties 
of the vessels may be used again and again as components in the 
calculations. Thus it is obvious that with compressive stress- 
strain curves for any given material, computations leading to a 
collapsing pressure or allowable pressure charts may be made di- 
rectly and without undue repetitions. 

3 Use of collapse values obtained is valid up to a certain tem- 
perature, then a reduction factor is necessary. Such reduction 
factors may be determined from suitable compressive properties 
made at elevated temperatures. 
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Measurement of the Viscosity and Shear 
Elasticity of Liquids by Means of a 


Torsionally Vibrating Crystal 


This paper describes a method of measuring viscosities 
of liquids at high-frequencies by means of oscillating cyl- 
inders, in which a torsionally vibrating crystal generates 
a viscous wave in the medium to be measured. Both a 
reactance and a resistance loading occur in the crystal 
which lowers its frequency and raises the measured re- 
sistance at resonance. The viscosity may then be deter- 
mined by measuring the changes in the properties of the 
crystal. By varying the voltage on the crystal, the shear- 
ing displacement can be varied and hence the viscosity 
can be measured as a function of shearing stress. Meas- 
urements on light oils over a viscosity range from 0.01 
poise to 10 poises check within a few per cent when made 
with rough temperature-control conditions. 


INTRODUCTION 


OST of the measurements of viscosities of liquids have 
M heretofore been made either at zero frequencies by flow 

or falling-ball methods or at very low frequencies by 
means of oscillating cylinders. It is the purpose of this paper to 
describe a method for measuring viscosities at high frequencies 
which makes use of the properties of torsionally vibrating crys- 
tals. A torsionally vibrating crystal can generate in a medium 
a viscous wave that is very rapidly attenuated. Such a wave 
introduces both a reactance and resistance loading on the crystal 
which lowers its frequency and raises the measured resistance at 
resonance. From a measurement of these changes in the proper- 
ties of the crystal the viscosity can be determined. By varying 
the voltage on the crystal the shearing displacement can be varied, 
and hence the viscosity can be measured as a function of shearing 
stress. The hydrostatic pressure on the liquid surrounding the 
crystal also can be varied over wide limits. Measurements on 
light oils over a viscosity range from 0.01 poise to 10 poises check 
within a few per cent when made with rough temperature-control 
conditions. Further work should be done with better tempera- 
ture control for a better correlation. 

However, measurements made for very viscous liquids such as 
polymerized castor oil and vistanex, show that the reactance and 
resistance components are not equal for high frequencies as they 
should be for a purely viscous liquid. This indicates the presence 
of a shear elasticity and verifies Maxwell’s hypothesis that a 
viscosity is the product of a shear elasticity by a relaxation time. 
Shear waves were demonstrated in vistanex and silicone putty 
both of which are regarded as perfect liquids, i.e., they will take 
a form determined only by surface tension and gravitational 
forces if given sufficient time. This shear elasticity has an effect 
on the attenuation of a longitudinal wave, and measurements 
made with vistanex and silicone putty show that the attenuation 


‘ Bell Telephone Laboratories. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Annual Meeting, New York, N. Y., December 2-6, 
1946, of Tae AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


By W. P. MASON,' MURRAY HILL, N. J. 


359 


is much less than the calculated value obtained from Stokes’s 
formula and the measured viscosity. This is accounted for by the 
shear elasticity shunting out the viscosity above the relaxation 
frequency of the combination. Some evidence is found for the 
existence of a* second coefficient of viscosity which is associated 
with the compression. 


METHOD OF MEASUREMENT 


If we set a crystal vibrating in a purely torsional mode, all the 
motion is tangential to the surface and no longitudinal waves 
can be generated in the surrounding gas or liquid medium. 
However, ordinary viscous theory? allows a diffusional or viscous 
wave to be set up in the medium that has a propagation equation 
for plane waves 


P = 


and z is the distance from the plane surface. A characteristic 
impedance per square centimeter, defined as the ratio of pressure 
to particle velocity for an infinite medium, is found for the wave 
equal to 


where 


Zo = Wxfnp (1 + j)(mechanical ohms) ........ [2] 


where f is the frequency, p the density and 7 the viscosity of the 
medium. For air with a viscosity of 1.84 X 10~‘ poises, and a 
density of 1.29 X 10~* grams per cu cm, the attenuation of such 
a wave is 555 nepers per cm at 14 ke so that the pressure is ap- 
preciable for only a few thousandths of a centimeter from the 
crystal surface. Although the attenuation for such waves is too 
high to permit their wave-propagation properties to be inves- 
tigated, they do introduce a loading effect on the crystal which 
can be measured by the increase in the resonant resistance and 
the decrease in the resonant frequency as the crystal is changed 
from a vacuum to the medium. 

The method for calculating the change in resistance and fre- 
quency in terms of the resistance and reactance loading of the 
viscous wave is discussed in the Appendix. It is there shown 
that the change in resistance and the change in frequency are 
given by the equations 


R‘— Ro 
= + Ro + V tine = KiRy 


3 3 l 


where r is the ratio of capacities of the equivalent electrical cir- 
cuit of the crystal. This is determined by noting the difference 
Sfp between the resonant frequency fp and the antiresonant 
frequency and using the formula (r = fp/24fg), fz is the reso- 


“Theory of Sound,” by Rayleigh, John Wm. Strutt, 3rd Baron, 
vol. 2, chapt. 14, p. 317, The Macmillan Company, London, 1929. 
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nant frequency; Cp» the static capacity of the crystal in 
farads; J the moment of inertia of the crystal, equal to (+/2)p, 
(R* — Ro‘), where p, is the density of the crystal, R the outside 
radius of the torsional crystal, Ry the inside radius, and / the length 
of the crystal. All the crystal quantities can be gathered into one 
constant K, and the change in electrical resistance AR, is equal 
to this constant times the mechanical resistance loading Ry in 
mechanical ohms per square centimeter. Similarly the change 
in frequency Af is equal to the other constant K, times the 
mechanical reactance loading X y per square centimeter. All of 
the quantities entering K, and K, can be determined by direct 
measurements of the crystal, and hence if the change in resist- 
ance, the frequency, and the density of the medium are known, 
the viscosity can be directly calculated. By comparing the 
change in resistance with the change in frequency, the equality 
of the resistance and the reactance terms can be verified. 

In this investigation two types of crystals were used, ammo- 
nium dihydrogen phosphate or ADP crystals’ and sodium-chlorate 
erystals.¢ A quartz crystal was also tried out but it was found 
that the ratio of average longitudinal particle velocity to tor- 
sional particle velocity was too high to give reliable measure- 
ments. For an ADP crystal, the plating arrangement shown by 
Fig. 1 is used. The crystal is cut with its length along the X- 
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Fic.1 Piatinc ARRANGEMENT FOR EXCITING TORSIONAL MODE IN 
ADP CrystaL 


axis. A hole is bored in the center and the inside surface is com- 
pletely coated by an electrode. On the outside, two 90-deg 
segments were plated with their mid-points normal to the Z- 
axis, since this is the axis of the large piezoelectric constant de. 
The outside two electrodes are connected together and hence 
the fields are in opposite directions on the two sides of the crystal. 
As shown by Fig. 1(C), this shears the crystal in one direction on 
the front side and in the opposite direction on the back side, thus 
producing a torsional motion in the crystal. The inside plating 
is brought out to the outside surface by means of a plated strip, 
and electrical contact and mechanical support are provided by 
attaching three wires to the three plated areas at the nodal plane 
(the middle plane of the crystal) at angles of 120 deg apart. 
These wires are soldered to rigid supports as shown in Fig. 2, 
which shows the crystal mounting and outside bell jar or solid 
container, for use in measuring the viscosity of gases. The crys- 
tal is also mounted inside a tube whose function will be discussed. 

Since the applied stress is not uniform around the periphery 
and since the shear elastic constant varies from cy = 8.77 X 
10 dynes/cm?, to ce = 6.76 X 10” for a change of surface 
normal of 90 deg, there is a tendency for the torsional mode to be 
coupled to a ring-type vibration in which one diameter is en- 


3 The properties of ADP crystals are described in a recent paper, 
“The Elastic, Piezoelectric, and Dielectric Constants of Potassium 
Dihydrogen Phosphate and Ammonium Dihydrogen Phosphate,”’ 
by W. P. Mason, Physical Review, vol. 69, March 1, 1946, p. 173. 

4 The properties of sodium-chlorate and sodium-bromate crystals 
are described in a paper, ‘‘Elastic, Piezoelectric, and Dielectric Proper- 
ties of Sodium Chlorate and Sodium Bromate,”’ by W. P. Mason, 
which appeared in the October, 1946, issue of the Physical Review. 
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Fic. 2 EXperRIMENTAL ARRANGEMENT FOR MEASURING VISCOSITIES 
IN GASES 


larged while the diameter at 90 deg from this is contracted. This 
tends to set up a longitudinal wave of the type characterized by 
the velocity potential 


(To) v? To? 


in the free part of the tube, where a, = 3.07 for the lowest fre- 
quency mode, which is the one generated by the ring-type vibra- 
tion. For frequencies above 


this wave is propagated freely and can set up standing waves in 
the tube. On the other hand, if f is below the cutoff frequency 
given by 


the wave is highly attenuated and introduces a loading on the 
crystal that is independent of the surrounding barriers. Further 
more, this loading is entirely reactive if dissipation is neglected, 
since the characteristic impedance of such a wave is 


o, z=0 


Hence the characteristic impedance will be a reactance below 
f, and a resistance above as shown in Fig. 3. Thus if the tube 
diameter is kept small, the only effect of complex longitudinal 
waves generated by the crystal will be to increase the frequency 
difference Af without altering the change in resistance ARg. 
The same conclusion is reached when the waves that are gene™ 
ated between the periphery of the crystal and the inside diameté’ 
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Fic.4. Measurep Resistance or ADP CrystaL IN NITROGEN ASA 
FUNCTION OF PRESSURE 


of the tube are considered. No energy can be transmitted along 
the length of the crystal since the characteristic impedance of 
the tube is reactive and will reflect any energy back. Hence 
only tangential waves have to be considered. Since one diameter 
is increasing while the other is decreasing, the air is pushed tan- 
gentially. As long as one half the circumference is less than a 
wave length, no resonances occur and only a reactance will be 
applied to the crystal. On the other hand if the tube is taken 
off, the ring-type vibration becomes an effective radiator and 
will cause energy to be transmitted away from the crystal by lon- 
gitudinal waves and will introduce a resistance loading. A measure 
of the amount of longitudinal radiation is obtained by taking the 
difference between the resistance measured with the tube on and 
the tube off. 

By going to a cubic crystal such as sodium chlorate or sodium 
bromate, the irregularities in drive disappear, the irregularities 
in the elastic constant are reduced, and hence torsional motion, 
more nearly free from coupling to longitudinal modes, is obtained. 
For a cubic crystal the outside electrode is made continuous ex- 
cept for a small strip connected to the inner electrode. 

A test of the purity of the motion was made by measuring the 
change in resistance of the crystal as a function of the pressure 
of the surrounding atmosphere of nitrogen. Since the torsional 
loading is proportional to the square root of the density, and hence 
the pressure, while the viscosity is independent of pressure, a 
purely torsional crystal will have a loading that increases as the 
square root of the pressure. On the other hand if there is any 
longitudinal component, the loading for this will be directly pro- 
portional to the density and hence the pressure. Fig. 4, dotted 
line, shows a measurement of the change of resistance of an ADP 
crystal without the surrounding tube as a function of pressure. 
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The solid line shows a measurement of the same crystal inside 
the surrounding tube. The difference which is small is presum- 
ably due to the loading resulting from longitudinal waves. The 
curve inside the tube is accurately proportional to the square 
root of the pressure. From the measured value and the con- 
stant K, = 366 for the crystal, the viscosity of nitrogen is found 
to be 1.9 X 10-4 poises, which agrees, within the probable ex- 
perimental error of 5 per cent, with the value measured by dif- 
fusion processes. Fig. 5 shows similar curves for a sodium- 
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chlorate crystal. Here there is no measurable difference between 
the crystal in and the crystal out of the tube, indicating that any 
longitudinal component is very small compared to the torsional 
loading. 


MEASUREMENT OF VISCOSITIES OF LIGHT LIQuIDs 


The viscosities of a number of light liquids have been measured 
by using the experimental arrangements shown in Fig. 6. This 
consists of an ADP or sodium- 

chlorate crystal suspended from 
' the three wires at its nodal 
points, mounted inside a con- 
Ni.Lievio To Be tainer whose radius is considera- 
MEASURED _ply less than the value necessary 
to make the cutoff frequency f. 

equal the resonant frequency of 

the crystal. The outside con- 

tainer has two copper-to-glass 

seals for the electrical wires to 

connect to the crystal. The 

chamber can be evacuated and 

a filled with liquid through the two 
stopcocks. If desired, pressure 


Viscositi1Es In Liquips can be put on the liquid by 
means of an external gas pres- 
sure. For a rough check no temperature control was used and. , 


the temperature of the liquid was measured with a thermome- 
ter. Additional measurements with an accurate temperature 
control should be made for a more accurate correlation. 

The process of measurement consisted in determining the 
resonant frequency fo, and the resistance at resonance Rp in a 
vacuum. Then, introducing the liquid, the new resonant fre- 
quency fx and the new resistance at resonance R, were deter- 
mined. For liquids having a small viscosity these values could 
be determined accurately by measuring the current through the 
crystal when a low impedance was connected on either side. 
The resonant frequency occurred at the frequency for which the 
current was a maximum, and the resonant resistance was meas- 
ured by a substitution method. However, for very viscous liq- 
uids this procedure does not accurately locate the resonant 
frequency and measurements of resistance and reactance were 
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made with a bridge circuit. A curve of the resistance for poly- 
merized castor oil is shown in Fig. 7. The resonant frequency is 
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Fic. 7 MEASURED RESISTANCE AND REACTANCE FOR POLYMERIZED 
Castor 


determined as the lowest point on the curve and the resonant 
resistance is the value of resistance at this point. 

As an example, using an ADP crystal, vibrating at nearly 
14,000 cycles having the dimensions 


L = 6.9 em; OD = 0.93 em; ID = 0.64 cm...... {8} 


had a resonant frequency of 13,948 cycles, an antiresonant 
frequency of 14098.5, and a resistance at resonance of 1300 
ohms, all measured in a vacuum. The capacity of the crystal 
was Cy = 140 wuf. The density of ADP is 1.804. From these 
values the constants K, and Ke can be calculated 


Ki = 366; (9) 


At 24 C measurements were made of the viscosity of a number 
of light liquids. For dimethyl phthalate, for example, the reso- 
nant resistance was 36,500 ohms. Hence the viscosity at 81.0 F, 
with the density p = 1.186, is 


(AR,)* 1 

n K, x ae 0.178 poises ......... {10} 
This compares with 0.170 measured® by flow methods, which 
agrees within about 5 per cent. This appears to be about the 
accuracy attained so far due principally to the lack of better 
temperature control. Table 1 shows measurements made for a 
number of liquids varying in viscosity from 1 centipoise to 10 
poises. These check as well as could be expected considering the 
rough nature of the temperature control. 

Since the resonant resistance and frequency can be easily fol- 
lowed over a temperature range, this introduces the possibility of 
obtaining a continuous indicating instrument which will indicate 
the viscosity under all conditions of temperature and pressure. 
Another use for such a device is in determining the viscosity of 
small samples of a liquid. Since the penetration of a viscous 
wave is only a few thousandths of a centimeter, a thin layer will 
produce all the damping that is going to occur. Hence if a 
small amount is painted over a known area, for example, one end 


5 All the viscosity and density measurements were made by Dr. 
W. E. Campbell of the Laboratories. 
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TABLE 1 COMPARISON OF VISCOSITY MEASUREMENTS oN 
LIGHT LIQUIDS 
Value, 
——Values measured——. mone 


Temper- by flow methods y 

ature, n per erystal, Percent 

Material deg F _spoises cu cm en pn error 

Bayol D....... 80.7 0.0216 0.773 0.01669 0.0155 —91 

Terresso 43..... 80.0 0.50 -0.852 0.415 0.379 — 91 

Transil oilno.10 80.8 0.131 0.88 0.115 0.124 + 7.8 
Aviation Inst. 

ee 81.0 0.13 0.86 0.1181 0.106 —11.0 

Castor oil...... 81.0 6.6 0.956 6.31 6.15 — 25 
Gulf mechanism 

80.6 0.242 0.85 0.205 0.185 —98 
Dimethy] phtha- 

eee 81.0 0.170 1.186 0.201 0.211 +45 

Refrigerator oil. 80.3 0.68 0.878 0.595 0.579 — 25 


of the crystal, the damping can be determined and the viscosity 
determined within a few per cent. 


MEASUREMENT OF PROPERTIES OF VERY Viscovs Liquips 
EXPERIMENTAL VERIFICATION OF SHEAR WAVES IN LIQuUIDs 


Measurements have also been made for very viscous liquids 
such as polymerized castor oil, and the results indicate that such 
liquids do not behave as simple viscous liquids since the reactance 
and resistance components are not equal, their difference becom- 
ing progressively larger as the frequency increases. This dif- 
ference can be accounted for if we assume with Maxwell® that all 
liquids and gases have shear elasticities which can be relaxed in « 
time 7, and the viscosity 7 is the product of the shear elasticity 
by the relaxation time divided by 2x or 


where yu is the shear stiffness and 7 the relaxation time. The 
relaxation frequency f;, which is the inverse of the relaxation 
time, is then 


Hence the higher the viscosity the lower the relaxation fre- 
quency and the more readily observed is the presence of a shear 
elasticity. The value of shear elasticity found for a number of 
liquids was in the order of that found for rubbery material, 
namely, 107 dynes per sq em. For a viscosity in the order of 10 
poises, the relaxation frequency becomes in the order of 100,000 
cycles and so should be observable by the techniques used here. 

The first liquid measured was polymerized castor oil which 
had a viscosity of 18 poises as measured by flow methods. Fig. 
7 shows the resistance component of the crystal measured in 4 
bridge circuit over a frequency range. The resonant resistance 
in a vacuum was 500 ohms and the resonant frequency was 31,540 
cycles. Since the minimum resistance is 210,000 ohms, the value 
of K, for the crystal 149, and the density 0.969, the indicated 
value of the viscosity is 21.6 poises, which is higher than that 
measured by flow methods. On the other hand, since the change 
in frequency Af = 700 cycles and the constant Ky; = 0.65, the 
indicated viscosity by the change-in-frequency method becomes 
12.4 poises which is less than the indicated value. Measurements 
of the reactance and resistance components Ry and X y in me 
chanical ohms per square centimeter are shown in Table 2. 
These are the components of the shear impedance of the liquid 
and are measured from AR, and Af as shown by Equation (3). 
As can be seen, the resistance term becomes progressively large! 
than the reactance term, the higher the frequency. 

This divergence and the shape of the curve are accounted fot 
if the liquid is assumed to have a shear elasticity as well as a shea! 

¢“On the Dynamical Theory of Gases,” by J. Clerk Maxwell, 


Philosophical Transactions of the Royal Society of London, vol. 157, 
1867, pp. 49-88. 
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TABLE 2 


MEASUREMENTS OF REACTANCE AND RESISTANCE 
COMPONENTS 


-——Measured values——. -—Calculated values—. 


Frequency Ra, ohms Xm, ohms RM XM 
18905 1180 920 1140 970 
30840 1410 1080 1410 1080 
57515 2050 1350 1990 1365 
94095 2540 1230 2540 1200 


viscosity. The impedance for such a wave is most easily calcu- 
lated by means of an equivalent circuit in which the stress corre- 
sponds to the voltage and the particle velocity to the current. 


For a purely viscous medium the equivalent circuit is shown in 


Fig. 8(A). The series arm is an inductance equal to the density 
pdx pdx pdx 
al 
dx 
A 


Fic. 8 EquitvaLent CircuiT ror a Viscous MEDIUM AND FOR A 
Mepium Havine Viscosity AND SHEAR ELastTicity 


times the length dz, where dz is a length in the order of the mean 
free path. The shunt arm is a resistance equal to the viscosity 
n divided by the length dz. The equivalent circuit is valid for a 
cross section of 1 sq:em. This circuit is repeated indefinitely 
for an infinite medium, or it may be terminated after a finite num- 
ber of repetitions if it represents a path length of a finite length. 


The characteristic impedance (impedance of an infinite line) and . 


the propagation constant (the exponent of Equation [1]) are 
given by the equations 


Zy = = V jupn 
wen 
— 
\” a+) asi 


(1 + j)dz 


where Z, is the series impedance and Z,; the shunt impedance of 
the network. These equations agree with Equations [1] and [2] 
which were calculated on the basis of hydrodynamics. 

The effect of a shear elasticity, as envisioned by Maxwell, can 
be represented by shunting the viscous resistance »/dz by a com- 
pliance (inverse of a stiffness) equal to C dz, where C, is the modu- 
lus of shear compliance for the liquid as shown in Fig. 8(B). 
Hence at low frequencies, where the value of the resistance is 
much less than the reactance of the shunt capacity, the liquid 
behaves as a viscous liquid. On the other hand, when the fre- 
quency is high enough so that the reactance of the compliance C, 
equals the viscosity, a different reaction occurs. For very high 
frequencies it should be possible to transmit a shear wave in such 
& medium. The propagation constant P and characteristic im- 
pedance Z» can be calculated from Equations [13] and the values 
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From these we find 


Ry = + V + 
2[1 + 


Xy = 
2[1 + wn?C,?] 
{15} 
4 — + Vw'pC,? + w%p?/n? 
2 | 
+ V w'pC,? +w %p?/n? | 
2 } 


where Ry is the resistance per square centimeter, Xy the re- 
actance per square centimeter, A the attenuation of the wave in 
nepers per centimeter, and B the phase shift in radians per centi- 
meter. Fig. 9 shows a plot of the resistance and reactance 
terms plotted as a function of the ratio of the frequency to the 
relaxation frequency f,. The resistance at low frequencies be- 
haves like that for a viscous fluid, but at high frequencies it 
becomes asymptotic to the value V/ p/C,. The reactance equals 
the resistance for low frequencies. For high frequencies it ap- 
proaches zero. Fig. 10 shows a plot of the attenuation and the 
phase shift as a function of the frequency. The attenuation for 
large frequencies becomes constant and equal to 
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The phase shift for large frequencies becomes proportional to 
wV 
Solving Equations [15] for the viscosity and the compliance, we 
find 
(Ry? + Xy*)? 


2R yop 


(Ry? — 
(Ry? + Xy*)? 


Taking the values of Ry and Xy, listed in Table 2, for 30,840 
cycles, the values of n and C, for polymerized castor oil become 


n = 18 poises; C, = 7.95 X 10-8 cm*/dyne..... {18] 


Assuming these values, the calculated resistance and reactance 
values are shown in Table 2. These agree well with the meas- 
ured values. The indicated relaxation frequency is 111,000 
cycles. 

SHEAR WAVEs IN LiqurIps 


In addition to the viscous measurements indicating shear 
elasticity, measurements have also been made showing the pres- 
ence of shear waves in very viscous liquids. The attenuation 
above the relaxation frequency of polymerized castor oil is 


2n 


A= == 97.2 nepers per cm......... [19] 
which is too high to demonstrate wave motion. However, if we 
use a liquid with a much higher viscosity, the limiting attenuation 
becomes lower as shown by Equation [19]. Such a liquid is 
polyisobutylene (vistanex) of such an average molecular weight 
that it has a viscosity of 1085 poises at 25 C. This should have 
an attenuation of about 1.5 nepers per cm, if it has the same 
shear elasticity as does polymerized castor oil. 

To demonstrate the presence of shear waves in vistanex, a 
torsional crystal was used to set up a standing-wave system. 
Since, on account of the large viscosity, the separation between 
the reflector and the crystal could not easily be varied, a fixed 
distance between the crystal and the reflector plate was main- 
tained and the frequency was varied. The measured resistance 
as a function of frequency is shown in Fig. 11. The separation 
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between crystal and reflector was 0.47 cm. Since the minima 
occur at half-wave-length frequencies, the data are best fitted by 
assuming that the length is 14 half wave lengths at 47,800 cycles, 
and 15 half wave lengths at 51,300 cycles, giving a velocity of 
3250 em per sec. Since the density of vistanex is 0.882 at 25 C, 
this gives a shear compliance of 1.07 X 10-7 em?/dyne which 
agrees well with the value found for polymerized castor oil. The 
indicated attenuation, determined from the ratio of maximum re- 
sistance to minimum resistance, is 0.5 nepers for the column or 
1.05 nepers per cm compared to the calculated value 
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V 0.882/1.07 1077 
2 1085 


= 1.32 nepers per cm... [20] 


Measurements were also made for silicone putty and the meas- 
ured values at 25 C were 


p = 1.14 v = 2.55 X 10‘cm persec A = 0.13 nepers per cm 


Since the shear viscosity as measured by W. O. Baker is 3 X 10° 
poises, this represents a fair check on Equation [19]. 

It seems probable that all liquids may have shear elasticities 
but the relaxation frequency or frequencies are usually too high 
to allow the elasticities to influence the results for frequencies 
that have so far been used. This shear elasticity may have an 
important bearing on the specific heat of liquids.’ 


Errect oF SHEAR ELAasTIcITrES ON TRANSMISSION OF 
LONGITUDINAL WAVES 


Since shear elasticities in liquids affect the propagation of vis- 
cous waves, the question arises whether they affect the propaga- 
tion of longitudinal waves. According to classical theory, longi- 
tudinal waves have an attenuation due to viscosity’ equal to 


r? 
A = —— (A + 2n) nepers percm.......... [22] 
pus 


where f is the frequency, p the density, v the velocity, » the coef- 
ficient of shearing viscosity, and \ the coefficient of compressional 
viscosity. According to Stokes’s relations these two are sup- 
posed to be related by the equation 


but recent considerations? have cast doubt on this relationship 
for liquids. Hence the relation of Equations [22] is retained. 
It has been shown’ that an equivalent circuit which represents 


? The effect of an assumed shear elasticity on the specific heat of a 
liquid is discussed in ‘‘La Chaleur Specifique des Liquides et leur 
Constitution,” by Leon Brillouin, Journal de Physique et le Radium, 
series 7, vol. 7, April, 1936, pp. 153-157. 

5A derivation of this equation is given in ‘‘Electromechanical 
Transducers and Wave Filters,”” by W P. Mason, D. Van Nostrand 
Company, Inc., New York, N. Y., 1942, appendix B, pp. 298-307. 

* “Supersonic Absorption and Stokes’s Viscosity Relation,’’ by L 
Tisza, Physical Review, vol. 61, 1942, pp. 531-536. 
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in Fig. 12. 


constant becomes 


= (A + jB)dz.... [24] 


Solving for A, the attenuation in nepers per centimeter, and B 
the phase shift in radians per centimeter, we find 


V1 + + 2m)? | 


A= — 
+ (X + 2n)*w?C?] | 
.. [25] 
+2)? | 


For low frequencies, i.e., for frequencies much below the relaxa- 
tion frequency of the liquid, given by 


2r(\ + 2n)C 
these become 
v 


in agreement with Equation [22]. 
Above the relaxation frequency, the wave behaves as though 
it were being transmitted in a viscous medium and 
— 
B 
Von + 2n) 

We have demonstrated earlier that for very viscous media the 
shear elasticity in effect shunted out the viscous component and 
reduced the attenuation at high frequencies. The question arises 
whether it performs the same function for a longitudinal wave. 
If so the shearing viscosity 2m should be shunted by a compliance 
C,/2, where C, is the shearing compliance for the liquid. If 
this relation holds, the attenuation should be much reduced at 
frequencies above the critical frequency f, for a shear wave over 
what is indicated by Equation [22]. For frequencies above the 
shear relaxation frequency, the parallel combination of 2 and 


C,/2 can be replaced by a series combination of resistance and 
reactance equal to 


7 oC] — 
1 + 


Since the relaxation frequency for shear waves is always much 
less than that for longitudinal waves, the attenuation Equation 
(22) is adequate. Introducing Equation [26] in [22] in place of 
2y, the propagation constant becomes 


2n 
2 


C, 
— 
vo 1 [27] 


(1 + 


Hence at high frequencies the attenuation reduces to 


the propagation phenomena of a longitudinal wave is as indicated 
Here the series arm represents the two viscosities 
\ + 2n in series with the compliance per cubic centimeter, all di- 
vided by the thickness dr. With these values the propagation 


A= — 


and the velocity to 


Therefore the effect of the shear elasticity is to cause the loss due 
to the shear viscosity to reach a certain limiting value given by the 
last term of Equation [28]. The velocity increases from the 
zero frequency value vp to the infinite frequency value v,, whose 
value is given by Equation [29]. For the values measured, this 
increase is less than '/i. and is difficult to observe. Equation 
{28] shows that if there is a viscous constant \ associated with 
dilation, this will still eause a loss proportional to the square of 
the frequency, but with a considerably smaller value than that 
caused by (A + 2n), which should apply at frequencies below the 
relaxation frequency for shear waves. 

Measurements have been made for the two liquids, vistanex 
and silicone putty, at 1 megacycle and at 5 megacycles. The 
l-megacycle measurements were made by using an acoustic inter- 
ferometer whereas the 5-megacycle measurements were made by 
sending a pulse of high-frequency waves through a few centi- 
meters of the material and picking up the received pulse’ from 
the material with another erystal. By substituting a liquid hav- 
ing nearly the same density and velocity, with a known loss, the 
loss introduced by the substance can be evaluated. For silicone 
putty the results obtained were as follows: For 1 megacycle, 
A = 0.092 nepers per cm, and v = 1.03 X 105 em per see; for 5 
megacycles, A = 2.22 nepers perem, and v = 0.97 X 105 em per 
sec. 

Since the accuracy of measuring delay for a short pulse length 
is not as high as the accuracy of an acoustic interferometer, the 
velocity value at low frequencies is probably better. The attenua- 
tion of 0.092 nepers per cm at 1 megacycle is considerably less 
than that of 2.44 nepers given by the classical Formula [25], using 
a value of » = 3 X 10° poises, which was measured by W. O. 
Baker by an extrusion process. Neglecting A, the attenuation 
from Equation [28] should be 2.5 X 107 nepers per cm. Hence 
the measured attenuation, which is much larger than that due to 
relaxed shear viscosity alone and which increases as the square 
of the frequency, indicates either the presence of another compo- 
nent of the shear elasticity that has not been relaxed at 5 mega- 
cycles or else a viscosity \ associated with the compressibility 
equal to \ = 5.76 poises. 

Measurements were also made for the velocity and attenuation 
of vistanex at 1 megacycle by means of the acoustic interferome- 
ter. For 5 megacycles the loss was in excess of 8 nepers per 
em and could not be measured by the pulsing apparatus. At 1 
megacycle 


A = 1.84 nepers perem; v = 1.65 X 10° cm per sec 


This loss is considerably under the value for Equation [25] 
which for 7 = 1085 poises should be 9.1 nepers per em, but con- 
siderably over that due to the relaxed shear viscosity (2 x 1075 
nepers per cm) and indicates again the presence of either a vis- 
cous component \ = 368 poises or other components of the shear- 
ing viscosity that are not relaxed at 1 megacycle. 


AppeENDIX CALCULATION OF EFFECT OF ViscosITY IN LOADING 
A TORSIONALLY VIBRATING CRYSTAL 


If we assume that the crystal is vibrating torsionally without 


coupling to other modes of motion, the reaction of the viscous 
medium can be calculated as follows: If we consider a section of 


© This measurement was made by H. J. McSkimin. 
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a torsionally vibrating crystal of length dz, touching the viscous 
medium at its inside and outside diameters, the torsional motion 
ré tends to set up a viscous wave since the motion is tangential 
to the surface. Since the distance such waves will travel is less 
than 0.002 cm before they are attenuated by a factor e~!, the 
surface can be considered plane and the reactions of the viscous 
medium calculated from the viscous equations. The coefficient 
of viscosity is defined as equal to the tangential force exerted on a 
unit area of either of two horizontal planes placed a unit distance 
apart in the viscous substance, one of the planes being fixed and 
the other moving with a unit velocity. Since the fluid touching 
each of the planes remains fixed to the plane, the tangential force 
of a unit area is equal to 


y dy 
where v2 — »; is the relative velocity of one plane with respect 
to the other and y the separation. Considering a section drdydz, 
the equation of motion for a viscous wave can be derived as fol- 
lows: The external forces on the sides normal to y are 


dv ov 
F=|—7-— dxdz = n — dxrdydz.... (31 
since 
dv dv o (dv) 
—| =—|+—-—d 
dy (dy) 


In a viscous wave this force is equated to the inertial force 


ov 

p adxrdydz at [ ] 
Hence the equation of motion becomes 
ov 


at 


For simple harmonic motion 


is the equation of motion satisfied at all points. At y = 0 the 
velocity v is ré, where r is the radius of the crystal and 6 the an- 
gular velocity. 

A solution of Equation [34] for an outgoing wave is 


where v) = 16 is the velocity of the crystal at its surface. The 
force exerted on the moving surface is 


dv 
Fa 
y 


This force will be exerted on the periphery of the section and also 
on the interior. The total moment of force exerted on the section 
of length dz is then 


= Verne (1 +5). (36) 


(R*F + Ro?F) do = 2x [R* + Ro*] V xfno (1 + 9)6 dz 
. [87] 
where R is the outside radius and R, the inside radius of the sec- 
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tion. Hence the viscous drag constitutes a resistance Ry and a 
mass reactance X yy. 

The equations of motion of a torsional crystal can be written 
in the form 


00 oM 1 080 
I’ — — = M=—— — . [38 
ae + ax’ Cy ax + Puke. (38) 
where /’ = effective moment of inertia, or 
+ Ro’) Vxfnp 
+ 
= 1 + + Re’) \™ 
where 


J = moment of inertia of crystal alone = 3 p.[R* — Ro] 


p. = density of crystal 


Ry = moment of resistance = 27r[R* + R,'] V sfno 


4 


Cy = moment of compliance = 


2 
for ADP and Re for sodium chlorate 
Dy = effective moment piezoelectric constant which will be 
calculated experimentally 
Ey = applied potential 


Ey is independent of x, since the outside is an equipotential 
surface and the equations of motion for simple harmonic motion 
become 

1 


— + joR — drt (39) 
u dr 


A solution of this equation is 


6 = acosh rX + BsinhTX............ [40] 


Pa A+jB = V—wll'Cy + joRulu 
Solving for the attenuation A and the phase shift B, we have 


2 
Cy | 1— +1 


ay’ 
B= ~ =w 1+ 

By evaluating the constants a and 8, we find the two relations 
— DyE, 
6 = 6, cosh TX — (A, — a] (42 


(M — = (Mi: — DyEp) cosh TX — ZA, sinh PX 
where 6, is the angular velocity at z = 0, and Z) = ['/iw('y oF 


A third relation for a piezoelectric crystal expressing the direct 
piezoelectric effect is 


Q = + Dy 


- 
2 
y 
© 
and 
2y 
— | 
I jRu 43) 
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n 


43] 
rect 
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where Q is the total surface charge, Co the capacitance of the 
erystal, and Dy is again the effective moment piezoelectric con- 
stant. For simple harmonic motion this can be written 


i= jw + Dy (bs 6;) [45] 


where 7 is the current into the crystal. To evaluate 6 — 6 
we have to know the terminating conditions for the ends of the 
crystal. Since the crystal is immersed in a viscous medium, the 
same drag per unit area will be placed on the crystal as is caleu- 
lated in Equation [36]. The total moment M will then be 


M = f w fo V (1 + j)dr = 


and this acts on both ends of the crystal. The torsional imped- 
ance Zr acting on each end will then be 


M, -- ~ Rot ) 
1 
/xfnp (1 + 9) 


= Rp + jXp.... [47] 


Letting 6 = 6 at z = lin Equation [42] and eliminating M; and 
M, by Equation [47], we find 


rm 
tanh 2 
— 6 = 6 = ° 


. . [48] 


(Zo + + 2Z7 coth Tl 


Inserting these values in Equation [45], we have 


Z 
tanh 


2 
t= Ey} + 2Dy (Ze + + 2Z, coth rl 


[49] 


If the crystal is in a vacuum and has no viscous drag, Ry = 0, 
andA = 0; B =wVICy. The crystal will resonate when tan 


Bl 
. 0 and the frequency is determined by 


The crystal antiresonates when 


Bl 
2 
tan 


V1/Cy 


which is slightly above the resonant frequency by an amount 
Afr. Hence near the resonant frequency fp we can put 


Il Afr 
tan + tan (3 


Bl fr 


+ 


2 Se 
. [52] 


At the antiresonant frequency 


n 
[53] 


But the ratio of capacities r of the crystal is equal tor = fp/2Afp, 
hence 


I? fr 


Introducing this into the general case, we have 


2 Zo 
4r€ yl \(Zo + Z7?/Zo) + coth Fi) 


t = Eo} + 


. [55] 


We wish now to find the change in frequency and the added re- 
sistance at resonance caused by inserting the crystal into a viscous 
medium. The frequency of resonance will be given approxi- 
mately by Bl = I, so that both tanh (Tl/2) and coth Il will be 
large. Employing the multiple angle formulas, it is readily 
shown that 


A 
(41 + mm Al — jl 4f 
(ap: + 
fr? 


Hence near resonance, neglecting second-order quantities, 
Equation [55] becomes 


I 


yl| OZ, 
(24 + Rr) + xr) 


The resonant frequency will occur when the reactance term in the 
denominator vanishes or when 


of 2Xr 
fr 


Inserting the values of the quantities, the lowering in frequency 
due to the terminations alone will be 


Ret) 


Sf = | [59] 


In addition to this, there is a lowering in frequency caused by 
the difference between 7’ and J in Equation [38]. Hence the 


total lowering in frequency due to immersing the crystal in a vis- 
cous medium should be 


(Rt + + — Rot) 
211 | 


V = — Kz V Ifnp..... (60; 


The resistance of the crystal at resonance as measured in a bridge 
that measures the parallel values of Cy and Rg should be 


4rCyl | 2r€ yl 
SR; = TPC, | + = ne + 


+ V Ifnp... [61] 


upon inserting the values of Zp, A, and Rg. Since Cy can also be 
obtained from the resonant frequency fp and the moment of in- 


ertia 7, which is easily calculated from Equation [38], this can 
also be written 


3 


R* — 


V = 


Ki V fno..... (62] 
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Discussion 


H. Brox.!! It is important to check whether a drop in vis- 
cosity, which might be expected at high rates of shear,'* has oc- 
curred in Mr. Mason’s experiments. 

In this connection, an estimate should be made of the highest 
rates of shear and shearing stresses attained in the various 
liquids tested. It is appreciated that the amplitude of the vi- 
brating motion was very small indeed, but, on the other hand, 
the frequencies of vibration were excessively high. 


L. Britiourn.'® The experimental method described in this 
paper should be extended to a variety of liquids and for the 
whole range of frequencies. The author is absolutely correct in 
emphasizing the necessity to use two viscosity coefficients, \ and 
n, since Stoke’s relation must be abandoned as unjustified, es- 
pecially for ultrasonic waves. The results obtained by the 
author’s method should be compared with those derived from the 
attenuation of ultrasonic waves, where many results have been 
obtained and are not clearly understood now.'* 

The possible role of transverse elastic waves of hypersonic 
frequency in thermal agitation of liquids was suggested by the 
writer in a paper of 1936,'° and further investigations, both 
theoretical and experimental were carried on by R. Lucas,'® 
who discovered sonte very strange mechanical effects in liquids 
ununiformly heated. These effects again seem to be closely 
related with transverse elastic waves in liquids. 


J. H. Ramser.'"? According to the author, the penetration of a 
viscous wave from the vibrating crystal into a liquid is only a 
few thousandths of a centimeter. The friction brought about 
by the rapidly moving liquid layers must cause a rise of tempera- 
ture in the film of liquid in which the viscous wave exists. Since 
the temperature in the film tends to equalize itself to the tem- 
perature of the remainder of the liquid, a steady-state tempera- 
ture distribution will exist in the film as long as the crystal is 
vibrating. Therefore it may be expected that the observed 
values of viscosity as determined by this method are lower than 
the values corresponding to the ambient temperature. This 
seems to be partly supported by the data listed in Table 1 of the 
paper, which show that the observed viscosities are lower than 
the viscosities anticipated on the basis of ambient temperature 
in 6 out of 8 cases. However, the deviations between viscosities, 
as determined by the flow method and by the vibrating-crystal 
method, respectively, may also be due partly to the fact that the 
coefficient of viscosity depends upon the rate of shear. 

The author states that better temperature control is required. 
In view of the existence of a steady-state temperature gradient in 
the liquid film adjacent to the vibrating crystal, it would seem 
to be difficult to control the temperature in the film by a control 
of the ambient temperature alone since the “effective tempera- 
ture’’ in the film should also depend upon other factors, such as 
the heat conductivity of the liquid under investigation. The 


11 ‘Delft’? Laboratory, Royal Dutch Shell, Delft, Holland. 

12 See, ‘‘Viscosity at High Rates of Shear,’’ by H. Blok, paper read 
before the 6th Congress of Applied Mechanics, Paris, September 22- 
29, 1946. Preprints of this paper may be obtained by applying to the 
“Delft’’ Laboratory (B.P.M.), 20 Broekmolenweg, Delft, Holland. 

13 Cruft Laboratory, Harvard University, Cambridge, Mass. 

14‘ Sur l’Agitation Thermique des Liquid*s, Leurs Nouvelles 
Propriétés Thermomécaniques et leur Conductibilité Calorifique,” by 
R. Lucas, Journal de Physique, vol. 8, 1937, pp. 410-428. 

18 Author’s footnote.‘ 

16 See footnote’, p. 410. 

17 Research and Development Department, The Atlantic Refining 
Company, Philadelphia, Pa. 
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accuracy with which the effective temperature in the film is 
known will determine the accuracy with which viscosities can be 
measured by this very interesting method. 


The author’s work reported in this paper 
promises to find wide practical application in the measurement 
of viscosity, particularly in connection with small samples. The 
work is also of fundamental interest to physicists concerned 
with the structure of the liquid and solid states as it offers a 
direct and clear-cut method for determining the relaxation time 
of the shear elasticity in viscous liquids. 

The general study of relaxation or time-lag phenomena is of 
increasing importance in many fields at the present time. Ex- 
perimental and theoretical work on mechanical, thermal, and 
dielectric relaxation, and on the relaxation of electronic and 
nuclear magnetic moments is contributing to the understanding 
of the basic properties of matter. The study eof relaxation 
processes in liquids has caused a revision of the classical picture 
of a liquid as a medium which will not support shearing stress 
and which is perfectly elastic with respect to compression. It 
is now fairly well established that there are time lags in the 
motion of liquids under high-frequency shear or pressure. 

It was suggested first by Poisson’ that liquids may react 
elastically to shearing stresses, provided that these are applied 
sufficiently rapidly. This conception was put into a convenient 
mathematical form by Maxwell.” The propagation of shear 
waves in liquids was looked for originally at low frequencies by 
Reiger,?! but without success. Recently Ferry®? has measured 
the velocity of shear waves in solutions of high polymers and 
Raman and Venkateswaran?’ have found an effect of the shear 
elasticity in optical scattering experiments. 

It should be noted that simple liquids are not expected to be- 
have elastically with respect to shear until very high frequencies 
are attained. The relaxation frequency is given by f, = u/2zn, 
according to Equation [12] of this paper. For = 10°? 
and the value » ~ 10*" dynes per sq. em, characteristic of 
simple crystals, one estimates f, ~ 10" cycles per sec. Optical 
experiments*‘ at 10° cycles per sec have given no indication of 
shear elasticity in simple liquids. 


poises, 


C. M. Larson.?® The author has presented a new tool which 
should make it possible to extend our knowledge of viscosity into 
new fields, i.e., those of viscosity under pressure, high rate of 
shear, and viscosity separated from oiliness. 

Viscosity is one of the most important characteristics in a 
lubricant. The rate-of-flow and the falling-ball methods have 
been quite practical but have limited our knowledge to physical 

1s John Simon Guggenheim Memorial Foundation Fellow, Research 
Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Mass. 

“Sur les Equations Générales de Il'Equilibre et du Mouvement 
des Corps Solides, flastiques, et Fluides,” by S. D. Poisson, Journal 
de l’ Ecole Polytechnique, vol. 20, 1831, p. 139. 

2 ‘On the Dynamic Theory of Gases,”’ by J. C. Maxwell, Philo- 
sophical Transactions of the Royal Society of London, vol. 157, 1867, 
pp. 49-88. 

21*Uber die Ausbreitung Scherender Deformationen im Flissig- 
keiten,”’ by R. Reiger, Annalen der Physik, vol. 31, 1910, pp. 51-92. 

22 “Mechanical Properties of Substances of High Molecular Weight. 
Il. Rigidities of the System Polystyrene-Xylene and Their Depend- 
ence Upon Temperature and Frequencies,” by J. D. Ferry, Journal 
of the American Chemical Society, vol. 64, 1942, pp. 1323-1329. 

23 “Rigidity of Liquids,”’ by C. V. Raman and C.S. Venkateswaran, 
Nature, vol. 143, 1939, pp. 798-799. ~ 

24 “Interferometric Studies of Light Scattering in Viscous Liquids 
and Glasses,” by C. 8. Venkateswaran, Proceedings of the Indian 
Academy of Sciences, Series A, vol. 15, 1942, pp. 362-370. 

% Chief Consulting Engineer, Sinclair Refining Company, Ne*¥ 
York, N. Y. Mem. A.S.M.E. 
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properties. The present method by means of the torsionally 
vibrating crystal presented is a new epic in viscosity and shear 


research, 
AuTHOR’s CLOSURE 


Mr. Blok has raised the question whether the rates of shear ob- 
tained by using the crystal are high enough to cause the viscosity 
to drop due to the shearing rate and Mr. Ramser has questioned 
whether the energy supplied by the crystal is enough to heat 
the liquid appreciably near the crystal and cause a lowering of 
viscosity over what would be measured by other methods. These 
questions have been considered for one liquid, the dimethyl 
phthalate and it has been shown that these effects are not noticea- 
ble for the amplitudes used. 

The displacement of the crystal, which is maximum on the ends, 
can be calculated as follows. From Equation [48] we have that 
the angular velocity on the ends of the crystal is 


+ Z7?*/Zo) + 2Z coth rl 


Tanh + 
= DyEo [48] 


Inserting this expression in Equation [49] we find 


2Dy . 
= Ey (ac, + E i) = + 2D 
This equation says that the current through the crystal, when it is 
immersed in the liquid, is made up of two parts, i, the 
part through the static capacity of the crystal, and the part, 7», 
through the motional impedance of the crystal. If we balance out 
the capacitative part in a bridge circuit, the remaining part ip is 
directly proportional to the angular velocity on the end of the 
crystal. If we measure the voltage across the crystal when 
the crystal is balanced at its resonance frequency, the current cp is 


ip = E/R 


where‘ is the shunt resistance in the balanced bridge. For the 
measurements made on dimethyl phthalate, given in Equation 
[10], the voltage E was 1 volt, and R = 36,500 ohms. Hence 


1 
= 36,500 = 2.75 10° amperes. 


IR 
The angular velocity on the end of the crystal is accordingly 


_ ip _ 2.75 X 
2Dy 


hr uc 
D = = 
" WA \ r 


after substituting the relation of Equation [50]. For this crystal 


6 


From Equation [54] 


fr = 13,948; | = 6.9 em; I = 5 (Rs — Ry) = 0.159; Co = 
140 x 10"? farads; r = ratio of capacities = 46.5. Hence 
Dy = .0562 


The angular velocity on the end of the crystal is therefore 
—— = 2.44 < 10~‘ radians per sec. 


The linear velocity of any point on the end, being R&, is 


v, = 2.44 « 10-4 x 465 = 1.13 X 10~‘ em per sec. 
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The maximum linear displacement dy is 


v, X 10-4 


= 
6.28 X 13948 


= 1.29 cm. 


This displacement sets up a shearing wave of the viscous type, 
which dies out according to the factor 


d = de " =e where a = \2 = 560 nepers per cm 
” for dimethyl phthal- 
ate 


The shearing strain is 


d, — d( Ar) dy (1 — e~ #47) dy (1 — 1 + a@Az) 


Az Ar Ar 


For the value of dy and @ found above the shearing strain is 7.2 X 
10-7 which is still too small a strain to cause the effects observed 
by H. Blok. 

The second problem of the temperature near the vibrating crys- 
tal is easily solved by using the equations of heat flow which take 
the form 

=—KV*T+P 


where C is the specific heat, p the density and K the heat conduc- 
tivity of the liquid, and P the rate of production of heat per unit 
volume due to the converting of acoustic energy into heat energy. 
By referring to the equivalent circuit of a liquid (Fig. 8A), it is 
readily seen that the rate of energy production per unit volume in 
watts per cubic em. is 


n 
P = (v, — v,)? —— 
(dx)? 

where v, is the linear velocity at the distance z2 and v, the linear 
velocity at the distance z;. Hence since = v,e~ = 
we have 


n 
Pdzx = v,%e 2ar (| g—adr)2 = 2ar dr 


assuming that the surface is considered plane, since the viscous 
waves penetrate such a small distance from the crystal. If we in- 
tegrate the total heat production from xz = 0 tox = @ this gives 


= f 297 dr = = V xinp 


and the total energy produced is equal to the total input energy 
9 Ru where Ry, is the mechanical resistance of the viscous liquid. 


For v, = 1.13 X 10~*, and Ry = 98 ohms per cm? ds for dimethyl- 
phthalate, the total input energy is 6.28 X 1077 watts per 
square centimeter. This checks quite closely with the input elec- 
trical energy E?/2R, = 1/74,000 = 1.36 X 10~-* watts, when this 
is divided over all the radiating surfaces. 

Inserting the value of P in the heat equation, we have 


oT ‘ 
Cp + v,2a%me~ 247 
For steady state conditions hs 0 and for a plane heat wave 


27’ 
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oT 
-2 
K dz? = 
Integrating these equations 
T = T, e 2axr 


The value of heat conductivity for most liquids is around .001 
cal per sq cm per sec per deg C percm. Since 1 calorie per second 
is equal to 4.187 watts, the numerical value of the constant multi- 
plying e~ 27 is 


vn _ (1.13 X 10-4)? X .178 
4K 4X .0042 


= 1.37 X 1077 


and hence the increase in temperature near the crystal surface is 
less than one millionth of a degree C. It has been checked ex- 
perimentally that no change in the balancing resistance occurs 
over a 10 to 1 change in voltage from 1 to 10 volts, which again 
verifies that the rate of strain and the increase in temperature 
are entirely negligible for these types of measurements. 


‘ 


| 


Performance of Vertical Water Wheel Thrust 


Bearings During the Starting Period 


The modern thrust bearing which has made the huge 
vertical hydroelectric unit possible is primarily recognized 
as an application of the hydrodynamic theory of lubrica- 
tion. At normal speeds the bearing surfaces are separated 
by a film of oil so that wear is effectively eliminated. 
During the starting period, however, there is metal-to- 
metal contact under high thrust loads. The performance 
of the bearing is then extremely complex, being dependent 
on adequate surfaces and lubricants. The advent of 
methods of measuring the roughness of machined parts 
has facilitated the development of better bearing sur- 
faces while many tests, both in the laboratory and in the 
field, have contributed to a better knowledge of the re- 
quired surface finish, oil properties, and starting tem- 
peratures. 


HE modern thrust bearing is a very important part of the 

water wheel generator for it must support the weight of the 

rotating parts of the generator and turbine and the hydrau- 
lie thrust loads encountered in these installations. Its develop- 
ment in this country has made possible the building of large- 
¢apacity vertical water-wheel-driven generators effectively utiliz- 
ing our hydraulic power resources. 

At normal speeds, the pivoted-pad type of thrust bearing 
operates according to the well-known hydrodynamic theory of 
lubrication so that the bearing surfaces are completely separated 
by a film of oi]. With an effective oil film between the bearing 
surfaces, wear is inappreciable; and under favorable conditions, 
the bearing should operate indefinitely. It is not unusual to find 
the original machining marks still present on thrust-bearing 
runners that have been in operation for over 20 years. 

In this country it is normal practice for hydraulic-turbine- 
generator units to be started up from rest without lifting the 
rotating parts and introducing oil between the thrust runner and 
the bearing shoes or pads. During this period there is more or 
less metal-to-metal contact between the bearing surfaces. The 
bearing is thus required to operate under extremely severe con- 
ditions, and satisfactory performance necessitates the use of 
smooth rubbing surfaces and suitable lubricants. 

The continued increase in the size of hydroelectric units has 
been accompanied by a corresponding development of bearings 
approaching 10 ft diam and capable of carrying loads in excess of 
1000 tons. 

In order to insure the successful operation of large thrust bear- 
ings during the starting period, it has also been necessary to in- 
vestigate thoroughly the design, construction, and methods of 

‘Manager, A. C. Engineering Department, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. Mem. A.S.M.E. 

*Manager, Mechanical Development Section, 
Electric Corporation. Mem. A.S.M.E. 


* Mechanical Development Section, Westinghouse Electric Cor- 
poration. Jun. A.S.M.E. 


Westinghouse 


Contributed by the A.S.M.E. Committee on Lubrication and pre- 
Sented at the Annual Meeting, New York, N. Y., December 2-6, 1946, 
of Tue AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


By C. M. LAFFOON,' R. A. BAUDRY,? anv P. R. HELLER* 


371 


manufacture, and to conduct many laboratory and field tests. 
It will be the purpose of this paper to discuss briefly some of the 
results of tests made on small-size models in the laboratory and 
on thrust bearings for actual machines starting up under normal 
service starting conditions. 


MATERIAL AND MANUFACTURE OF THRUST-BEARING RUNNERS 


The development of instruments to measure the quality of a 
surface has permitted the direct comparison of surfaces with a 
resulting improvement in manufacturing methods. The rough- 
ness of a surface may be measured by means of a “profilometer’’* 
in terms of microinches rms which indicates the root-mean-square 
average of the surface profile in millionths of an inch as determined 
by a diamond tracer. 

The manufacture of a thrust-bearing runner of large diameter 
so that its surface will be flat, free of waviness, and have a satis- 
factory surface finish, introduced many material and manufactur- 
ing problems which required that much experimental work be 
done before a satisfactory solution could be obtained. 

First, it was necessary to have a satisfactory material free of 
strains to prevent distortion under both machining and running 
conditions, and of sufficient hardness to facilitate the production 
of a smooth polished surface and to prevent scratching during 
handling, or under normal operating conditions. Equally good 
results have been obtained with alloy forged steel or chilled alloy 
cast iron. 

It is the practice of the company with which the authors are 
associated for the machining operations on the thrust-bearing 
runner to be done on an accurate precision-type vertical boring 
mill located in a special room maintained at a constant tempera- 
ture and supplied with filtered air. The use of a separate air- 
conditioned room also makes it possible to do better machining 
work and eliminates the heavy dust or other particles always 
present in the normal machine-shop atmosphere which result in 
scratching of the runner surface during the finishing operation. 
Fig. 1 shows a close-up of a typical runner being checked for sur- 
face roughness by means of a profilometer while mounted on 
the boring mill.. Fig. 2 is a view of the vertical boring mill 
located in the air-conditioned room. 


Turust-BEARING Paps 


The thrust bearing discussed in this paper is of the pivoted-pad 
type developed by the late Professor Kingsbury. The pads are 
made of heavy steel plate or castings with the rubbing surface 
covered with tin-base babbitt. During the war, because of the 
shortage of tin, pads covered with a lead-base babbitt were in- 
stalled experimentally on a large waterwheel generator and have 
been entirely satisfactory. The surface of the babbitt is accur- 
ately machined, then scraped to a surface plate. 


LABORATORY EXPERIMENTS 


In order to determine the effect of the roughness of a surface 
on the performance of a thrust bearing during the starting period, 
many laboratory tests were made. Since these tests could be 


4 “The Profilometer,” by E. J. Abbott, 8S. Bousky, and D. E. Wil- 
liamson, Mechanical Engineering, vol. 60, 1938, p. 205. 
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Fic. Mopet Test SHoEes 


thrust bearings. The actual contact area is made up of small 
spots uniformly distributed over the whole surface and represents 
3 to 5 per cent of the complete area. 

All the tests were made at a temperature of 30 C (86 F), which 
approximates the average temperature of a bearing under starting 
conditions. A high-grade steam-turbine oil having a viscosity of 
300 S.U.V. at 100 F was used throughout the tests. 

The tests were made with five chilled cast-iron runners finished 
to a surface roughness of 5, 10, 15, 23, and 45 microinches rms 
The test machine was designed to produce unit pressures up to 
800 psi and was provided with graphic recording equipment. to 
indicate the friction torque, angular displacement, and velocity. 
The starting tests described in this paper were run with an 
average angular acceleration of 
approximately 1 radian per sec 
per sec which is the usual value 
obtained in the field. The 
breakaway friction torque was 
found to increase slightly with 
the length of time between the 
application of the load and 
the actual start. Therefore, 
for purposes of comparison, all 
tests were run with loading 
cycles of 5 min. 

In Figs. 4, 5, 6, and 7 are 
given the representative results 
of tests made at a pressure of 
400 psi. During the tests it 
was noted that considerable 
wear of the pads, or shoes, as 
indicated by the increase in the 
contact surface, occurred with 
runners having surface-rough- 
ness values of 23 and 45 micro- 
inches rms. The contact sur- 
face increases rapidly during 
the first 4 or 5 starts, after 
which the rate of wear is low. 
This is shown in Fig. 4. 

The coefficients of friction 


Fic. 2 View or Borine Mii Locatep 1n Room for the initial starts are given 


made only on a small model, some tests were also made in the 
field on large machines to substantiate the laboratory results. 

The tests were made on a small pivoted-pad two-shoe thrust 
bearing as shown in Fig. 3. The surface of these shoes was 
scraped as nearly as possible to the profile of large commercial 


in Fig. 5. » The friction values 
for the 23- and 45-microinch rms surface finish are well above 
the values obtained for the 5-, 10-, and 15-microinch rms finishes. 
There was also an appreciable amount of babbitt picked up by 
the 45-microinch rms runner during these tests. In Fig. 6 
are shown typical friction curves obtained after five starts 
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168 For the first few starts, the coefficient of friction was found to with such a rough finish. In the case of the 23-microinch rms : 
- increase in the same manner as the contact area of the shoe as finish, a slight improvement in the finish was noted after several 
o shown in Fig. 7. After the initial wear-in, the relative increase starts. No such change was noted in the finer finishes. There 
by in the coefficient of friction is slight. The runner with a rough- is also some evidence that very flat thrust shoes will have higher 
6 hess of 45 microinches rms shows a somewhat different trend, friction values in starting and during the boundary-lubrication 


which is accounted for by the erratic results usually obtained range for a given set of conditions. In order to make allowance 
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for these various features, all laboratory starting-friction curves 
reported here were obtained at the fifth start, except as indicate. 

Many tests were also made to determine the influence of other 
factors known to affect the performance of bearings. In Fig. 8 
are shown the starting characteristics of a 10 microinch rms run- 
ner when operating under various bearing pressures. In Fig. 9 
the change in the breakaway coefficient of friction for different 
runner finishes is shown for various pressures ranging from 200 to 
800 psi. For a given runner surface roughness, the coefficient 
of friction was found to decrease only slightly with increasing 
pressures within the range normally encountered and can be 
considered practically constant. 

The starting temperature was found to have a much greater 
effect as shown in Figs. 10 and 11, as obtained at temperatures of 
30 C, 60 C, and 80C, with a runner having a surface roughness of 
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Fic. 11 Variation or STARTING FricTION WitTH O1L TEMPERATURE 


5 microinches rms. This indicates the importance of starting 
generators with the minimum practical temperature of the 
thrust bearing. 

During one experiment to improve the method of obtaining a 
smoother surface, it was found that the method of finish might 
influence the directional quality of the bearing. In Fig. 12 are 
given the coefficients of friction during the starting period for a 
thrust-bearing runner machined to a surface roughness of 4'/, 
microinches rms. In the clockwise direction, the coefficient of 
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Fig. 12. Errect or Nap on IntT1avt STARTING PERFORMANCE OF 4 
Rus Test RUNNER 


friction is equivalent to the value usually obtained with that 
degree of roughness. In the counterclockwise direction, how- 
ever, babbitt was picked up by the runner, and the coefficient of 
friction was much higher. This directional finish feels like a 
nap when touched with the tip of the finger. 

Under high-power magnification and oblique illumination, the 
texture of the surface producing this nap or directional effect can 
easily be seen. With left oblique illumination, as shown in Fig. 
13(A), part of the surface to the left of the graphite flake is more 
brightly illuminated than the rest of the surface. 

With right oblique illumination, Fig. 13(C), the left side of the 
graphite flake is dark, indicating that it is in a shadow. A cross 
section through the graphite flake and nap would thus appear as 
in the upper part of Fig. 13. 

A second investigation was made by means of a tapered cross 
section following a method developed by Battelle Institute. 
Part of the thrust-bearing runner was first electroplated with 
copper and nickel, after which a tapered cross section was made, 
with the results shown in Fig. 14. The nap, as magnified 25,000 
times in height, is seen to be about 10 microinches high. 

Although this directional feature of the surface finish could not 
be detected by the profilometer, it does not detract from the value 
of this instrument but does indicate that its usefulness can be 
much increased when it is associated with the microscope to con- 
tribute to a better physical picture of smooth surfaces. 

In recent years, much progress has been made in the manufae- 
ture of oils. With the advent of high-temperature steam tur- 
bines and internal-combustion engines, the oil companies have 
produced oils with increased stability and long life. Additives 
have been developed which give the oil properties suitable for 
various operating conditions. Some turbine oils contain agents 
which retard oxidation, reduce foaming, or prevent corrosion in the 
presence of water. This latter agent also increases the ‘“‘oiliness,” 
or that property of oil which is independent of viscosity but has 
considerable influence on the friction of surfaces. 

In order to determine this effect, an oiliness agent was added t 
the oil used for the previous tests. Tests made on a cast-iro0 
runner having a roughness of 5 microinches rms and with shoe 
having a relatively high percentage of contact area, indicate 9° 
appreciable gain, as shown in Fig. 15. 


‘ “Surface Contour by Taper Sectioning,” by H. R. Nelson, Bat 
telle Memorial Institute, American Machinist, vol. 85, 1941, p. 743. 
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oes the field in the same manner as indicated by laboratory tests ona relative axial strain due to the hydraulic thrust is of the order of 
# ‘mall model, special equipment was built to measure the thrust- 0.002 in. In addition to this strain gage, resistance-wire dis- 
ing friction torque during the starting period. This equip- placement gages were provided to record the shaft rotation and 
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Tests were made on five generators having thrust-bearing di- 
ameters of 64, 82, 84, and 105 in., respectively. The coefficients 
of friction for three of these machines during the starting period 
are shown in Fig. 17, in function of the characteristic number 
ZN/P where N is the speed in rpm, Z is the oil viscosity in centi- 
poises, and P is the unit bearing pressure in pounds per square 
inch. 

The breakaway coefficient of friction measured on two 82-in. 
thrust bearings during a number of tests is shown in Figs. 18 and 
19. The bearing corresponding to Fig. 18 was provided with a 
thrust-bearing runner having a roughness of 25 to 30 microinches 
rms, and which was later found to have been corroded in several 
spots. The breakaway coefficients of friction were high and 
widely scattered, indicating an unsatisfactory bearing, as was 
proved by the failure of the bearing several weeks after the test. 
In Fig. 19 are given the coefficients of friction taken on a duplicate 
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machine in the same power station which was equipped with a 
thrust bearing having a surface roughness of 11 to 12 microinches 
rms. All the test results were consistent, indicating a satisfactory 
bearing, and also a slight increase of the coefficient of friction with 
the length of shutdown before test. 

Some tests were also made during stopping in which the co- 
efficients of friction were much lower than during starting, thus 
indicating that trouble will usually occur during the latter period. 

By plotting the coefficients of friction for two representative 
bearings against the actual runner displacement, as shown it 
Fig. 20, we may then determine the amount of rotation required 
to form an oil film. The field tests show that the coefficient of 
friction drops to a fraction of the breakaway value in approx 
mately '/1) of a revolution. It remains constant during | rev 
lution and drops to a value approaching a perfect oil film in 4p 
proximtely 10 revolutions. When expressed in function of the 
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characteristic number ZN/P, the values of the coefficient of 
friction obtained in the field correspond fairly well to the values 
obtained in laboratory tests. 

For bearing runners having a surface roughness of 15 micro- 
inches rms or less, the oil film becomes partially established at a 
ZN/P value of 3. For beariug runners having a surface rough- 
ness of 45 microinches rms, the oil film becomes partially esta- 
blished at a ZN/P value of 6. 

The speed N, at which a partial oil film is formed in function of 
the temperature, is shown in Fig. 21, for bearings tested in the 
field. Curves A and B correspond to bearing runners having 
surface roughnesses of 15 and 45 microinches, respectively, the 
same oil viscosity Z, and bearing pressure P. It will be seen 
that this speed increases rapidly with higher temperatures. 
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During the starting period, there is an appreciable temperature 
tise of the bearing surfaces which results in a further increase of 
the speed at which the partial oil film is formed. The increase in 
bearing temperature is illustrated in F ig. 21, by curves 7, and 7; 
for starting temperatures of 30-C and 40 C, respectively. 

/ The speed at which an oil film will form is then given by the 
intersection of the curves 7), and 7; with either of the curves A or 

- For an inital starting temperature of 30 C, the partial oil 
film will be formed at a speed of 8 rpm for the 15-microinch rms 
tunner and at 20.rpm for the 45-microinch rms runner. If the 
iuitial starting temperature is increased to 40 C, a partial oil film 
vill not be established for the 45-microinch rms runner when 
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normal speed is reached. If a heavier oil is used, as shown on 
curve C, corresponding also to a surface roughness of 45 micro- 
inches, a partial oil film will be established at the intersection 
of curves T; and C. This indicates that by using heavy oils and 
low starting temperatures, the part of the starting period where 
solid friction occurs will be kept to a minimum and the operat- 
ing factor of safety of the bearing increased. 


CONCLUSION 


As a result of these laboratory and field tests, the minimum re- 
quirements for a satisfactory bearing surface have been estab- 
lished. With the profilometer and the microscope, it is now pos- 
sible to control the machining of bearing surfaces so as to meet 
these conditions. 

These tests have also shown the benefit of using oils containing 
oiliness agents and of establishing starting temperatures that will 
permit satisfactory operation of a thrust bearing during the start- 
ing period. 
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Discussion 


S. J. Neeps.6 The starting of large thrust bearings in vertical 
hydroelectric machines is, perhaps, the most critical point in their 
operation. At the start, the high spots on the bearing surfaces 
presumably are in metal-to-metal contact. The load on the 
bearing is the dead weight of the rotating elements plus the hy- 
draulie thrust necessary to start the rotor. Under certain condi- 
tions this hydraulic thrust may be maximum at breakaway and 
the bearing must be able to start under its heaviest load. De- 
spite the heavy loading and the high friction of metallic contact, 
the initial rate of heat generation is not great because of the low 
speed during the first second or two of the start. Generally, a 
surface-separating oil film forms during a fraction of the first turn, 
the friction drops rapidly, and the bearing is off to a successful 
start. If, however, the oil film is incomplete and metallic contact 
persists as the speed increases, heat will be generated faster than 
it can be removed by the oil and the metals. Temperature dis- 
tortion of the bearing surfaces will follow, aggravating metallic 
contact, and finally the melting point of the babbitt is reached 
and wiping occurs. Obviously, the success of the start depends 
upon the time required to establish complete separation of the 
bearing surfaces. 

While it is not clear that the authors’ experiments give any 
conclusive information on the time required for complete separa- 
tion of the bearing surfaces, some striking measurements are given 
of the rapid decrease in friction from the instant of start. Fig. 
22 of this discussion, drawn from the test-bearing curve in the 
authors’ Fig. 20, shows friction coefficient as a percentage of the 
breakaway value as a point on the runner starts and moves 45 
deg, the assumed angular length of the test shoe. It is seen that 
the friction has dropped to about one third of its initial value 
when the runner has moved only one tenth of a shoe length. 
When the runner has moved halfway across the shoe, the friction 
is only 8 per cent of its initial value. After the runner has tra- 

veled 45 deg, or one shoe length, the friction is but 4 per cent of the 
breakaway value. At the end of the first revolution, the friction 
has dropped to about 2.7 per cent, and from then on the drop is 
less rapid as normal operating conditions are approached. 


6 Service Manager, Kingsbury Machine Works, Inc., Philadelphia, 
Pa. Mem.A.S.M.E. 
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Fic. 22 DecrREASE IN FRICTION AFTER BREAKAWAY 
(Data from test bearing, authors’ Fig. 20.) 


Unfortunately, the foregoing gives us no clew as to just when 
complete separation of the bearing surfaces was established dur- 
ing the starting cycle. Laboratory tests of an air-lubricated 
thrust bearing with steel bearing surfaces would probably make 
it possible to measure the exact time at which the surfaces were 
definitely separated. 

The fact that the friction drops to about one third of its initial 
value after the runner has traveled only one tenth of a shoe length 
is a most interesting basis for speculation. Assuming the runner 
to have carried in sufficient oil for at least partial lubrication of 
the first '/1) of shoe area, it is obvious that a great drop in friction 
has occurred in the remaining 90 per cent of shoe area, presumably 
still in at least partial metallic contact and certainly incapable of 
receiving lubricant from outside sources. Of course the bearing 
surfaces are not true planes and oil from the previous run will 
remain in the many depressions between contact areas. Also, 
adsorbed layers on the bearing surfaces will probably prevent 
true metallic contact of the same sort that would exist between 
perfectly clean dry plates. 

With years of service the high spots on the shoes, due princi- 
pally to initial hand scraping, will gradually wear down. Con- 
tact area thus will increase until practically the-entire surface of 
the shoe becomes run-in and polished. There will then be no 
pools of oil between high spots to assist starting, and under these 
conditions initial lubrication evidently comes from adsorbed 
films on the bearing surfaces. The ability of boundary films to 
lubricate and to prevent metallic contact has been shown.’ 

Apparently the same or similar phenomena play a most impor- 
tant role in the starting of heavily loaded bearings. 

Assuming the term “partial oil film” to mean complete separa- 
tion of the bearing surfaces, the authors’ estimate of from 8 to 20 
rpm as the speed at which this film is formed agrees approximately 
with our belief. If the starting acceleration is 1 radian per sec 


7 “Boundary Film Investigations,” by 8. J. Needs, Trans. A.S.M.E. 
vol. 62, 1940, p. 331. 
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per sec, a speed of 8 rpm will be reached by the time a point on the 
runner has moved about 20 deg from rest, and 20 rpm will be 
reached when the runner has turned about 125 deg. It is difficult 
to visualize complete separation of the surfaces until the runner 
has moved at least one shoe length, but the writer is definitely of 
the opinion that in the large vertical thrust bearings manufac- 
tured by his company, complete separation of bearing surfaces is 
accomplished during the first '/, revolution. 

An interesting example in point was recently encountered in a 
vertical machine with a 40-in. thrust bearing that had been in 
service for some 20 years. Weight of the rotating parts was 
about 75 tons, exclusive of hydraulic thrust. The machine had 
been shut down for 7 weeks, during air-housing repairs, and, at 
breakaway for the first start, the gates were shut and brakes 
applied. The rotor came to rest after 2'/. revolutions. Air 
was kept in the brake cylinders for more than 2 min. Total up- 
ward thrust of the brakes was not in excess of 10 tons. When the 
brakes were released the rotor started to turn slowly, driven by 
leakage through the closed gates. Since the turbine had been 
rebuilt the previous year, the leakage was not excessive. Ap- 
parently complete oil films of sufficient thickness to survive a 
stop of at least 2 min had been formed during the first 2'/. revo- 
lutions of the thrust-bearing runner. 

It has been observed that when runner finish is not up to some 
undetermined standard, the finish will be improved by running- 
in and the starting torque will drop. When the runner surface 
is initially smooth, however, there is a gradual increase in start- 
ing torque as the surfaces become run in. The authors’ Fig. 7 
brings this out. Data in Fig. 23 of this discussion, obtained from 
a newly installed 93-in. bearing, show an increase in starting 
torque with succeeding starts. Lacking a method of measuring 
starting torque, it is assumed that for small openings of the tur- 
bine gates the torque will be proportional to the opening. The gate 
opening for each start is plotted and shows a marked increase with 
the number of starts. The bearing was initially assembled 
with grease on the shoes and the machine started practically as 
soon as the gates were cracked. The runs lasted from a few 
minutes to 24 hror longer. Length of the stop seemed to have no 
effect on the starting torque after about 15 min of rest. 

The first run lasted more than 1'/. hr, and it is felt that practi- 
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cally all traces of grease were washed from the bearing surfaces 
during the first run. After 15 starts, the bearing was inspected 
and given a second coating of grease. Gate opening for each 
normal start continued to increase until a final value between 7 
and 8 per cent was reached. This has remained constant during 
the life of the machine which, at this writing, is about 3 years. 

During. the first 20 starts of this bearing, the breakaway was 
inaudible. When the required gate opening for the start reached 
about 6 per cent, however, a faint grunt, due to metallic vibra- 
tion at breakaway, could be detected. This noise gradually in- 
creased with the starting-gate opening and a short but plainly 
audible groan now accompanies each start. 

With reference to starting torque, our experience with the use of 
so called “oiliness agents” in lubricating oil has not been as success- 
ful as shown in the authors’ Fig. 15. Recent laboratory measure- 
ments of friction coefficient at breakaway, range from 0.172 with 
pure oleic acid to 0.214 with a general-utility turbine oil, such as 
used in the thrust-bearing housings of some of the largest hydro- 
electric machines. Addition of 2 per cent of sperm oil to the 
latter reduced the coefficient to 0.204. Greater sperm-oil con- 
tent caused the coefficient to rise. Apparently there is little to be 
gained with oiliness agents on babbitt-bearing surfaces. 

The starting behavior of the 105-in. bearing, Fig. 20 of the 
paper, is appreciably different from that of the test bearing. 
After a sharp drop in friction during the first. '/1) revolution 
here is little if any drop during the remainder of the first turn. 
If the assumed acceleration persists, the speed will be about 34 
rpm at the end of the first turn. When 10 revolutions have been 
made the friction coefficient is given as 0.015. Under normal 
operating conditions, the final friction coefficient of this bearing 
should be of the order of !/;) to 1/15 of this value; hence it is 
not clear that the surfaces are definitely separated even after 10 
revolutions. The authors have stated that partial oil films are 
formed at from 8 to 20 rpm. With this in mind, their comments 
on the apparently erratic behavior of this bearing will help 
clarify the general picture. 

In so far as the writer knows, this is the first paper dealing with 
the important and most interesting supvject of the starting of 
thrust bearings under load. For a long time the question has 
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been in the mind of practically everyone concerned with hydro- 
electric machines, and the authors are indeed to be congratulated 
on bringing some really useful information to light. 


AutTHors’ CLOSURE 


Mr. Needs must be complimented for his very interesting dis- 
cussion. The presentation of his experience with the performance 
of thrust bearings during the starting period is a very valuable 
contribution. 

The authors are aware that the mechanics involved in the for- 
mation of the oil film during the starting period has not been 
satisfactorily explained. The rapid decrease in the coefficient of 
friction seems to indicate that each of the many contact areas 
between the pad and the runner acts as a small land-type or 
fixed-wedge thrust bearing which operates with the oil trapped 
between the two surfaces, and establishes immediately a partial 
oil film. Thus, as suggested by Mr. Needs, after the high spots 
have been worn out, the oil film would be established less rapidly 
as appears to be the case with the 84 in. bearing of Fig. 16 which 
had been operating more than three years before the test was 
made. The 64 in. and 105 in. bearings of the same figure had 
been operating two weeks and eight months respectively. 

The authors used the term partial oil film to describe the 
period after which the coefficient of friction has been reduced to a 
fraction of the breakaway value but is still much higher than the 
final coefficient of friction corresponding to a perfect oil film. The 
apparent erratic behavior of the 105 in. bearing is believed to be 

due to the method of applying the strain gages which were in- 
tended only to be used for determining the coefficient of friction 
at or immediately after the breakaway. In order to measure the 
coefficient of friction with a perfect oil film, a more elaborate 
mounting of the gages would have been required, but was not be- 
lieved to be necessary since the principal object of these labora- 
tory and field tests was to establish the quality of finish required 
for the satisfactory performance of a thrust bearing. It was found 
that there is a definite relation between the breakaway coefficient 
of friction and the surface roughness as measured with the profil- 
ometer. With the smoother finishes, lower and more uniform 
values of the breakaway coefficient of friction are obtained. 
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An Analysis of the Parallel-Surface 
Thrust Bearing 


By MILTON C. SHAW,' CAMBRIDGE, MASS. 


The well-known Reynolds differential equation for the 
pressure obtaining in a hydrodynamic bearing, operating 
under steady conditions of load and speed, is rederived for 
a fluid of variable density. When this equation is applied 
to the parallel-surface thrust bearing, a definite load 
capacity is found toexist. This result is not obtained from 
the original Reynolds equation but is in agreement with 
the observed performance of parallel-surface thrust bear- 
ings operating at moderate speeds. However, even this 
extension of the theory does not explain the performance 
characteristics of the parallel-surface bearing at very high 
rotative speeds. The parallel-surface thrust bearing is 
analyzed with respect to pressure distribution, load ca- 
pacity, and friction characteristics, these results being 
compared on a nondimensional basis with those for a 
comparable tilting-pad bearing. 


INTRODUCTION 


N 1886 Reynolds (1)? presented a theory of lubrication based 

upon the principles of hydromechanics. The following dif- 

ferential equation, relating the pressure at any point in the 
oil film and the operating variables, was evolved for a bearing 
operating under steady conditions of load and speed 


o/h oa oh 
Or \u Or Oz \u Oz Ox 


where h is the oil-film thickness, p is the pressure at any point in 
the film, u is the viscosity of the lubricant, U is the velocity of 
the journal surface, and z, y, and z are rectangular co-ordinates. 
This equation has been very useful in predicting the performance 
characteristics of bearings involving a wedge-shaped oil film in the 
direction of relative motion, such as those representative journal 
and thrust bearings shown diagrammatically in Fig. 1. 

However, Equation [1] does not explain the experimentally 
observed load capacity of a bearing consisting of plane parallel 


Oh, 
surfaces in relative motion, Fig. 2. For such a bearing - is zero 


and Reynolds equation reduces to the well-known Laplace 
equation (Equation |2]), if the viscosity of the lubricant is as- 
sumed to be constant at all values of xz and z 


Oz? 


+ Oz? 


The solution of this equation merely indicates how the oil-supply 
pressure varies across the bearing surface, the pressure at all 
points in the oil film being equal to or less than the supply pressure. 


‘Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology. 

* Numbers in parentheses refer to the Bibliography at the end of 

paper. 

Contributed by the A.S.M.E. Committee on Lubrication and pre- 
sented at the Annual Meeting, New York, N. Y., December 2-6, 
1946, of Taz AMERICAN SocreTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
ofthe Society. 


Fic. 1 Types or JouRNAL AND THorust BEARINGS 


x h 


Fic. 2. Loaptinc or Beartna ConsisTtINGc oF PLANE PARALLEL 


SuRFACES 


The horseshoe-type parallel-surface thrust bearing used to 
support the thrust imposed by marine propellers before the 
advent of the more efficient Kingsbury and Michell types of bear- 
ings, was generally designed to carry loads of the order of 50 psi. 
Under more favorable conditions, parallel-surface thrust bearings 
have been observed to support many times this amount of 
thrust (2, 3). For many years this discrepancy between bearing 
theory and experiment has existed; theory predicting a zero 
load capacity above that due to the supply pressure on the one 
hand and experiment indicating a definite load capacity on the 
other. 

Fogg (3)* has recently reported unit load capacities for parallel 
surface thrust bearings of the type shown diagrammatically in 
Fig. 3 which are comparable to those obtained with Kingsbury 
or Michell type of bearings. In discussing possible reasons for these 
unexpected load capacities, Fogg presented a qualitative ex- 
planation based on the temperature gradient along the oil 
film in the direction of relative motion. By analogy, he likened 


3 Since the manuscript of this paper was submitted to the Society, 
the published discussion of Mr. Fogg’s paper (3) in the Proceedings 
of The Institution of Mechanical Engineers has arrived in this coun- 
try. One of the discussers, G. S. Bower, has recognized the 
mathematical significance of the expansion of the lubricant with 
temperature and has presented an analysis which is similar to that 
given in the beginning of the present paper. However, Mr. Bower’s 
analysis is not carried far enough to determine whether the high-speed 
results of Mr. Fogg can be accounted for by the variable-density 
theory. 
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the expansion of the lubricant ac- 
companying this temperature gradi- 
ent to an equivalent hydrodynamic 
oil wedge. This point of view was 
shown to be in qualitative agreement 
with the observed data. 


REYNOLDS EquaTION WitTH VARIA- 
BLE DENSITY 


It would appear desirable to in- 
vestigate more thoroughly the role of 
lubricant expansion upon the load 
capacity of a bearing. A re-examina- 
tion of Reynolds’ original derivation 
leading to Equation [1] shows that 
the density of the lubricant was as- 
sumed to be constant at all points in 
the film and hence the continuity 
expression employed took the form 


Ou 
ox 


Fl 
Stationary 
Surface 


Fic. 3 
FACE THRUST BEARING 
INVESTIGATED BY 
Foae (3) 


where u, v, and w are the velocity components of a fluid particle 
in the z, y, and z co-ordinate directions, respectively. 

If the density of the lubricant p, varies in accordance with the 
temperature gradient along the bearing and the coefficient of ex- 
pansion of the lubricant, then the following mass-continuity equa- 
tion must be used in place of the foregoing volume-continuity 
equation 


ox 


dy dz 


Using this relation in place of Equation [3] will yield the follow- 
ing expression for a bearing operating under steady conditions 
of load and speed 


In deriving this expression p was assumed to be constant in the 
y-direction due to the extreme thinness of the film in this direc- 
tion. 


Pressure DISTRIBUTION 
If Equation [5] is now applied to the parallel-surface thrust 


bearing for which - is zero, the following equation is obtained 


Integration of this equation as it stands appears to be difficult. 
A greatly simplified equation results for the special case in which 
there is no flow in the z-direction, which corresponds physically 
to a bearing which is very much longer in the z-direction than 
in the z-direction. While it is well known that suppression of the 
pressure gradient in the z-direction has an appreciable effect upon 
the results obtained when the ordinary Reynolds equation 
(Equation [1]), is solved, the plan here is to compare the perform- 
ance characteristics of a parallel-surface thrust bearing of infinite 
width with those of an equivalent tilting-pad thrust bearing also 
of infinite width. The comparative load capacity thus obtained 
should then hold to a good approximation for practical bearings 
of finite width. 
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Therefore, for a bearing of infinite width, Equation [6] be- 


comes 


Integrating twice with respect to x 


where C, and C, are integration constants. 


In order to perform the indicated integration, it is necessary 
to introduce the proper expressions for » and p as functions of vr. 
It is customary to ignore the variation in viscosity with x and z 
in lubrication calculations, the error involved being of the order 
of 5 per cent.‘ It is further customary to assume a linear tem- 
perature gradient along a bearing in the direction of relative 
motion. Since the density of petroleum varies linearly with 
temperature to a good approximation, it will therefore be as- 
sumed that the density varies linearly with z, in accordance with 
the following expression 


Pi 


where the subscripts 1 and 2 refer to the entrance and exit of the 
bearing, and B is the length of the bearing in the direction of rela- 
tive motion, see Fig. 2. It is convenient to introduce the follow- 
ing nondimensional variables at this point 


x 


whence Equation [9] becomes 


Substituting Equation [10] into Equation [8] and consider- 
ing » constant, upon integration, gives 


In [(p’ — + 1 . (11) 
The constants C; and C; may be evaluated by use of the fact that 
p is 0 when 2; is either 0 or 1, to give 


6uUB In [(p’ — 1) a, + ut 
h? In p’ 


Equation [12] enables the pressure distribution along the bear- 
ing to be determined if p’ (the ratio of the density of the lubricant 
leaving the bearing to that entering the bearing) is known. 


EXPANSION OF PETROLEUM LUBRICATING O1Ls TEMPERA 
TURE 

While the value of p’ will in general not be known, its magil- 
tude may be determined approximately from the temperature 
rise of the lubricant as it passes through the bearing. This ' 
quires information concerning the manner in which the density 
of a lubricant changes with temperature. 

Bearce and Peffer (5) have studied extensively the thermal e* 
pansion of petroleum oils and report the following equation t 
be in good agreement with experimental data 


4 Reference (4), p. 99. 
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where a and 8 are constants and ft, and t; are the temperatures 
in degrees F corresponding to densities p,; and p,, respectively. 
The term in 8 is negligible compared with the term in a for mod- 
erate differences in temperature. (For example, the term in 8 
is approximately 2 per cent of the term in @ for a temperature 
difference of 100 deg F.) 

Equation [13] therefore may be written as follows for moder- 
ate differences in temperature 


1 += th — t) 
Pl Pl 


The values of a and p; will vary somewhat with the source and 
temperature ‘of the lubricant. Assuming representative values 
for these variables, as reported by Bearce and Peffer (5), 
(—0.00036 per deg F for a and 0.9 for p;) the order of magnitude 


of the quantity * jis seen to be —0.0004. Representative values of 


o’, corresponding to values of lubricant temperature rise through 
the bearing of 50, 100, and 200 deg F, will thus be 0.98, 0.96, and 
0.92, respectively. 


Comparison Tittinc-Pap BEARING 


The manner in which the pressure varies along a parallel- 
surface thrust bearing, in the direction of relative motion, is 
shown in Fig. 4, for the afore-mentioned three values of p’. The 


Z 
fig 
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Fic. 4. Variation or Pressure ALONG PARALLEL-SURFACE THRUST 
BEARING IN D1RECTION OF RELATIVE MOTION 


quantity (“ ), appearing in Equation [12], is constant at all 


Points along the bearing and hence will not influence the shape 
of the pressure-distribution curve. It is instructive to compare 
these curves with that for a tilting-pad-type bearing, such as the 
one shown diagrammatically in Fig. 5. 

Reynolds (1) has presented an analysis of the tilting-pad 
. ing (operating with oil of constant density) similar to that 
given here for the parallel-surface thrust bearing (operating with 


oil of variable density). The pressure equation for the tilting- 
pad bearing 


* Reference (4), p. 73. 


SHAW—AN ANALYSIS OF THE PARALLEL-SURFACE THRUST BEARING 


Fic. 5 BEARING 


6uUB 
he? 


(a—1)\(1— 2x) | 
(a + 1) (a— ax, + 2;)? 


hy 
minimum film thickness. For a bearing of infinite width, the 
quantity a is a function of the pivot location only and will have a 
value close to 3 for a well-designed bearing. The pressure-dis- 
tribution curve for a slider bearing, for which a is 3, is shown 
dotted in Fig. 4. 

It is evident that the characteristically asymmetric pressure 
curve for the slider bearing becomes practically symmetric in the 
case of the parallel-surface bearing. 

The mean pressure developed in the oil film is seen to be much 
less in the case of the parallel-surface bearing than it is for the 
tilting-pad bearing. This latter characteristic of the parallel- 
surface bearing may be better shown by computing actually the 
load capacity of the bearing. 


where a is the film thickness ratio see Fig. 5, and hz is the 


Loap Capacity 


The unit load supported by a parallel-surface thrust bearing 
P, may be found as follows 


From Eauation [12] 


1 p’ 1 
h? E 1— p’ + (17) 


The quantity in brackets is equal to 0.09(1 — p’) to a very good 
approximation in the region of practical interest (p’ from 0.9 to 
1.0), and Equation [17] therefore becomes 


_ 


P 


The load capacity for a given film thickness h is seen to be pro- 
portional to the quantity 0.09 (1 — p’) = k,, which in turn is pro- 


portional to =. Itis thus evident that the capacity of a parallel- 
p 


surface thrust bearing may be increased by use of a lubricant of 
high coefficient of expansion and low density. It is feasible that 
as nonpetroleum synthetic lubricants are developed, their co- 
efficients of expansion and densities may be so designed as to 
improve significantly the load capacity of a parallél-surface 
bearing because of a more favorable change in density with tem- 
perature. 

The unit load P,, supported by a tilting-pad bearing of infinite 
width is as follows® 


6uUB 1 2(a — 1) 


The quantity between braces may be designated hk, and it is 
6 Reference (4), p. 77. 
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evident that the load capacity, for a given minimum film thick- 
ness hy, is proportional to this quantity. The load capacities of 
parallel-surface and tilting-pad thrust bearings, corresponding to 
the same values of minimum film thickness, i.e., A = hz, may be 
compared simply by comparing the coefficients k, and k:. The 


k 
ratio — represents the number of times the load capacity of a 
1 
parallel-surface thrust bearing is exceeded by that of an equivalent 


tilting-pad bearing, under comparable operating conditions (same 
geometric proportions, speed, viscosity, and h = h:). The results 
of such a comparison are given in Table 1 for parallel-surface 
thrust bearings operating with values of p’ equal to 0.98, 0.96, and 
0.92, and a tilting-pad beariag for which the variable a is 3. 


TABLE OF LOAD CAPACITIES OF TILTING-PAD 
ND PARALLEL-SURFACE TYPES OF BEARINGS 


rise Relative load 


through bearing, ke capacity, 
deg F p’ ki (fora = 3) ki 
50 0.98 0.0018 0.025 14 
100 0.96 0.003 A 7 
200 0.92 0.0072 3.5 


The load capacity of the tilting-pad bearing is seen to be from 
3.5 to 14 times as great as that for parallel surfaces, the particular 
value depending upon the temperature rise through the bearing. 
It should be noted that in the foregoing comparison the minimum 
film thickness of the tilting-pad bearing is equal to the con- 
stant film thickness of the parallel-surface bearing. Such a 
comparison should lead to conservative values of k2/ki. 

Equations [18] and [19], respectively, may be rearranged to 


give 


he = V/ [21] 


While k, is constant for a given pivot location, i.e., for a given 
value of a, in the case of the tilting-pad bearing, the quantity 
k, is directly related to the temperature rise through the bearing 
and hence to the variable p’._ In practice a change in the operat- 
ing variables 4, U, or P obviously will influence the tempera- 
ture rise through the bearing and hence, despite the similarity of 
Equations [20] and [21], h should not be expected to vary in the 
same way With the operating variables as does hy». 


FRICTION 


The friction force acting upon the moving surface of a parallel- 
surface thrust bearing will now be discussed. Consider an ele- 
mentary particle of fluid located between the surfaces of a bear- 
ing of infinite length, see Fig. 6. The forces which act upon 
the particle in the z-direction are shown on the enlarged element 
(gravity and inertia forces are here neglected as in all lubrication 
calculations) and for equilibrium to obtain 


re) 
—(» + + dad 


—(. + dy) dai = 0. 


where s, is the shear stress in the z-direction. 
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The defining 


(5, + y)drdz 
Bar oyde 
dy L 
| — 


Fic. 6 SHEAR AND PressurRE Forces AcTING UPON PARTICLE OF 
Fiurp Locatep BETWEEN SURFACES OF A BEARING OF INFINITE 
LENGTH 


equation for viscosity is generally referred to as Newton’s law 
of viscous flow and may be written 


1 Op 
oy? Or 
This equation may be integrated with respect to y, the constants 


of integration being evaluated by use of the fact that u is U when 
y is zero and u is zero when y is h, to give 


From Equations [24] and [26] 
h—2y op | 


The pressure gradient e may be eliminated from this expression 


by using Equation [12], remembering that 2, = a to give 


h 


Inp’[(e’ — 1) + 1)! 


The shear stress.on the moving element (8,0) may be obtained 
by letting y be zero; therefore 


z0 h [(p’ — 1) + 1] Inp’ 


The friction force acting upon the moving bearing surface F», 
may be found as follows 


From Equation [29] 


This is just the result which would have been obtained had the 
density of the lubricant been considered constant and 


— 
8, 
dy 
From Equations [23] and [24] 
: 
> 
P. 
tob 
op ds Fy = F 


The fact that Equation [31] is also applicable to a parallel-surface 
thrust bearing, when variable density is considered, is surprising, 
inasmuch as Equation [82] is not in general true under such 
circumstances. Equation [31] therefore shows that the friction 
force, which acts upon the moving surface of a parallel-surface 
thrust bearing, is not influenced by a linear change in the density 
of the lubricant as it passes through the bearing. 
The coefficient of friction is by definition 


From Equations [18] and [31] 


1.85 h 


The coefficient of friction corresponding to a given film thick- 
ness h, is seen to vary inversely with the quantity (1 — p’), and 


A 
hence inversely with the quantity =—*). This characteristic of 


the parallel-surface bearing is fortunate inasmuch as the same oil 
of high coefficient of expansion and low density, which was pre- 
viously shown to provide a bearing of high load capacity, will at 
the same time cause the bearing to operate with a reduced co- 
efficient of friction. 

The coefficient of friction of a parallel-surface thrust bearing 
can be expressed in a somewhat different form by combining 
Equations [20], [31], and [33] to give 


The coefficient of friction for a tilting-pad bearing f, can be 
shown to be? 


a—1 
4 ln a — 6 —— 
a+ 1 
= 7 ——,... [36] 
a—1\” PB 
6 In a — 12 ——. 
a+l 
uU 
PB (37 | 


Where k; represeats the quantity in brackets, a function of the 
variable a alone. 

While &; is a constant for all operating conditions of a tilting- 
pad bearing of fixed pivot location, k;, as already mentioned, 
Will be influenced by changes in the operating variables », U, and 
P. Thus the coefficient of friction should be proportional to 


the quantity . o for a given tilting-pad bearing, but on the 


basis of the variable-density theory presented here, the coefficient 


of friction for a parallel-surface bearing should not be expected 
U 

tobe proportional to ¢/— . 
portion. PB 


ConcLuptInc REMARKS 
: From the values determined analytically, given in Table 1, 
it is evident that a parallel-surface thrust bearing has a load 


* Reference (4), pp. 75-80. 
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capacity of the order of '/,> that for a similar tilting-pad bearing. 

This is in general agreement with bearing-design practice for 
ordinary rotative speeds, since parallel-surface thrust bearings 
are usually designed to carry a load of about 50 psi, while tilting- 
pad bearings are generally designed to operate under a load in the 
neighborhood of 500 psi. Thus the change in density accom- 
panying the temperature rise of the lubricant as it passes through 
a parallel-surface thrust bearing appears to account for the load 
capacity of such a bearing when operating at moderate speeds 
(speeds of the order of 2000 to 3000 rpm.) 

However, the results of the foregoing analysis, obviously, are 
not in quantitative agreement with the observation (3) that at 
high rotative speeds (speeds in the neighborhood of 20,000 rpm.), 
a pair of parallel plates will have a load capacity of the same 
order of magnitude as that for a comparable tilting-pad bearing. 

Further evidence of the inadequacy of the variable-density 
theory to explain the performance of high-speed parallel-surface 
thrust bearings is offered by friction curves given by Fogg (3). 
These experimental curves show that at very high rotative 


N 
speeds the coefficient of friction varies linearly with a for 
both the parallel-surface and tilting-pad types of bearings. It 


has been shown that such a relationship between f and ie 


uN 
(« x for a given bearing se) is to be expected for a tilting- 


pad bearing on the basis of ordinary hydrodynamic theory. 
However, such a relationship is not explained by the foregoing 
variable-density theory. 

Thus it would appear that while the variable-density theory 
satisfactorily explains the performance of the parallel-surface 
bearing, when operating at slow or moderate speeds, it is inade- 
quate at high rotative speeds. 

Inasmuch as the density variation of the lubricant has been 
found to be important in the development of the hydrodynamic 
theory of the parallel-surface thrust bearing, it would seem 
worth while to extend the foregoing analysis to bearings operating 
in conjunction with an oil wedge, in order to evaluate the relative 
importance of variable density in such cases. 
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Discussion 


J. H. Ramser.* The integration of differential Equation [7] 
of the paper yields Equation [8] only if it is already tacitly as- 
sumed that the viscosity is independent of z. If the tempera-- 
ture varies with z, as assumed by the author, the viscosity also 


* Research and Development Department, Atlantic Refining 
Company, Philadelphia, Pa. 
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1—p’/ B 
28) 
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» Fo, 
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varies with z. Under this condition, the integration of differ- 
ential Equation [7] results in the equation 


6U 
pa f 
Pp 


Equation [8] follows from this equation for the special case u = 
const. 

The author assumes that the viscosity does not change with 
temperature but that the density varies withttemperature. This 
assumption does not seem to be permissible in view of the fact 
that the viscosity varies considerably more with temperature 
than the density. For example, for an S.A.E. 30 oil with a vis- 
cosity of 115 centistokes at 100 F, and a viscosity index of 100, 
the following ratios of viscosities are obtained for the various 
values of temperature rise cited by the author: 

Viscosity at inlet Density at inlet 


Inlet, Exit, Temperature rise, - 
deg F deg F Viscosity at exit Density at exit 
100 150 50 3.5 1.02 
100 200 100 8.5 1.04 
100 300 200 27.4 1.09 


These ratios are very much larger than the corresponding density 
ratios shown in the last column. 

The ratio »/p, appearing in the second integral of the equation 
herewith and also in Equation [8] of the paper, is equal to the 
kinematic viscosity by definition. The author’s assumption that 
the absolute viscosity u is constant but that the density varies 
with temperature leads also to the physically untenable conclu- 
sion that the absolute viscosity.does not vary with temperature, 
whereas the kinematic viscosity changes with temperature in a 
bearing in which a temperature gradient exists. 

If the density is assumed to vary with temperature, it is 
necessary to treat also the viscosity as a variable which depends 
upon temperature; otherwise the derived equations appear to 
have no physical significance. 


H. Buox.* In explaining the mechanism of pressure forma- 
tion in oil films due to thermal expansion of the oil as suggested 
by Fogg, Professor Shaw assumed the viscosity to be constant 
throughout the oil film and the density of the oil to decrease 
linearly in the direction of flow. However, in calculating the 
distribution of pressure due to thermal expansion, it should not 
be overlooked that viscosity and its variation is as essential as 
thermal expansion in establishing the formation of pressure, 
because the local pressure gradient is directly proportional to 
the local viscosity. Now, in generating thermal expansion, a 
temperature rise in the direction of flow is essential. This im- 
plies that—for liquids at least—viscosity decreases steadily in 
the direction of flow, so that the contribution to the load-carrying 
capacity by the parts of the film near the trailing edge becomes 
less than predicted by Professor Shaw. 

Further, the variation of viscosity as well as of density (thermal 
expansion) is determined by the distribution of temperature in 
the film and this distribution, in the most obvious case at least, 
is governed by the heat developed by viscous friction and by 
the conditions of heat exchange in the oil film itself (convection 
and conduction) and between the oil film and the rubbing sur- 
faces. Viewed from this more general standpoint, Professor 
Shaw’s basic equations would no longer suffice and, as has been 
shown by A. Cameron and Mrs. W. L. Wood,'! another approach 


9 Research Engineer, ‘‘Delft” Laboratory, Royal Dutch Shell, 
Delft, Holland. ern 

“Fluid Film Lubrication of Parallel Thrust Surfaces,”’ was 
read January 12, 1945, before the Institution of Mechanical Engineers, 
London, England, and recently published in one of the war-emer- 
gency issues of the Proceedings of this Institution. 

11 “Parallel Surface Thrust Bearings,” by A. Cameron and Mrs, 
W. L. Wood. Paper read before the 6th International Congress of 
Applied Mechanics, September 22-29, 1946, Paris, France. 
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has to be made to solve the problem. They showed’? that the 
following basic equations also had to be considered: 


(a) The so-called energy equation: In this equation the 
balance is made up between the various energies generated or 
dissipated in the oil film or at the rubbing surfaces. 

(b) The temperature-viscosity relationship of the lubricant. 

(c) The temperature-density relationship of the lubricant. 


Evidently, the problem then becomes much more complicated. 
Cameron and Mrs. Wood have, however, succeeded in deriving 
a solution for various conditions of heat exchange between the 
oil film and the rubbing surfaces, i.e., for the limiting case that 
the oil film is completely heat-insulated. As might be expected, 
they found that the distribution of pressure is not symmetrical 
as in Professor Shaw’s case, but that the maximum pressure and 
the center of pressure are located between the center and the 
leading edge of the film (in the ordinary, i.e., Reynold’s, wedge 
effect, the reverse is true). This feature may explain why, for 
self-tilting pads, if besides Reynold’s wedge-effect, Fogg’s effect 
plays a perceptible part, a centrally designed pivot has in prac- 
tice often proved quite satisfactory; such a design shows the 
advantage of making the self-tilting pads usable for both direc- 
tions of sliding motion. 

It is true that Cameron and Mrs. Wood were able to show that 
the total load-carrying capacity, i.e., the integrated distribution 
of pressure, could be calculated for parallel thrust surfaces under 
the assumption of a constant viscosity. However, this constant 
viscosity is a quantity introduced for purposes of calculation 
only and had to be taken as a certain fraction of the viscosity 
prevailing at the leading edge (within a certain range of operating 
conditions this fraction appeared to be practically constant); 
introducing this constant viscosity in the calculation of the 
distribution of pressure leads to entirely erroneous results. 

For the commonly used wedge-shaped oil films (nonparallel 
rubbing surfaces) thermal expansion may often contribute ap- 
preciably to the load-carrying capacity. Therefore it would be 
very desirable to study the combined action of Fogg’s and of 
Reynold’s effect theoretically as well as experimentally for such 
oil films. 

Evidently, for parallel thrust surfaces it is the thermal ex- 
pansion due to the temperature rise which is the primary cause 
of pressure formation, irrespective of the way in which such 8 
temperature rise is generated. For example, in generating the 
desired temperature rise, one need not rely upon viscous fric- 
tional heat only but might also generate it by cooling or even 
heating the rubbing surfaces “differentially,” i.e., by generating 
a temperature rise in these surfaces from leading to trailing 
edge. This thought might lead to further applications f 
Fogg’s effect; more freedom in design might thus be gained. 


‘ 


AUTHOR’s CLOSURE 


The author wishes to acknowledge Mr. Ramser’s criticism of 
Equation [8] by stating that the equation as given in the pape? 
anticipates the constant viscosity assumption and _ therefore 
Equation [8] should have been written in the form given by Mr. 
Ramser. 

Both Messrs. Ramser and Blok have criticized the constant vi+ 
cosity assumption. The table presented by Mr. Ramser ce! 
tainly shows that the viscosity of a petroleum lubricant changes § 
greater amount with temperature than does the density of the 
lubricant, but this observation in itself proves nothing concerning 
the relative influence upon bearing performance of changes 12 
viscosity and density with temperature. Mr. Ramser’s argument 


12 See also a paper by G. Vogelpohl, issued in 1939 as one of the 
German “‘Forschungshefte des Vereines deutscher Ingenieure.” 
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would be valid only if the density and viscosity entered the prob- 
lem in the same way. Equation [8] shows that this is not the 
case. 

As Mr. Blok has indicated, an analysis of the parallel-surface 
bearing has recently been presented by Cameron and Wood!! 
in which variable viscosity as well as variable density was in- 
cluded. The results of this analysis show clearly that variable 
viscosity has a negligible influence upon the load capacity and 
friction torque developed in a parallel surface bearing, only the 
pressure distribution along the bearing being different for the two 
methods of calculation. This situation is paralleled by the role 
of variable viscosity in journal and tilting-pad bearing calcula- 
tions. As indicated in the paper, it is found that the computed 
load capacity for a journal bearing based upon variable viscosity 
differs by but approximately 5 per cent from that computed on 
the basis of constant viscosity. It is well known that variable vis- 
cosity calculations for a journal bearing need be resorted to only 
when it is desired to investigate the manner in which the pressure 
varies along the bearing. To the author’s knowledge the only 
way in which the pressure distribution is actually utilized is to 
explain the satisfactory performance of a centrally pivoted tilting- 
pad bearing. The load capacity and friction characteristics of 
bearings are of far more general interest than the pressure distri- 
bution, and constant viscosity calculations suffice for the compu- 
tation of such quantities whether a journal bearing, tilting-pad 
bearing or parallel-surface bearing be considered. 


The main object of the present paper is to present a quantita- 
tive comparison of the relative load capacities of tilting-pad and 
parallel-surface bearings, and computations based upon constant 
viscosity are sufficient for such a purpose. The author does not 
believe it advisable to include irrelevant detail in any engineering 
calculation. It should be noted that the load capacity of a par- 
allel-surface bearing based upon a variable density analysis is 
compared with the load capacity of an equivalent tilting-pad 
bearing based upon a constant density analysis. This form of 
comparison tends to make the observations regarding the relative 
load capacities of the parallel-surface and tilting-pad bearings 
conservative in that the load capacity of a tilting-pad bearing 
based upon a variable density calculation would be greater than 
the values used in the comparison. 

As indicated in the paper, the pressure developed by a parallel- 
surface bearing is found by integrating Equation [6]. In order 
that-positive pressure be developed it is necessary that the den- 


sity gradient in the direction of motion (>) be negative. The 


change in density in the x direction is due to the combined influ- 
ence of temperature and pressure. In the case of a liquid lubri- 
cant the change in density with temperature is greater than the 
change with pressure. For example, a pressure difference of 4000 
lb psi is required to produce about the same change in the density 
of a petroleum oil as a temperature change of but 50F. The influ- 
ence of pressure upon density was therefore ignored in the analysis 
Presented. However, it should be noted that the rate of decrease 
in density due to thé rise in temperature in the z direction will be 
somewhat reduced by the increase in pressure up to the point 
of maximum pressure, and increased a similar amount beyond 
this point where the change in pressure causes a decrease in 
density, 

The author concurs in Mr. Blok’s observation that Fogg’s 
thermal wedge effect may well contribute to the part variable vis- 
cosity plays in explaining the satisfactory performance of a cen- 
trally pivoted tilting-pad bearing when a liquid lubricant is used. 

ile the decrease in viscosity of a liquid lubricant as it passes 
through a tilting-pad bearing is sufficient to account qualitatively 
for the satisfactory performance of a centrally pivoted tilting- 
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pad bearing, Needs" has stated that an air-lubricated, centrally 
supported tilting-pad bearing will also operate hydrodynamically. 
In this case the variation in viscosity through the bearing will not 
explain the observed satisfactory operation inasmuch as the vis- 
cosity of air increases with temperature. It would therefore ap- 
pear advantageous to consider briefly the significance of variable 
density when air is the lubricant. 
It may be assumed that air obeys the ideal gas law 
pv = RT 

where p is the pressure, v the volume per unit weight, R the gas 
constant (53.3 ft lb per lb per deg F) and 7’ the absolute tempera- 
ture of the air. From the definition of density it is evident that 


gRT 
From this equation it is seen that unlike a liquid lubricant, the 
density of air is dependent more upon pressure than upon tem- 
perature. For example, a change in pressure of 100 lb psi will 
cause about 90 times the change in density as a change in temper- 
ature of 50 F. Therefore, in lubrication problems, the tempera- 
ture-induced change in the density of air is negligible compared 
with a pressure-induced change. 

The variable-density theory of lubrication will thus predict 
zero load capacity for an air-lubricated parallel-surface thrust 
bearing, inasmuch as the density gradient (>) will be positive in 
the region of the bearing in which the pressure tends to increase. 
While positive pressure could be developed in a region of the bear- 


ing in which the pressure is decreasing (since ~? will then be nega- 
x 


tive) a decreasing pressure gradient cannot exist unless some 


mechanism for providing an increase in pressure in the forward 
portion of the bearing is also present. Nothing in the literature 
has been found concerning the successful operation of an air-lu- 
bricated parallel-surface thrust bearing. 

A similar line of reasoning may be applied to an air-lubricated 
tilting-pad bearing, account being taken of the variation of the 
density of the air as it passes through the bearing. In order that 
& positive pressure be developed in such a tilting-pad bearing, it 
ph) 


is necessary that the quantity \ in Equation .[5] be negative. 
This condition requires that the geometrical slope of the bear- 


oh 
ing (3) be greater than the pressure-induced density gradient 


(2) in the forward portion of the bearing or else the bearing 

will not be capable of generating positive pressure. If the 
oh 

quantity az which is negative for all wedge-type bearings, 


is greater than = in the front section of the bearing, then a load 


supporting film will be maintained. However, the variable-den- 
sity effect will oppose the component of pressure generated by the 
Reynold’s wedge at locations forward of the point of maximum 
pressure and augment this pressure component at points beyond 


Op. 
the point of maximum pressure { where = is negative }. It is thus 


evident that variable density will not explain the satisfactory per- 
formance of a centrally supported, air-lubricated, tilting-pad 


bearing. An explanation of the operation of this bearing is still 
to be found. 


'Private communication with S. J. Needs, Service Manager, 
Kingsbury Machine Works, Philadelphia, Pa. 
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Seven 500-hr corrosion-erosion tests, involving a total of 
eighteen different materials, were conducted at the Marys- 
ville power plant of The Detroit Edison Company to deter- 
mine the resistance of these materials to the corrosion- 
erosion type of attack experienced in boiler feed pumps 
and regulating valves. Two of these tests were for the 
ourpose of verifying the pressure differential used. The 
five tests indicated that resistance to corrosion- 
erosion is materially increased by using chromium-bearing 
alloy steels. Bronzes and monel are resistant to attack 
and, toa lesser extent, so is cast iron. Results obtained 
with a_ bakelite-lacquer-coated carbon-steel specimen 
indicated that this coating has considerable promise for 
use with present boiler feed pumps having cast-carbon- 
steel casings. The test used is of an accelerated type 
intended to simulate conditions in actual pumps and 
valves. 


INTRODUCTION 


LTHOUGH not a new phenomenon, the so-called corro- 
A sion-erosion attack has been an exceedingly troublesome 
operating difficulty encountered with centrifugal boiler 
feed pumps and feedwater regulating valves. During the war 
period, utilities were operating in general at unusually high load 
levels, and consequently, hours of operation accumulated at a 
considerably higher rate than formerly. Numerous failures in 
boiler feed pumps and regulating valves in power plants in the 
past few years have indicated a need: (1) for a careful investiga- 
tion of factors which promote this type of attack; and (2) for 
tests to select materials of construction which can successfully 
withstand it. 


Connors CREEK Power PLANT 


Fig. 1 shows an example of serious corrosion-erosion attack 
on the top half of a boiler-feed-pump casing in which one section 
of a casing tongue has been completely washed away. Attack of 
this type permits interstage leakage of the water, thus reducing 
the efficiency and capacity of the pump so that ultimately repair 
must be undertaken. Severe attack also has been experienced 
at both the high- and low-pressure ends of pumps. The casing 
shown is ordinary low-carbon cast steel of an analysis about the 
same as for specimen No. 1 given in Table 1. Repair of a pump 
in this condition is not only costly but, also, pumps have been 
known to be out of service from 3 to 6 months when it is neces- 
sary to return them to the factory for repairs. 

The type of attack shown in Fig. 1 is typical of that experi- 
enced in boiler feed pumps. A similar type of attack has been 


‘System Engineering Department, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

* Research Department, The Detroit Edison Company. 

* Production Department, The Detroit Edison Company. 
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observed in boiler-feed regulating and check valves. The mecha- 
nism of attack is not completely understood but it is believed to 
involve both chemical and physical processes. It would appear 
that the surface oxidizes to form a protective film which the 
passage of the water tends to remove. If this film is continu- 
ously removed by the action of the water, thus exposing a fresh 
surface for corrosion, the metal gradually will be entirely de- 
stroyed. If the film adheres strongly to the surface, further at- 
tack on the metal will be greatly reduced.‘ 

It is believed that the cavitation type of attack is not a factor 
in most boiler feed pumps or in the corrosion-erosion tests cov- 
ered herein in which the reactions believed to occur in boiler 
feed pumps and valves are reproduced in an accelerated manner. 
Cavitation becomes a factor only if the pressure at any point 
within a pump drops below the vapor pressure corresponding to 
the temperature of the liquid, in which case the liquid will vapor- 
ize and form cavities of vapor. The subsequent collapse of 
these cavities in a region of higher pressure produces the phe- 
nomenon called cavitation.’ In the case of the pump shown in 
Fig. 1, the vapor pressure of the boiler feedwater corresponding 
to a temperature of 255 F is 32.5 psia. Since the minimum suc- 
tion pressure of this pump is 165 psia., the possibility of cavita- 
tion seems remote. Further, experimental evidence indicates 

4 Corrosion by Liquids,” by R. C. Corey, Combustion, August, 
1943, pp. 35-39. ‘ 

5 “Centrifugal Pumps and Blowers,”’ by A. H. Church, John Wiley 
& Sons, Inc., New York, N. Y., 1944, pp. 73-78. 
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Specimen 1 


Hot-Rolled Carbon 


Steel SAE 1020 0.2 0.45 0.045 
1,14,1B,1C, Cast Carbon Steel 
1D, 18 Casing 0.27 0.43 0.68 
2,2A,23,2C, 5% Chromium 
20,2 0.5% Molybdenum Steel 718~AE 0.17 0.38 0.50 5.48 0.55 
3 12% Chromium Steel 9l2l-AW 0.09 0.75 0.68 12.17 0.63 0.13 
4A Phosphor=Bronze 21963 0.10 
5 18% Chromium ~ 
8% Nickel Steel 1.16 0.72 18.84 8.96 
6,2 Cold-Rolled Cerboa 
Steel 0.23 0,005 0.74 0.089 
Baxelite-Lacquer 
Coated Hot-Rolled 


Carbdon-Steel 


3% Chromium Steel A2156 

8 2% Chromium Steel A285 0.17 0.52 1.92 0.29 
Chromium 

9 Nickel-Molybdenum Steel 9120.24 0.30 0675 0079 0066 0025 


10 Cast Iron, Puap 


Diaphragms 0.60 


Carbon-Molybdenum Steel 17022 0.63 


le Cast Carbon-Steel 

Casing E3191 0645 0.69 0.028 
15 Monel 1.09 0.50 63.75 
16 Nickel-Brone 5206 0.02 
Silicon—<Copper 0.92 1.76 1.07 
M 0049 0.01 
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materials cast unless otherwise ststed. yprozinete physicel properties. 


that materials particularly susceptible to cavitation type of at- 
tack, such as cast iron,* are not damaged correspondingly by the 
corrosion-erosion attack. 

The first approach to this-problem consisted of preparation and 
circulation of an extensive questionnaire by representatives of the 
principal manufacturers of boiler feed pumps in this country. 
This questionnaire covered in detail the operating conditions of 
the pumps, types of pumps and details of materials used in their 
construction, feedwater characteristics, number of hours’ service, 
whether boiler-water recirculation was practiced, and general 
comments as to what troubles were encountered. One hundred 
and fifty-three questionnaires were answered and returned from 
some eighty-five different power plants. Results were disap- 
pointing in that, although some trends were evident, numerous 
exceptions made it impossible to draw any clear-cut conclusions 
as to the underlying reasons for the severe corrosion-erosion at- 
tack experienced in many power plants. 

In view of the serious nature of the difficulties encountered and 
the lack of specific conclusions resulting from the questionnaire, a 
special subcommittee of the Edison Electric Institute’s Prime 
Movers Committee was appointed to work with the manufac- 
turers’ group in an attempt to effect a solution of the problem. 
Several different types of tests on feedwater were being conducted 
privately. The subcommittee agreed that the test described 
herein would provide an accelerated version of the same type of 
attack experienced on boiler feed pumps and regulating valves. 

It is the intent that this test be carried out in several power 
plants in which the test conditions such as pressures and the 
composition and shape of specimens were standardized in so far as 
possible leaving the feedwater as the only important variable. 
The principal aims in conducting these tests were as follows: 


1 By standardizing test procedure in so far as possible and 
testing standard samples, some idea of the relative corrosion- 


6 ‘Determination of the Relative Resistance to Cavitation Erosion 
by the Vibratory Method,” by 8. Logan Kerr, Trans. A.S.M.E., vol. 
59, 1937, pp. 373-397. 
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TABLE 1 CHEMICAL COMPOSITIONS AND PHYSICAL PROPERTIES OF TEST SPECIMENS 


PROPERTIES 


Elongstion 
per cent 
Reduction 
of Area 


per cent 


0.055 75,0007 65,000 20 50 102 
65,000 35,000 2% 35 147 

90,000 60,000 18 3 2% 

110,0004 85,000 24 55 24 

89.02 10.76 26,000.29 82 
75,000 36,000 45 

04295 $4,400 76,650 17.2 46 183 


100,0007 80,000 
85,000 53,000 22 35 185 


8 
& 


0.027 65,0008 35,000 2% 35 147 
32.56 1.62 0.30 70,0007 35,000 30 117 
86.50 6447 45.0007 25,000 2745 82 
93.79 1419 0466 0.56 40,0007 22,000 20 83 

0.03 87.58 5.90 0.06 held 1,64 015 40,000" 20,000 30 52 


Brinell hardness obtained by test. “specified 


erosion characteristics of the boiler feedwater at different stations 
could be obtained. An examination of the results might reveal 
which of the variables were critical and indicate the nature of 
corrective measures which might be applied. 

2 By conducting a series of identical tests on various test 
materials, selection of the most economical metal which can suc- 
cessfully withstand attack by a particular boiler feedwater 
would be facilitated. 


Item 2 defines the primary purpose of the tests described in this 
paper as carried out at the Marysville power plant. It is hoped, 
however, that by comparing detailed records of feedwater varia- 
bles secured by other investigators with the data obtained in 
these tests, some conclusions regarding the underlying causes of 
the attack as mentioned in item 1 might be reached. 


DESCRIPTION OF TEST 


The tests reported herein utilized the test method outlined by 
the late H. N. Boetcher of the Consolidated Gas Electric Light 
and Power Company of Baltimore. In this test the feedwater 
flowed at high velocity and with great turbulence between the 
plain and the slotted specimen of the material to be tested. 
The resulting attack produced a combined corrosion-erosion ef- 
fect similar to that encountered in boiler feed pumps and regulat- 
ing valves. 

Design of Tester. The tester or specimen holder provided 4 
receptacle within which the test specimens were held firmly in 
position. A castellated brass retaining ring was employed for 
positioning the specimen within the tester, and the retaining 
ring was in turn positioned by a small pin in the side of the 
test specimen. Fig. 2 presents a cutaway view of the tester with 
specimen in position. 

The lower and upper chambers of the tester are sealed by 4 
tongue-and-groove joint using a copper-jacketed asbestos gasket 
so as to compel the water to flow through the specimen-test slot 
when the desired pressure differential is applied across the tester. 
Tongue-and-groove-type joints with retained gaskets were used 
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Water Exit 


+— Dowel Pin 


Boiler -Feed 
P -+— Retaining Ring | 
Slotted Half of Specimen Positioning Pin 
Retaining Ring 
Fic. 4 Scuematic DracraM, Corrosion-Erosion Test Setup 
-Water Entrance 


Plain Half of Specimen — 


A, B, J—Stop valves 

C—Filter 

D—Recording pressure-regulating valve 
E—Thermometer well 

F—Throttling valves 

G—lIndicating pressure gages 
H—Corrosion-erosion testers 
I—Recording pressure gage 


Fig. 2. Secrionat View, TESTER 


the use of through-bolts permitted easy assembly and disassembly. 
The flange thickness was sufficient so that an adequate mounting 
bracket could be produced by merely enlarging the bottom flange. 
Test Specimens. Test specimens were cut from test bars or 
sample pieces of eighteen different materials. Chemical and 
physical properties of materials tested are given in Table 1. 
In most cases, test bars of cast metals approximately 1'/, in. 
diam X 6 in. in length were supplied by pump manufacturers. 
The shape and dimensions of all specimens were identical. 
Specimens were 1*/i_ in. diam and each half was '/; in. thick. 
The groove in the slotted half, which was produced by a circular 
milling cutter, was !/, in. wide 
and 0.025 in. deep. A hand 
file was used to smooth the 
bottom of the slot, and care 
was exercised to secure a finish 
of comparable smoothness for 
all specimens. The scratches 
appearing on the bottom of 
the slot in Fig. 3 were of a 
minor nature exaggerated by 
the lighting in taking the photo- 
graph. The mating faces of 
the two halves of the specimen - 
were ground to insure a tight 
fit. A dowel pin was provided 
in the plain half with a corre- 
sponding hole in the slotted 
half to permit removing the 
specimen for examination at 
any time during the test and 
replacing the parts in the same 
relative position for continu- 
ing the test. Fig. 3 shows the 
two halves of a specimen be- 
fore test. From Figs. 2 and 3, 
it is evident that the speci- 
men consists of two disks. One 
Fic. 5 GeneraL View or Test Setup SHowine Source aNp OuTLET CONNECTIONS AT of these is flat, the other has a 
Boer Feep Pump central hole and is slotted at 
the side facing the flat disk. 
to avoid the possibility of a blowout at the high pressures in- Boiler feedwater flows up through the hole and out through the 
volved. The testers were made of hot-rolled low-carbon steel. slot in diametrically opposite directions. ; 
The cylindrical form was adopted for ease of manufacture and Test Procedure. The procedure selected for subjecting the 
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specimens to the erosive and corrosive effects of boiler feedwater 
was to operate six testers in parallel between common inlet and 
outlet headers. Fig. 4 shows a schematic representation of the 
setup, and Fig. 5 is a view of the installation in the Marysville 
power plant. 

The boiler-feed-pump discharge pressure of approximately 
1100 psi was reduced and controlled automatically at the de- 
sired value, in most cases about 700 psi, by a recording controller. 
Manual adjustment of the individual stainless-steel valves in the 
connection from each tester to the outlet header permitted 
throttling the water flow through each specimen so as to produce 
the desired pressure differential, in most cases 300 psi. Boiler- 
feed-pump suction pressure was about 200 psi. A pressure gage 
ahead of the throttling valve indicated the outlet pressure at the 
tester. A pressure recorder on the low-pressure side of tester 
No. 1 was provided to secure an indication of the accuracy of 
maintaining the desired pressure drop at all times. 

A preliminary test setup was made in order to determine (1) 
the proper size of slot for the test specimen, (2) the best pres- 
sure drop across the specimen, and (3) the necessary length of 
test under these conditions. It was desired to secure considerable 
corrosion-erosion attack on carbon steel, but at the same time, a 
measurable attack on alloy steels was desired in a time period of 
reasonable duration. The possibility of using a constant pres- 
sure differential, as compared to permitting the pressure drop to 
vary corresponding to wear of the specimen was investigated. 
It was concluded that for the boiler feedwater to be used in these 
tests, a pressure differential of 300 psi across the specimen, a 
depth of slot of 0.025 in., and maintenance of a constant differen- 
tial across the specimen for a 500-hr test period appeared satis- 
factory. Sufficient weight loss occurred under these conditions 
to yield results that were selective between highly resistant and 
readily attacked materials. 

Flow through a specimen before exposure to test was mea- 
‘sured and found to be 7.30 gpm at 300 psi pressure differential. 
This corresponds to a velocity of 188 fps through the slot on the 
basis of the original cross-sectional area. At 100 psi pressure dif- 
ferential, the flow was 2.54 gpm, and the corresponding velocity 
was 65 fps. Extrapolating to 450 psi pressure differential, the 
velocity through the 5 per cent chromium specimen No. 2E 
was probably of the order of 450 fps. 

To make certain that the 300-psi pressure drop selected was 
not a unique point, two series of tests were conducted at Marys- 
ville in which the pressure differential was varied from 200 to 450 
psi. Because of the low corrosion-erosion resistance of the car- 
bon-steel testers, a pressure differential higher than 450 psi was 
not considered feasible. One test was made on five specimens of 
5 per cent chromium steel on which the pressure differential was 
varied from specimen to specimen by 50-psi intervals from 250 
to 450 psi. A second test was run on five specimens of cast-car- 
bon-steel casing material in which the pressure differentials varied 
from specimen to specimen by 50-psi intervals from 200 to 400 
psi. 

In each case, pressure differentials desired for each test run 
were checked every hour. Adjustment was made as required to 
maintain the desired differential. Readings of the differential 
pressures as found and as left were recorded so that the aver- 
age pressure differential for each hour could be computed and 
then averaged for a 24-hr period. ; 

Precise determination of the weight loss for each specimen was 
accomplished by weighing the specimen halves before and after 
each test exposure by means of an analytical balance. The 
procedure for measuring weight losses of the specimens follows. 
Before exposure to the action of the feedwater, corrosion-erosion 
specimens were degreased with benzol, rinsed in acetone, dried, 
and weighed to the nearest ten thousandth of a gram on an ana- 
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lytical balance. As removed from the testers after completion of 
the test period, a considerable amount of red rust adhered to the 
specimens. The specimens were then cleaned in concentrated 
hydrochloric acid inhibited with antimony chloride, according to a 
method developed by Clarke,’ dried, reweighed, and the loss in 
weight calculated. While weight-loss determinations only are 
not considered adequate for a direct extrapolation of test results 
into service life, the comparison of weight losses under the same 
test conditions should indicate the relative ability of the metals 
tested to withstand this type of attack. 

Photographs were taken of the cleaned specimens after each 
test run so that visual comparison could be made between the 
final conditions of the eroded surfaces of the specimens. In all 
tests except the second, a control specimen of the cast carbon- 
steel casing material was included. This was done to supply in- 
formation regarding the uniformity of feedwater conditions in 
successive tests, particularly with respect to conditions which 
were not measured. 

Description of Feedwater. The feedwater used in the corro- 
sion-erosion tests was composed of condensed steam from a 75-mw 
turbogenerator containing approximately 1 per cent of evaporated 
make-up water. The turbogenerator takes steam at 850 psig 
and 900 F from boilers in which sodium hydroxide - disodium 
phosphate internal water treatment is used. Concentrations of 
10 to 40 ppm of sodium hydroxide as hydrate ion (OH~) and of 
disodium phosphate as phosphate ion (PO,~~~) are maintained. 
Make-up water is evaporated without treatment from water 
supplied by the City of Marysville (filtered and chlorinated St. 
Clair River water). Total dissolved solids in the feedwater 
averaged less than 0.25 ppm, average pH was 7.8, and dissolved 
oxygen averaged 0.018 ppm. 

The condensate and make-up water are deaerated in the con- 
denser of the turbogenerator before entering the feedwater 
system and heated to approximately 250 F in a heater-drains 
cooler and in two stage heaters before coming into contact with 
the corrosion-erosion specimens. 

Feedwater Tests. During the corrosion-erosion tests, recording 
instruments were used to measure the magnitude of and varia- 
tions in pH, specific conductivity, and dissolved-oxygen concen- 
tration of the feedwater. Spot tests were also made with indi- 
cating instruments and by chemical methods to check the re- 
corded values. A few tests were made to measure the ammonia’ 
and carbon-dioxide® concentrations in the feedwater but inasmuch 
as the concentrations of these compounds were extremely low, 
the tests were discontinued. However, had significant increases 
occurred their influence would have been reflected in the pH and 
specific-conductivity records. 

Among the advantages of using equipment that provided con- 
tinuous records of feedwater conditions during these tests were the 
following: 

(a) Water conditions were recorded that would not have been 
observed by spot-test methods. 

(b) The effect of operation under various loading conditions 
such as occur at night and over week ends was recorded. To 
obtain this information by other means would have been im- 
practical. 

(c) Uncertainties regarding changes in conditions that might 
take place between spot readings were eliminated. 


The pH records were obtained with a Leeds and Northrup 


7™“The Use of Inhibitors (With Special Reference to Antimony) 
in the Selective Removal of Metallic Coatings and Rust,” by 8. 6 
Clarke, Trans. Electro-Chemical Society, vol. 69, 1936, pp. 131 t 
144. 
“Standard Methods of Water Analysis, eighth edition, published 
by American Public Health Association, New York, N. Y., 1936, P- 41. 
® Ibid., p. 69. 
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ballistic-balancing-type glass-electrode pH recorder, and with a 
Leeds and Northrup Universal pH potentiometer. The latter 
instrument was used as a standard for adjusting and checking 
the recorder. All values were measused at approximately 25 C. 

A Leeds and Northrup specific-conductivity recorder and a 
flow cell were used for conductance measurements. This re- 
corder is equipped with a temperature compensator for correcting 
readings to 25C. The readings were checked occasionally against 
those obtained with a Leeds and Northrup portable conductivity- 
resistivity indicator and dip cell. 

Dissolved-oxygen records were obtained with a Cambridge 
dissolved-oxygen recorder, and spot tests were made with the 
modified Schwartz-Gurney method using an electron-ray end- 
point indicator.'® 

All recording equipment was set up in one location and a copper 
sample line was used for carrying feedwater to the instruments. 

Test Results. A summary of average pressure differentials 


10 “Applicability of the Schwartz-Gurney Method for Determin- 
ing Dissolved Oxygen in Boiler Feedwater and Modification of the 
Method to Make It Especially Applicable in the Presence of Such 
Impurities as Are Encountered in Power Plants,’’ by R. C. Ulmer, 
J. M. Reynar, and J. M. Decker, Proceedings of the A.S.T.M., vol. 
43, 1943, pp. 1258-1266. 


TABLE 2 


OF BOILER FEED PUMPS, REGULATING VALVES 393 


across the specimens, average water temperature, and average pH, 
conductivity, and dissolved oxygen of the feedwater, and weight 
losses of the specimens is contained in Table 2. Total 
weight losses for both parts of the specimen for the various 
materials are given also in Figs. 6, 7, and 8. 


Discussion oF RESULTS 


Specimens designated Nos. 1, 4, and 10 represent, respectively, 
arbon-steel casing material, phosphor-bronze impeller and 
wearing-ring material, and cast-iron diaphragm material used in 
boiler feed pumps in power plants of The Detroit Edison Com- 
pany. Performance of any presumably superior materials must 
be judged on the basis of their resistance to corrosion-erosion, as 
compared to these materials. 

Five per cent chromium material had alteady been ordered 
for pump casings of Unit 8 at Marysville so its characteristics in 
relation to cast carbon steel were considered of primary impor- 
tance for our investigation. Twelve per cent chrome and 18-8 
materials were included on the basis that they represent the best 
that might be required not considering the increased cost in- 
volved in their use. Two and three per cent chromium steels 
and a low alloy of chromium-nickel-molybdenum steel were in- 
cluded on the basis of better weldability in case of repair and 


BOILER FEEDWATER PRESSURE DIFFERENTIAL AND TEMPERATURE, FEEDWATER TESTS AND WEIGHT LOSSES 


OF SPECIMENS 


Average 
Pressure Average Averace Average 
Differ- Water Conduc= Dissolved Total “leicht Loss, Grams 
Duration, ential, Temp Average tivity Oxygen 
Specimen Hours psi Des F pH Micromhos ppn 250 Hr S00 Hr 1900 He 1500 Hr 
Test No. 1 6 168 295.3 249.0 7.7 0.39 0.016 5.1965} 
z lls 298.7 247.2 7.5 0.38 0.019 3.5802° 
143 300.0 248.7 7.6 0.42 0,019 0.01285 
1 500 299.7 247.9 7.6 0.41 0.016 0.9095 1.9369 
2 500 299.8 0.0135 0.0271 
3 500 300.0 0.0061 0.0138 
4 500 300.0 
500 ___299,6 0.0029 90048 
Test No. 2 368 299.6 246.3 7.8 0.56 0,014 20198 
D § 299.8 245.3 7.8 0.53 0.014 3.4923 
2 298.8 0.9358 
3 500 298.7 0.0228 
4 500 299.6 0.1731 
Test No. 3 la 500 298.9 246.3 7.7 0.43 0,018 2.2430 
2 500 296.9 0.0512 
7 500 297.7 0.0215 
500 298.3 0.0220 
9 500 298.3 0.0480 
10 297.7 0,5€20 
Test No. 4 1B 500 299.2 244.4 7.6 0.47 0,020 1.3124 
11 500 298.7 3.73404 
7 500 298.3 0.0448 
8 50° 298.6 0.0470 
500 299.3 0.0924 
Test No. 5 1c 500 298.6 250.0 8.05 0,48 0,019 2.2874 
2a 500 245.4 0.0153 
2B 500 297.3 0.0175 
2c 500 347.8 0.0228 
2D 500 397.9 0.0125 
2B 500 449,3 5 
Test No. 6 ip 500 298.5 251.8 7.9 0.53 0,022 1.2575” 2.7677 
12 500 197.8 0.93145 2.0170 
12a 500 249.2 1.12855 3,1297 
128 500 298.4 1.23755 2.6031 
1zc 500 348.7 1.49489 3,0226 
12D 500 398.4 1.49925 3.16756 
Test No. 7 lg 500 299.6 253 7.9 0.50 0.015 3.0019 
4a 500 299.6 0.0427 
13 500 299.6 0.0290 
15 500 299.5 0.0876 
16 500 299.6 0.0423 
17 500 299.8 0.1918 


*No loss measured. 
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C4 250 Hours 
(5 500 Hours 
1000 Hours 
1500 Hours 


C Steel Casing 


LOSS IN WEIGHT, GRAMS 
Cast Iron 


18 Cr-8 Ni 
5 Cr-05 Mo 
Cr-Ni-Mo 


5 9 10 


2 7 8 
SPECIMENS 
Fic. 6 Resvutts or Corrosion-Erosion Tests or Various Cast 
Ferrous MATERIALS DuriING Pertops RANGING FROM 250 Hr To 
1500 Hr 
(Pressure differential 300 psi.) 


CARBON STEEL 
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5 Cr-O05 Mo 


5 


WEIGHT LOSS IN GRAMS 


WEIGHT LOSS IN GRAMS 


PRESSURE DROP ACROSS SPECIMEN, PSI 


Fic. 8 Resutts or Tests or Cast 5 Per Cent CHoromium—0.5 
Per Cent MOLYBDENUM STEEL AND CARBON-STEEL CaSING MATE- 
RIAL WiTH Various PRESSURE DIFFERENTIALS AcROossS SPECIMEN 


somewhat greater ease in casting, plus a possible small saving in 
first cost. 

Comparison of Materials. Under the test conditions selected, 
the cast-carbon-steel casing material was attacked to a serious 
extent in a 500-hr test period, as is shown in Fig. 9. Since any 
further test exposure resulted in extremely rapid attack, the 
500-hr test might arbitrarily be considered equivalent to a period 
of 35,000 hr of operation on a boiler feed pump, which is the 
normal period pumps operate in Detroit Edison power plants 
before serious corrosion-erosion attack occurs. The reasonably 
uniform weight losses of control specimens Nos. 1, 1A, 1B, 1C, 
1D, and 1E, as shown in Fig. 7, indicate that no significant 
changes in feedwater conditions occurred during these tests. 

As indicated in Fig. 7 and shown in Table 2, attack on the 5 
per cent chromium material over a 500-hr test period is only about 
1 per cent of that for cast carbon steel. It is doubtful whether it 
would be valid to assign a proportionate difference in life to boiler- 
feed-pump casings made of the two materials, but it is evident 
that the 5 per cent chrome material is much superior to carbon 
steel when subjected to this type of attack under these test condi- 
tions. Fig. 10 shows that only slight roughening of the surface 
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Fic. 10 Test Spectmen No. 2; Cast 5 Per Cent CHROMIUM 
—0.5 Per Cent MOLYBDENUM STEEL AFTER 1500-Hr Test 


has taken place after 1500 hr of exposure to test conditions 
Slight grooving at the orifice may be observed also. 

The two and three per cent chromium steels resisted the 
attack of this boiler feedwater practically as well as the 4 
per cent chromium steel, as indicated in Fig. 11 for the 
2 per cent chromium alloy. For this feedwater it would 
appear that pump casings made of either of these materials 
would have a service life many times longer than cast-carbon- 
steel casings. The low chromium-nickel-molybdenum alloy, 
while not as resistant to attack as the higher-chromium steels, 
still is far superior to the cast-carbon-steel casing material. 10 
view of its ease in welding, it holds considerable interest for us 
where the feedwater is not too corrosive. 
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The cast-iron diaphragm material was attacked considerably 
more than any of the specimens containing chromium, but the 
weight loss was only about !/, that of cast carbon steel. This 
seemed to substantiate the validity of these tests since it has been 
the experience that where carbon-steel pump casings have been 
badly attacked, the cast-iron diaphragms are damaged to a much 
less extent than the carbon-steel casings. As indicated in 
Fig. 12, the surfaces adjacent to the water passage present a 
sand-blasted appearance. Some pitting and grooving of the 
slotted specimen in particular are evident. 

As indicated in Fig. 7, the four types of bronzes and monel 
metal all were resistant to corrosion-erosion although monel and 
silicon-copper showed somewhat greater attack than the other 
nonferrous specimens. Phosphor bronze as represented by 
specimens Nos. 4 and 4A is the material used for impellers and 
wearing rings in present pumps. As shown in Fig. 13, corrosion- 
erosion was not serious on the phosphor-bronze specimen. The 


1000 Hours 


Fig.13 Test Specimen No. 4; Cast-PHospHor-BrRONzE IMPELLER 
AND WEARING-RING MATERIAL 


plain half showed some pitting and a fibrous condition at the 
center of the specimen. Between the center and edges of both 
parts of the specimen, the metal wastage was selective to the 
extent of resembling an etching attack since the cast or dendritic 
structure was plainly evident in the water path. Grooving and 
pitting occurred along the dendritic axis. On the slotted part 
of the specimen there was considerable pitting around the orifice. 
No particular difficulty in actual operation has been experienced 
with pump parts made of this material, which again is in substan- 
tial agreement with test results. With the exception of phos- 
phor bronze, the several types of bronze and monel metal were 
tested at the request of the pump manufacturers to provide more 
complete data on which to design pumps. 

The test of specimen designated No. 0 is of particular interest 
in connection with protection of present pumps having carbon- 
steel casings. This is an ordinary hot-rolled carbon-steel speci- 
men coated with a Bakelite lacquer known as BL3128 manufac- 


Fic. 14 Test Specimen DestcNnatep No. 0; Hot-RoLiep Carson 
Street Coatep Wits Lacquer 


Fig.11 Test Specimen No. 8; Cast 2 Per Cent Curomium Steet Fic.12 Test Spectmen No. 10; Cast-Iron DrapHracM MATERIAL 
: 
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tured by the Union Carbide and Carbon Company. The coating 
thickness is approximately 0.003 in. The specimen was sent 
to Chicago, IIl., for coating by the Lithgow Company in accord- 
ance with its recommended procedure. The dimensions of the 
specimen including the coating were the same as for the other 
samples. After a 500-hr test, the coating, as indicated in Fig. 14, 
had cracked off at the edge of the orifice in the slotted half of the 
specimen and the metal below was immediately attacked. The 
plain half of the specimen showed some indications of pitting, but 
the metal was not exposed. This coating shows considerable 
promise as a means of protecting existing carbon-steel casings 
provided the pumps can be assembled without chipping off the 


coating. The Detroit Edison Company plans to have the casing- 


of one pump coated to determine the practical efficacy of this 
material. 

Wrought carbon steels were much inferior to cast carbon steel 
in their ability to withstand corrosion-erosion attack. A cold- 
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Fic. 15 Test Specimens DesiGNaTeD Nos. Z anv 6; 
Low-CaRBON STEEL 


rolled low-carbon free-machining steel was selected by the Special 
Subcommittee of the Prime Movers Committee as a standard for 
test in various feedwaters. Under the test conditions, the mate- 
rial lasted only about 170 hr. Such severe damage had occurred 
that a 300-psi pressure differential could no longer be maintained. 
The serious attack is evident in Fig. 15. Lack of homogeneity is 
thought to be largely responsible for the severe attack of this 
material. Hot-rolled carbon steel is considerably better, but 
is attacked to a much greater extent than cast carbon steel. 

Cast carbon-molybdenum steel is in general no better than 
plain-carbon steel. An exact comparison of weight losses is not 
valid, however, because of the failure of a tester which developed a 
hole through the tester body during the test. As a result, the 
specimen was attacked by a second stream of water through this 
opening. It is evident, however, from the extent of the attack 
at the slot and on the plain half of the specimen, that resistance of 
carbon molybdenum to corrosion-erosion is no better than cast 
carbon steel. 

Although little evidence of metal wastage was evident on the 
12 per cent chromium specimen, the material least susceptible to 
attack was that of specimen No. 5 made of 18 per cent chromium 
-8 per cent nickel alloy. After 1000 hr exposure, the weight 
loss totaled only 0.0073 g. As shown in Fig. 16, the attack was 
slight. A discoloration appeared on the surfaces of the chro- 
mium-steel specimens which is evident in Figs. 10, 11, and 16. 
On close examination, this is found to be a black deposit rather 
than an eroded area as might be assumed from the illustration. 


: 


16 Test Specimen No. 5; Cast 18 Per Cent CuHromium 
Per Cent NIcke.L STEEL 


The exact chemical nature of the deposit has not been determined. 

Corrosion-erosion of the chromium steels proceeded at a slow 
rate approximately proportional to the number of test hours. 
With carbon steel, however, the attack significantly enlarges the 
cross-sectional area of the slot in the specimen, and the increased 
water flow resulting increases the rate of attack. This indicates 
the importance of good fit in pump parts located between differ- 
ent pressure levels, particularly parts made of materials readily 
susceptible to corrosion-erosion attack. 

The Brinell hardness of the materials tested is given in Table 1. 
It is apparent that little correlation exists between corrosion- 
erosion resistance and hardness. Eighteen chromium - 8 nickel 
is one of the less hard materials, yet it is most resistant to this 
type of attack. 

Selection of Pressure Differential. In addition to the foregoing 
tests on various materials, two tests were made to verify the 
correctness of selection of the 300-psi pressure differential used in 
these tests. Reference to Fig. 8 shows that there is no logical 
relation between weight loss and pressure differential for the 5 
per cent chromium steel. It would appear that for this material, 
the point is not reached where either corrosion or erosion is 
critical. It is possible that the oxide coating formed is so tightly 
adherent that the velocity of the water, up to perhaps 450 fps, 
is not sufficient to remove it. Until a velocity is reached which 
can effectively remove this film, variations in pressure differential 
will not be significant. Increased corrosivity of the water, 
however, would be expected to add to the corrosion products 
and thus increase the weight loss. This was experienced during 
the first 500-hr test of specimen No. 2 where the oxygen content 
and pH values departed from normal for a time. On the basis 
of these data, it would seem that a wide variation in stage pres 
sures could be utilized in pumps having a 5 per cent chromium, 
0.5 per cent molybdenum steel casing without fear of significant 
corrosion-erosion attack by boiler feedwater similar to that at 
the Marysville plant. 

A similar test on carbon-steel casing material indicated that 
the corrosion-erosion rate on this material is proportional to the 
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pressure differential and therefore to the velocity of the water 
passing through the specimen. This is indicated in Fig. 8. 
The weight-loss value at 500 hr on the specimen subjected to a 
differential of 250 psi was unexpected. Examination of the 
specimen after test indicated that some foreign matter must 
have wedged between the two halves of the specimen on rein- 
serting the latter after the 300-hr examination. The mating 
faces of both parts of the specimen were attacked over the entire 
area except for one small locality. Test on the specimen subjected 
to the 400-psi differential was stopped after about 485 hr since 
the pressure differential could no longer be maintained. This 
means that with the throttling valve on the discharge of the 
tester wide open, sufficient water could not be passed to provide 
the desired pressure drop. This occurred in several instances as 
indicated where tests of less than 500 hr are reported. No at- 
tempt was made in any case to provide a greater water flow since 
when this point is reached, the specimen has been damaged to the 
extent that further testing seemed pointless. The foregoing tests 
verified the selection of the 300-psi pressure drop for these tests for 
feedwater conditions at Marysville as being the maximum de- 
sired for carbon steels and as being suited for alloy steels as well. 


CONCLUSIONS 


The principal purpose of this investigation was to secure suf- 
ficient data to enable intelligent selection of materials for boiler 
‘feed pumps which would withstand corrosion-erosion attack bet- 
ter than the cast carbon steel used for casings in present pumps. 
Although it may not be feasible to translate results of these tests 
directly into service-hours of the same materials incorporated into 
pump casings, results obtained with the testers have been convinc- 
ing as to the relative rates of attack of the materials tested. It 
was found that chromium-bearing steels possessed excellent re- 
sistance to attack. If results of the tests can be applied to service 
life of pumps, addition of even 1 per cent chromium would pro- 
long the life of pump casings many times in such feedwater as 
that used in this test. Increasing percentages of chromium im- 
proved the resistance to corrosion-erosion. As far as the Marys- 
ville power plant is concerned, it would not appear that an alloy 
superior to the 5 per cent chromium — 0.5 per cent molybdenum 
could be justified. Increase in cost for the latter material tends 
to be offset by the saving in maintenance effected through its use. 

Bronzes and monel possess good resistance to this type of attack. 
This seemed to bear out service experience with boiler-feed pumps 
since comparatively little difficulty has been experienced with 
phosphor-bronze impellers and wearing rings. Cast iron seemed 
to be attacked at about one quarter the rate of cast carbon steel. 
This again tends to substantiate the test results since service 
experience has indicated that where the cast carbon-steel casings 
have been extensively damaged, cast-iron pump diaphragms have 
been attacked, but to a considerably lesser extent. 

The Bakelite lacquer coating seems to offer considerable prom- 
ise as a means of protecting carbon-steel castings of present 
pumps. 

As regards the determination of underlying causes of corro- 
sion-erosion attack and means of alleviating it, it is not clear 
Which of the variables is most important. It would appear, 
however, that temporarily high values of dissolved oxygen re- 
sulting from air leaks may have an important bearing on the 
problem. Comparison of the results of the tests described herein 
with results of tests under way or contemplated by other utilities 
may aid in the solution of this phase of the problem. 
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Discussion 


R. J. ALLEN.'! This discussion is presented primarily to com- 
pliment the authors on the thoroughness with which they have 
conducted their tests and the clarity with which they have re- 
ported the results. The ability of those materials most com- 
monly used in boiler-feed-pump construction to resist the corro- 
sive attack of a feedwater has been evaluated, and it is now pos- 
sible to compare their respective merits in such applications. 

The tests, as indicated in the paper, were made using one pre- 
cise water treatment, and this fact must be taken into considera- 
tion when applying the results generally, since small variations in 
the condition of a water are known appreciably to affect its cor- 
rosive reaction. While the lower, 2 to 3 per cent, chromium steels 
appear adequate for the purpose, caution dictates they be proved 
out over a broad range of feedwaters in the smaller component 
parts before being utilized in the larger castings. 

Of the other considerations affecting the selection of materials 
for pump construction, such as fabrication problems, resistance to 
galling, coefficient of expansion, etc., a susceptibility to cracking 
during welding is perhaps the one with which both producer and 
consumer are most concerned. Rather exacting temperature 
controls must be maintained in the welding of the higher-chro- 
mium steels, and if the lower-chromium types will both withstand 
the corrosive attack of the water and materially reduce the haz- 
ards of welding, their development in this field of application is to 
be encouraged. 

The principal difficulty which reacts against the successful use 
of protective surface coatings on plain-carbon steels is pinhole 
porosity. If the water can find an opening through to the base 
material, even though small, corrosion of the rat-hole type de- 
velops and serious deterioration may occur before it is detected. 
The sealing of the joint crevices also presents a problem where 
resins or other plastic types of materials are used. However, if 
an impervious coating can be applied, its use will undoubtedly be 
justified economically. 

The results of the tests being conducted by other utilities, using 
similar apparatus and materials but different water treatments, 


should contribute much to a better understanding of the problem. 


C. E. Brune.'? The American Gas and Electric System has 
had some experience in repairing corroded earbon-steel boiler- 
feed-pump casings which may be of interest. In order to reduce 
greatly the period of repair that stretches into months when a 
pump is returned to the manufacturer, it has been necessary, in 
some instances, to make patch repairs, requiring only weeks, in 
our own plants. 

One such repair, made in January, 1944, over only parts of 
several ring fits of a diffuser-type pump, was made with a carbon- 
steel welding rod, Fleetweld No. 5. We used this rather than an 
alloy-steel rod that might lead to machining difficulties at its 
junction with the parent metal. Two and a half years later, in 
August, 1946, this repair was in perfect condition although other 
parts of the pump had corroded in that same period. 

If we can take the time with a diffuser-type carbon-steel casing, 


"! Metallurgical Engineer, Worthington Pump and Machinery 
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we prefer a high-chrome-nickel-alloy weld-metal inlay around the 
entire peripheries of all the ring fits in the casing. Such a re- 
paired casing, together with alloy-steel rotor parts, many of the 
5 per cent chrome, 0.5 per cent molybdenum variety, has given 
no trouble after years of service and gives promise of lasting in- 
definitely. 

It has been more economical to purchase new pumps of this 
kind rather than duplicates with alloy-steel casings although this 
relation may not hold in the future. 

For a volute-type pump, wherein velocities are high, it appears 
that only the alloy-steel casings promise long life, since fairly 
severe corrosion has been found in those parts of the carbon-steel 
volutes that are inaccessible for lining with alloy steel. 


F. P. Fatrcnitp.'* This paper is an important contribution to 
the solution of the troublesome problem of boiler-feed-pump cor- 
rosion-erosion. The most interesting result that this report 
brings out is the marked reduction of attack by the use of a small 
amount of chromium, as low as 2 per cent. 

For the record it should be stated that the Prime Movers Com- 
mittee of the E.E.I., with the help of the principal boiler-feed- 
pump manufacturers, sponsored the questionnaire mentioned by 
the authors. The questionnaire confirmed that there was no 
case of trouble where chromium steel was used. It also brought 
out the contradictory experience in different plants under the 
same conditions and even with different pumps in the same plant. 
General trends were indicated as stated in the E.E.I. Boiler 
Auxiliaries Subcommittee Report 1944-1945. As a result of this 
information, the late H. N. Boetcher suggested tests in the field 
with the tester utilized by the authors. Several other utilities 
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Fic. 17 Corrosion-Erosion Tests aT Marion GENERATING 
STATION 


have installed these devices investigating other phases of the 
trouble. 

Three testers were installed to investigate the effect of feed- 
water treatment at the Marion Station of the Public Service Elec- 
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tric and Gas Company where pump trouble had been experi- 
enced. It was found that temperature had a great effect on the 
rate of wastage, and as a result the tests were modified to in- 
clude two temperatures of water available at the Station. Re- 
sults of these tests are shown in Fig. 17 of this discussion, indicat- 
ing more rapid attack with hotter water and less attack with 
treated water. The hot condensate averages approximately 205 
F and the cold 90 F. The treated water has an average pH of 
approximately 9.3, as compared to 8 for the untreated water. 
Material used is cold-rolled carbon steel which results in an ac- 
celerated test, and with this material it is necessary to use a dif- 
ferential of not over 100 lb, to keep the erosion down to a point 
where the tester will stand up for 500 hr. 

A number of 500-hr tests for each condition were run and the 
specimens usually were weighed several times during each run. 
The consistency of the results obtained is remarkable considering 
that the tests were made under regular operating conditions. 
Similar tests are now being conducted at the Essex Generating 
Station which has been practically free of boiler-feed-pump 
trouble. 

It is of interest to note that the test specimens removed from 
Marion are of as \te-gray color and are relatively clean, while at 
Detroit it is reported, ‘‘a considerable amount of red rust adhered 
to the specimens.” It is believed that the type of oxide formed 
has an influence on the amount of wastage which takes place 


Pumps which have been troublesome are usually found with a — 


black-oxide coating, whereas those which are trouble-free are 
covered with a reddish deposit. Little is known of the mecha- 
nism of iron corrosion in feedwater systems. It is hoped that the 
work now going on in connection with this investigation will 
bring to light much useful information, not only from the stand- 
point of boiler feed pumps but also boiler-feed-valve erosion, 
economizer corrosion, and troublesome boiler iron-sludge de- 
posits. 


H. Garrmann.'* As mentioned in the paper the corrosion- 
erosion attack encountered on boiler feed pumps when equipped 
with carbon-steel casings reached serious proportions during the 
war period, and the pump manufacturers, in co-operation with 
the Edison Electric Institute, inaugurated a thorough investiga- 
tion of the underlying causes. As no definite conclusions could 
be reached from the analysis of questionnaires returned from 
some eighty-five central stations, it was felt that the only way the 
problem could be solved was by testing various materials to de- 
termine their corrosion-erosion resistance under actual field oper- 
ating conditions. 

The Detroit Edison Company deserves the gratitude of the in- 
dustry for the thorough way in which it has proceeded with this 
investigation. It was the writer’s privilege to visit the Marys- 
ville power plant while the test was being conducted, and he was 


impressed by the thoroughness with which every possible variable , 


was recorded. 

The results obtained are of course of extreme importance both 
to the boiler-feed-pump manufacturers and to the industry. 
When the first corrosion-erosion difficulties were experienced, it 
was a natural tendency of the user to blame a poor fit of the pump 
interior parts in the pump casing for the difficulties. ven now, 
there exists a tendency of the operating engineers to suggest this 
as the primary cause of their troubles. While a reasonably good 
fit is of course necessary, it has been definitely proved by experi- 
ence that the standard fits supplied by all responsible boiler-feed- 
pump manufacturers will be entirely satisfactory if materials are 
selected that are resistant to the corrosion-erosion attack. 


14 Chief Engineer, Pump and Compressor Department, De Laval 
Steam Turbine Company, Trenton, N. J. Mem. A.S.M.E. 
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It has been our company’s policy to repair casings where this 
difficulty was experienced by welding chromium-alloy inserts into 


the pump casing at the affected areas. In no case where this was 
done was difficulty experienced later with corrosion-erosion in the 
repaired locations, and some of these repaired cases have seen 
several years of service. It is reasonable to assume that these re- 
paired casings had no better fit that the original installation; in 
fact, due to utilizing the original interior parts, it is more likely 
that the fit was a little poorer. 

The report definitely,indicates that 5 per cent chromium and 0.5 
per cent molybdenum is far superior to ordinary carbon steel 
against corrosion-erosion attack, and that 3 per cent chromium 
and 2 per cent chromium are practically as resistant to attack as 
the 5 per cent chromium steel, at least for the boiler-water condi- 
tions encountered at the Marysville power plant. In fact, it 
would seem that even a lower chromium content would be satis- 
factory for this particular installation, as the chromium-nickel- 
molybdenum steel specimen No. 9 also showed very good resist- 
ance to the attack. One of our experiences, which seems to bear 
out this fact, is cited as follows: 

A boiler feed pump equipped with a carbon-steel casing, and 
used in marine service on a tanker, was shipped from our plant in 
October, 1941. While we have no exact record of the total oper- 
ating hours, supposedly the unit operated more or less continu- 
ously from 1941 until July, 1946. The pump was returned to us 
for repair in August, 1946, and our inspection showed severe cor- 
rosion-erosion in the lower-half pump casing. However, an in- 
spection of the pump-case cover showed that it was in practically 
perfect condition. An analysis of the pump-casing material and 
the material of the pump-case cover gave the results shown in 
Table 3 of this discussion. 


TABLE 3 ANALYSIS OF PUMP-CASING MATERIAL 


Cast-steel case Cast-steel cover 


0.57 0.67 
0.036 0.038 
Molybdenum, Nil 0.05 


The analysis of the cast-steel casing conforms to our specifica- 
tions for carbon steel. The pump-case cover was evidently cast 
in a different heat and has a considerably lower carbon but a 
higher chromium and nickel content. 

Here were two materials, one, ordinary carbon steel, and the 
other a very low chromium-nickel-molybdenum alloy, exposed to 
absolutely identical service conditions for several years. The 
carbon-steel casing showed severe corrosion-erosion, and the low- 
alloy steel was not attacked. This confirms the results obtained 
on the chromium-nickel-molybdenum alloy for the Detroit 
Edison tests and it gives promise that an alloy of this type, hav- 
ing good welding characteristics and reasonable cost, may be en- 
tirely satisfactory for the majority of boiler-feed-pump installa- 
tions, 

While The Detroit Edison Company has concluded its tests, it 
would be extremely interesting and beneficial if some of the other 
utilities, particularly where severe corrosion-erosion has been ex- 
perienced in the past, would run a series of similar tests. With 
the procedure already established, these tests would not have to 
be as elaborate as those made by the authors and could be done 
With relatively little expense. The pump manufacturers would 
be very glad to furnish additional test samples for conducting 


these tests. 


J.B. Gopsuauu.'5 The conclusions with respect to 5 per cent 
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chromium, 0.5 per cent molybdenum steel have been thoroughly 
substantiated by field results. Records of over 50,000 hr for 
rotor parts and 20,000 hr for casings have been established. No 
evidence of corrosion-erosion has been found, even in feedwaters 
which destroyed the ring fits of a carbon-stee’ casing in only 400 
hr. 

Although the necessity for oxygen-free feedwater is appreciated 
in central-station applications, it should be noted that ineffective 
deaeration will affect adversely the service life of most of the 
materials tested. 

The late H. N. Boetcher’s tests, mentioned in the report, indi- 
cated that considerable variation in corrosion-erosion rate could 
be obtained by varying the clearance between the two parts of the 
test specimen. It would be interesting, from an academic stand- 
point, to check the effects of various rates of flow occasioned by 
different clearance areas, using The Detroit Edison Company 
apparatus. 

It is also interesting to note that Boetcher’s tests, and qualita- 
tive tests in apparatus designed by the writer’s company, showed 
that although corrosion-erosion is more severe at greater clear- 
ances, it occurs even as low as 0.001 and 0.002 in. Therefore if 
seepage occurs with materials which are not resistant, corrosion- 
erosion is inevitable. 


H. G. Hiesever."* For some months we have been co-operat- 
ing with engineers of the Thornhill-Craver Company of Houston, 
manufacturers of special valves and fittings for the oil industry, 
in tests of one of its valves in regulating the recirculation from the 
boiler feed pump at our West Junction Station. The discharge 
pressure on this pump is approximately 1100 psig and this pres- 
sure is broken down to about 75 psig across the Thornhill-Craver 
valve. 

The principal object of the test is to determine the suitability of 
the company’s standard oil-field and oil-industry designs for 
power-plant heavy-duty service. Tests to date have not been 
sufficient to allow presentation of data. 

It is believed, however, that the comments of this manufac- 
turer’s engineers who are familiar with similar problems in the 
oil industry might be of interest to the authors of this paper and 
to others. The co-ordination of information between the two 
industries should be mutually beneficial. The following com- 
ments of Messrs. J. E. Loeffler and O. L. Nordin of the Thornhill- 
Craver Company are offered with this idea in view: 

“The manner in which these tests have been conducted and 
reported certainly warrant warm praise to its authors. The re- 
sults we believe offer excellent possibilities of far-reaching im- 
portance, many times more we believe than the authors realize, 
for some of the data, which now have been and ean later be re- 
ported on, is of extreme importance to the oil, gas, and chemical 
industry as well as to the power industry. 

“It appears, however, that the results as plotted showed defi- 
nite trends before they were interrupted to expedite their con- 
clusion; thus we believe additional tests should again be conducted 
to obtain more and closer correlation between velocities and wear 
of the type derived during the tests. 

‘We also believe that the scope of the tests undertaken and the 
results as reported are best described as ‘wear resistance’ of the 
materials for boiler feed pumps and regulating valves, since cor- 
rosion-erosion may be only one of the contributing causes of the 
wear of these specimens. 

“One may be privileged to assume that because of the careful 
consideration given to the factors governing the design of the 
pumps in question that cavitation quite likely should not occur. 
However, we believe this assumption should best not apply to the 
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test specimens since there could be some doubt in their respect 
whether cavitation did or did not occur. In fact, the exterior 
surface adjacent to the passage exits of some of the specimens 
appears to be pitted such as is characterized by cavitation alone. 

‘Upon the preparation of specimens of this type we believe the 
finish of the surfaces within the flow passages should be reported 
in a more precise manner, since cavitation, corrosion, erosion, and 
wear in general are directly proportional to surface finish. Stand- 
ard methods are available for properly reporting such information, 
for instance, in microinches or rms factors. 

‘Likewise, more specific data concerning the deposits could be 
offered; that is, for instance, in the case of the black deposit as re- 
ported in connection with the stainless-steel specimen. Here, an 
analysis of the deposited scale by means of the x-ray diffraction 
would offer considerable information concerning this film, whether 
a product of oxygen or of carbon dioxide, ete. Another item in 
this connection and one of extreme importance to us in the oil 
industry is that of film adherence, for the tightness of these pro- 
tective films and corrosion resistance of the metals go hand in 
hand. It was shown that in the case of one of the 12 per cent 
chrome specimens that even when a velocity of 450 fps was 
reached, that this movement of the fluid on the surface was in- 
sufficient to displace it. Since this particular velocity was the 
limiting and conducting point of the test in connection with this 
specimen, we believe additional tests of sufficient velocities to 
disturb such films would be welcomed. Here, too, the type of 
film whether one of an oxide or one of a carbonate is highly im- 
portant. 

“In commenting with reference to the metals selected and in 
particular the case of nonferrous metals, we wondered, since wear 
is of prime importance, why a free-machining phosphor bronze 
was selected instead of a tougher and more corrosive-resistant 
manganese bronze. Observing the magnitude of the differences 
in the wear resistance between some of the carbon steels them- 
selves leads us to believe that much more value would be derived 
from the authors’ correlations with reference to these carbon 
steels, particularly of the hot- and cold-rolled varieties, had these 
data been accompanied with photomicrographs of their struc- 
tures, since it is believed that it is possible for metals with a 
structure wherein the pearlite grains are not equiaxed to quite 
readily pit. If this type of structure existed for the two types of 
steels mentioned, neither should be expected to offer any apprecia- 
ble resistance to pitting. Likewise, either of the two steels if of 
the free-machining type could be expected to show much resist- 
ance. It is thought that had these two steels been selected from 
materials other than free-machining and procured in the normal- 
ized condition, it is quite likely they would have given results 
superior to the cast carbon steels. 

_“Cannot small quantities of vapor be formed at ‘points’ of low 
pressure even though the over-all existing conditions indicate the 
water to be in the liquid phase? The existence of small quantities 
of vapor really isn’t so ‘remote’ when one examines the specimens 
and finds that at the discharge end (a point of low pressure caused 
by the high velocity of the discharge issuing suddenly into an in- 
creased cross-sectional area) and notes the pits typical of cavita- 
tion. 

“The effect of temperature, pressure, and velocity on the 
amount of metal loss is of as much importance as the water itself, 
and investigation for each material would seem desirable. 

“The velocity given for the 450-psi differential of 450 fps, 
seems higher than possible, assuming usual orifice coefficients. 

“Tt is suggested that the black deposit characteristic of the 
stainless specimens be investigated both chemically and phy- 
sically, because it is really the material that is standing the 
abuse.” 
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G. W. Keen." The results of the tests at Detroit clearly indi- 
cate the superiority of chrome-alloy steels over carbon steel and 
cast iron in withstanding corrosion-erosion attack by boiler feed- 
water in the Marysville plant. The same indication has been 
obtained through tests made with a similar tester with feedwater 
at the Westport plant in Baltimore. 

In boiler feed pumps, as shown in Fig. 1 of the paper, the points 
of attack are mostly at casing fits. We all know what happens to 
the seat rings and disk in a gate valve under throttling service, 
and it seems apparent that if leakage between stages occurs at a 
fit in a boiler-feed pump, erosion or corrosion-erosion in some de- 
gree is bound to occur. In the tester used at Baltimore, Md., it 
was found that the rate of attack increased with the cross-sectional 
area of the slot in the specimen. One solution is to use materials 
which offer high resistance to this attack; however, it is usually 
better to remove a cause of trouble than to apply a remedy. Ref- 
erence is made to good design and workmanship as items of great 
importance in removing the cause of corrosion-erosion in boiler- 
feed pumps. The best answer seems to be a combination of good 
design, good workmanship, and good selection of materials, 
Concerning the selection of materials, the comparative figures on 
resistance to attack of various materials, as determined by the 
Detroit tests, constitute a valuable reference in making a proper 
selection. 

In boiler-feed regulating valves, where valve-body corrosion- 
erosion attack has been troublesome, it seems that trouble occurs 
in valves with high pressure drops. A related factor, which is 
sometimes overlooked, is the use of variable-speed drives for 
boiler feed pumps. A feed pump must always have capacity 
margin above normal boiler-feed requirements; consequently, it 
seldom needs to run at full speed, and the pressure at the regulat- 
ing valve need only be high enough to give the required flow with- 
out excessive throttling. Regular operation below full speed is 
favorable also toward minimizing corrosion-erosion in feed pumps 
as well as in regulating valves. 

The other part of the problem, that of the effects of different 
feedwaters, is a more complicated one. Much investigational 
work will need to be done to determine the individual and com- 
bined effects of pressure, temperature, dissolved oxygen and other 
gases, and chemicals contained in the water. In the meantime, 
improvements in design and workmanship, together with a good 
selection of materials consistent with conditions in a given plant 
should be employed to minimize corrosion-erosion attack. 


J.W. Mackenzie." The alloy materials, which the tests indi- 
cate will overcome the corrosion-erosion troubles for the authors’ 
equipment, will on the whole serve to overcome this difficult 
problem for power plants in general. 

However, we should not lose sight of the fact that we still do 
not know why corrosion-érosion trouble attacks in some cases and 
not in others where conditions seem to be identical. 

There are plenty of cases where pumps, made by the same com- 
pany, of the same design, and supposedly of the same materials, 
have been free from trouble in one plant and suffered serious cor- 
rosion-erosion trouble in another plant, when in both cases they 
were pumping comparatively pure condensate with no feedwater 
treatments added ahead of the pump. In fact, the writer knows 
of one case where a pump which developed trouble when operat- 
ing in one plant was moved into another plant where it has oper 
ated for several years with no apparent increase in corrosion 
erosion. In both cases, it was pumping only condensate with 
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less than 5 ppm of total solids, under which conditions it would 
not appear that the nature of the water would account for the 
difference in corrosion-erosion. 

The use of suitable alloys as shown in the report may eliminate 
corrosion-erosion troubles for the industry on future installa- 
tions, which at the moment is most important, but the solution of 
the cause of this action might be a material help in solving other 
problems and troubles which we now experience. 

We are greatly indebted to the authors of the report and The 
Detroit Edison Company for the excellent work they have done, 
and it is hoped that continued interest will result in further in- 
vestigation until the full answer is obtained. 


bk. B. Poweiy. The paper bears upon a rather important 
and involved subject, and the authors have contributed valua- 
bly toward its clarification. Those features of the work which 
have seemed particularly constructive in this way are: 


1 Demonstration of close simulation of actual boiler-feed- 
pump operating conditions in exaggerated degree obtainable with 
the Boetcher test procedure. 

2 Technical evaluation of a number of alloys for high-pressure 
boiler-feed-pump parts subject to higher velocity contact with 
water such as the boiler feedwater of Marysville power plant. 


While the eminently creditable service records of some of the 
older so-called ‘‘carbon-steel’”’ high-pressure-pump casings are 
not explained, the many instances of high-pressure boiler-feed- 
pump corrosion-erosion which have come under our observation 
would seem to support the authors’ test results. The metals 
which were used in these instances showed about the same rela- 
tive characteristics as reported by the authors. 

Assuming freedom from mechanical defect, tenacity of the pro- 
tective oxide film, as the authors suggest, seems the deciding fac- 
tor in the life of the pump metal under given pressure-differential 
and water conditions. 

Although structural toughness is also a property common to 
all the test materials of the group showing the smallest losses in 
weight, the behavior of specimen No. 11, the carbon-molybdenum 
steel, would rather confirm that structural properties are not so 
important. 

The superior resistance of specimen D, as compared with 
specimens 6 and Z, is very interesting. Comparison of the test 
results of these specimens brings in a suggestion of important 
effect from, the presence of minor constituents in the material, as 
of possible bearing upon the marked differences in service life 
which have been observed in pump castings classed as carbon 
steel serving under conditions of operating temperature, pressure 
differentials, and water composition apparently identical. 

The phenomenon discussed, however, is one of corrosion as well 
a8 erosion, and practical experience has demonstrated even more 
decisively than to be inferred from the present paper that the 
chemical activity of the water may be of controlling importance 
in the deterioration of the feed pump. Accordingly, as the au- 
thors suggest, collateral data from many other power plants are 
desirable to show the effect of different water conditions. Stand- 
ardization in procedure with the Boetcher tester should make the 
data from widely different plants entirely comparable. 

It is gratifying to find the authors calling attention to the 
striking effects of presumably minor oxygen contamination 
and departures from normal pH on the test of the 0.5 chro- 
hium, specimen 2, and devoting special mention to the advan- 
tages of automatically recording instruments. In the opinion of 

present writer, the advantages cited are of fully equal weight 
for intelligent control in routine operation of the modern high- 


" Consulting Engineer, Stone & Webster Engineering Corporation, 
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capacity high-pressure plant equipment. Too many conditions 
affecting reliability and maintenance requirements, as well as 
efficiency, are promptly discerned only with the aid of recording 
instruments. 


H. L. Ross.” As a manufacturer of pumps, we have given 
considerable study to this problem from the standpoint of study- 
ing numerous installations where carbon-steel boiler feed pumps 
have been in trouble. The results shown in this paper corrobo- 
rate in general our own experience. 

The resistance of the cast-iron sample seems to be considerably 
poorer than our experience would indicate, although we have been 
supplying a high-test nickel cast iron with 1 to 1.5 per cent nickel. 
This material has in general stood up very well in boiler-feed serv- 
ice and possibly is better than the common cast iron tested, due to 
the addition of the nickel, resulting in a closer-grained iron. 
High-test nickel iron has generally been used for feed pumps up 
to 1000 or even 1100 psi pressure and has not given trouble even 
in stations where carbon-steel pumps have been attacked. There- 
fore it would seem that this might still be considered a suitable 
material for pumps in the lower pressure ranges. 

The results of the 2 per cent and 3 per cent chromium alloys are 
most interesting. In view of the fact that these tests were made 
on only one feedwater, we would hesitate to recommend this metal 
without corroborative tests on other feedwaters. However, it 
does indicate that the 5 per cent is far enough from any border line 
to be safe under probably any feedwater conditions. 

Further reports on the results obtained in other central sta- 
tions using this standardized test procedure will be of great value 
and may permit drawing more definite conclusions regarding fac- 
tors in the feedwater contributing to the attack on carbon steel. 


W. F. Ryan.*! For generations there has been a superstition 
among foundrymen that a steel casting is no good until it has 
been, thrown out in the yard to “age’”’ and rust for a couple of 
winters. Metallurgists have known all along that this was non- 
sense and were glad of the opportunity to demonstrate it when 
war demands exhausted the stock pile of aged castings and com- 
pelled the machining of pump casings while they were practically 
still hot from the mold. 

In 1938 three boiler feed pumps were installed in the South 
Meadow Station of The Hartford Electric Light Company, oper- 
ating at 1100 psi and 380 to 400 F. These pumps have suffered 
from neither erosion nor corrosion in the intervening 8 years of 
steady operation. However, two “identical”? pumps, installed in 
1942, and operated under identical conditions, went to pieces in 
5 weeks. Repairs were costly, time-consuming, and futile; the 
pumps could not be made serviceable until they were completely 
rebuilt with stainless-steel liners, although the pumps, installed 
in 1938, still carry on with their naked steel casings. 

Exhaustive study revealed that these identical pumps were 
identical in every respect but one. The castings for the later 
installation had not been aged! 

This experience may have significance and the superstitious 
foundrymen may have ‘‘had something,” but it doesn’t matter. 
It is hardly pertinent to ask the authors how many winters test 
specimen No. 1 may have spent in a snowdrift, because we still 
have no time to age either castings or whiskey, concerning which 
there is also a superstition in regard to the beneficial effects of 
antiquity. Therefore we are most desperately in need of the 
kind of information which the authors have produced, and it is 
particularly gratifying that they have been able to arrive at such 


2 Chief Engineer, Centrifugal Pump Department, Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis. Mem. A.S.M.E. 
21 Stone & Webster Engineering Corporation, Boston, 

Fellow A.S.M.E. 
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definite and clear-cut conclusions. We look forward to verifica- 
tion of these conclusions from future operating experience. 


F. N. Spevier.2*?. This paper contains not only useful experi- 
mental data with respect to the immediate objective, but is of 
unusual metallurgical significance. 

The unique characteristics of low-carbon alloy steels containing 
2 per cent to 6 per cent Cr have been noted before.?* Laboratory 
tests in salt and fresh water indicated that these alloys showed 
about one third the loss of carbon steel. After 41/2 years’ test at 
Kuri Beach, N. C., in flowing sea water, 3 per cent Cr steel 
showed an average loss of 0.0026 in. per year, and 6 per cent Cr 
steel 0.0029 in. per year, while carbon and copper steels and other 
low-alloy steels corroded at about double this rate. However, 
the 3 per cent Cr steel corroded much more uniformly than the 6 
per cent Cr steel or the carbon steels in this test. _ Considering 
these data and the fact that 2 to 3 per cent Cr steels do not resist 
high-temperature oxidation much better than plain-carbon steels, 
it is significant that they should have shown only about 1 per cent 
of the loss of carbon steel under the tests described in this paper at 
249 F and at a water velocity of 188 fps. The explanation is 
probably that the metal surface film is either highly resistant to 
high-velocity-water erosion and corrosion in this temperature 
range, or that it is rapidly repaired under these : conditions. 
Corrosion in water usually increases up to a certain velocity 
and then decreases as the velocity increases, probably due to the 
greater amount of dissolved oxygen brought to the metal surface 
as the flow becomes more turbulent, which tends to build a more 
stable film. 

These data indicate that the resistance of the steel to high- 
velocity water under these conditions is much more marked 
when it contains as little as 2 per cent chromium. 

It would be interesting to make a test run with zero oxygen. 
The tests proposed under different operating conditions are very 
desirable and may considerably broaden the application of «he 
present results, 

It would also be of considerable metallurgical interest to ex- 
amine the nature of the metal-surface film by electron-diffraction 
methods and by removing the film for microscopic examination 
and analysis by the technique developed originally by U. R. 
Evans, Cambridge University, England.24 The baking-type 
plastic coating referred to should be tried out in service over a 
much longer period before announcing any conclusion. Is there 
evidence of any of the specimens having been polished by the 
high-velocity water? The data given point to 2 to 3 per cent 
low-carbon chromium steel !/. per cent Mo as perhaps the most 
economical steel for these pump casings, everything considered. 


A. J. Srepanorr.** The writer will elaborate on the mecha- 
nism of metal destruction by corrosion-erosion as described in this 
paper. The authors state that the metal attack involves both 
chemical and physical processes. Evidently chemical action 
alone cannot produce the damage in pump casings as illustrated 
in this paper, as parts of casing similarly located are found in good 
condition while others require extensive repair to make pumps usa- 
ble. The physical processes accelerate the destruction of metal 
by chemical action by removing the protective film and exposing 
fresh surfaces for corrosion, according to the authors. The au- 
thors imply but do not directly state that leakage across the joint 


22 Metallurgical Consultant, Pittsburgh, Pa. 

23 “Corrosion Causes and Prevention,”’ by F. N. Speller, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1935, pp. 130-131. 

24 “*The Passivity of Metals’’—Part 1, ‘‘The Isolation of the Pro- 
tective-Film,” by U. R. Evans, Journal of the Chemical Society. 1927, 
p. 1024. 
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precedes and is a necessary condition for the corrosion-erosion 
phenomena investigated by them, and this is the method used to 
simulate the conditions in the pump in the authors’ test appa- 
ratus. Thus it would seem that if it would be possible to pro- 
duce pumps with absolutely tight joints of internal parts separat- 
ing stages, the corrosion-erosion damage to the casing would be 
greatly reduced or eliminated. 

The part which physical or mechanical processes play in the 
metal destruction in boiler-feed-pump casings may extend far 
beyond removing the protective film on the metal. It will be 
recalled that years ago loss of metal due to cavitation was ex- 
plained by chemical and electrolytic action, mechanical processes 
being considered only contributing factors, while now it has been 
proved that material destruction typical of cavitation can be pro- 
duced by mechanical water-hammer action alone on such mate- 
rials as neutral glass. Cases are on record which show that cavi- 
tation can take place where there is no apparent local pressure 
drop below the vapor pressure. In all those cases the attached 
parts were subject to vibration induced by the flow or external 
means. For instance, ship hulls have been found corroded in 
spots bearing all the marks of cavitation, although the velocity of 
flow around the hulls was relatively low and with ample submer- 
gence to suppress vaporization. Cast-iron liners of Diesel- 
engine cylinders had signs of cavitation on the water-jacket side 
with low velocity of flow through the jackets under sufficient pres- 
sure. In the first example, the spots of the hull attacked by cavi- 
tation were found to respond to vibration of machinery inside 
the hull. When a vibrating body is surrounded by water, the 
latter is unable to follow the frequency of the vibrating body, and 
at each reversal of the deflection, vapor-filled cavities are formed 
between water and the vibrating body, collapsing upon each: re- 
versal of the deflection. That flow around a body can produce 
vibration is well known; thus all pipe musical instruments are 
based upon this principle; the failure of the Tacoma Bridge is 
another example on a larger scale. Whether the flow through 
pump-casing joints can cause local vibration is a subject for spec- 
ulation. On the other hand, the attack of the test samples on the 
cylindrical surfaces adjoining the slots is not easily explained as 
those places are out of the path of the flow. 

It so happens that materials which better resist cavitation are 
better corrosion-resisting materials at the same time. The be- 
havior of cast-iron specimen, as compared with plain-carbon 
steel, is significant, considering vibration as a factor in metal de- 
struction, as cast iron does not respond to vibration as well as 
steel, which is shown by the sound of both metals when hit witha 
hammer. 

AvuTHORS’ CLOSURE 

The data submitted by, Mr. Fairchild on the effect of tempera- 
ture on corrosion-erosion as determined at the Marion Station of 
the Public Service Electric and Gas Company are of particular 
interest. The tendency to utilize ever higher pressures and tem- 
peratures in new power plants has resulted in feedwater tempera- 
tures at boiler feed pumps in excess of 400 F in many instances. 
In a proposed extension of the Trenton Channel power plant of 
The Detroit Edison Company, a boiler-feed temperature of 405 F 
at the boiler feed pump suction is contemplated. It is proposed 
to run additional corrosion-erosion tests at the Marysville power 
plant to determine the extent that corrosion-erosion attack is ac- 
celerated by the 150 F increase in water temperature. Tests at a0 
intermediate temperature of about 325 F also are contemplated 
to provide additional data regarding the effect of temperature 08 
the rate of attack. 

As regards the influence of the type of oxide on the amount of 
metal wastage, the boiler feed pump for turbogenerator No. 12 at 
Connors Creek was recently opened. Severe attack had occurred 
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on the lower half of the pump casing. The inside of this casing, 
as well as all others which have been examined in Detroit Edison 
power plants, was covered with the red oxide, similar to that 
which appeared on the corrosion-erosion specimens. The protec- 
tive nature of the red-oxide coating seems to be of limited value 
in Detroit Edison pumps. 

The authors are inclined to agree with Mr. Gartmann’s com- 
ment that poor fits on pump parts are not the sole reason for rapid 
metal wastage in boiler feed pumps. Serious attack on pump parts 
where no fit is involved indicates that metal wastage can occur ir- 
respective of the fit. However, a good fit is considered impor- 
tant in that once interstage leakage begins through seepage as in- 
dicated by Mr. Godshall, the attack rapidly accelerates as the 
area through which the feedwater passes is enlarged. As shown 
by the Marysville tests, this is particularly important for carbon 
steel. 

Experience with the Unit 12 boiler-feed-pump casing at Connors 
Creek was somewhat similar to the pump on the tanker cited by 
Mr. Gartmann since the lower half of the casing was severely at- 
tacked whereas the cover exhibited only minor metal wastage. 
In view of Mr. Gartmann’s experience, chemical analyses of the 
two parts of the Connors Creek casing were made. Both parts 
indicated only about 0.1 per cent chromium, however, which was 
not considered significant. 

A number of cases have been reported, as indicated by Mr. 
Mackenzie, where presumably the same pumps handling similar 
feedwater have experienced widely divergent amounts of corro- 
sion-erosion attack. A possible explanation would seem to be that 
the nature of the fit in one pump must have been considerably 
poorer than the other, or addition of extraneous amounts of 
chromium due to pickup in the electric furnace may have afforded 
protection to one pump which did not occur in the metal heat 
used for the other pump. This of course does not apply where the 
same pump is moved from one plant to another. In this case, 
however, relatively minor differences in water conditions at the 
two locations may have a pronounced effect on metal wastage. 

The authors were indeed interested in the remarks by Messrs, 
Loeffler and Nordin regarding application of the corrosion-erosion 
data to oil-industry design. - Many of their suggestions concern 
a program of fundamental research involving an appraisal of the 
effect of individual variables on corrosion-erosion attack. It 
would certainly be pertinent in such a program to secure photo- 
micrographs of the structures of the test materials, which the 
authors also considered, as well as to secure more specific data 
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concerning the black deposits on the chromium specimens. All of 
these items seemed to require a longer and more detailed test and 
research program than was warranted at the moment. In the 
Marysville tests, it was desired to secure a reasonably rapid solu- 
tion as to what materials could be used in new pumps for Marys- 
ville feedwater which would withstand attack and at the same 
time would be economical to use. Consideration is being given 
by the Prime Movers Committee to a more detailed program of 
research and testing. 

With regard to selection of the free-machining phosphor bronze 
instead of manganese bronze, the former was selected because it 
had been used in present pumps for impellers, diffusers, and wear- 
ing rings. Since it exhibits good resistance to corrosion-erosion 
attack, it is not clear to the authors what would be gained by using 
the less machinable manganese bronze. Regarding the finish of 
the surfaces, the authors agree that a more precise evaluation of 
the degree of surface finish would be desirable. However, test re- 
sults, particularly on the 3 per cent chromium specimen on which 
the surface finish of the slot was initially somewhat rougher than 
other specimens, did not seem to indicate that the surface finish 
was of great importance. This assumes of course that care is ex- 
ercised to secure a reasonably smooth surface. 

The authors concur completely with Mr. Keen’s statement that 
the best answer to the corrosion-erosion problem lies in a combi- 
nation of good design, good workmanship, and good selection of 
materials. 

Dr. Speller suggests the desirability of running a test with zero 
oxygen. This would seem highly desirable, particularly as a part 
of a possible program of fundamental research in which all the 
variables but one are held constant in each of a series of tests. In 
this way only can the individual influence of each variable be evalu- 
ated. With reference to Dr. Speller’s question, there is no evi- 
dence that the specimens were polished by the high-velocity water. 

The authors have given considerable thought to the possibility 
of cavitation occurring both in boiler feed pumps and in the cor- 
rosion-erosion testers as mentioned by Mr. Stepanoff and Messrs. 
Loeffler and Nordin. It seems doubtful whether cavitation oc- 
curs to any appreciable extent in boiler feed pumps such as those 
used at Marysville, and the authors question whether it is a sig- 
nificant factor in the attack on the test specimens. Its existence 
in the latter case, however, is considered more probable than in the 
case of these pumps. 

The authors wish to express their appreciation to all those who 
submitted comments and discussion on the paper. 
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The results of this investigation have served to clarify 
some of the controlling factors of acid attack which were 
not generally recognized. The investigation shows that 
stressed metal is more readily attacked by inhibited acid 
than stress-relieved metal. With a knowledge of the con- 
trolling factors, such as temperature, acid strength, and 
contact time, the operator can acid-clean boilers with a 
reasonable assurance that corrosion or metal attack will 
be reduced toa minimum. 


INTRODUCTION 
LD vviers the last few years the acid method of cleaning 


boilers has been more generally employed, and it would 

seem logical that if any detrimental effects as a result of 
this treatment could be expected, it should manifest itself in 
cases where the boilers had been acid-cleaned several times. It is 
also quite possible that acid attack may have occurred the first 
time that the boiler was cleaned. However, since no critical 
examination of the boiler may have been made prior to the acid 
treatment, it has often been assumed that any evidence of at- 
tack (when a more critical examination was made after acid 
cleaning) was presumed to have existed prior to acid cleaning and 
as such was discounted. There are some cases on record which 
seem to indicate that boiler metal had been pitted and covered 
with deposits, and that, when the acid was first used, these de- 
posits were removed and the pitting exposed. 

An example of what has been said is illustrated by the condi- 
tion of the boiler metal at the Deepwater Station which was ob- 
served to have been attacked after this boiler had been acid- 
cleaned for the third time. The boiler tubes showed an attack 
on the flared ends where the tubes had been rolled into the drum. 
The appearance of the attack has been defined as “honeycomb 
appearance.” The author is not qualified to discuss the me- 
chanical aspects of Deepwater conditions except to state that it 
was this incident which prompted the laboratory studies which is 
the subject.of t! is paper. 

From what has been published and from general discussion in 
meetings, it would seem that comparatively little was known 
about the possibility and effects of corrosion from acid cleaning 
and, as a result of this lack of information, a certain apprehen- 
sion had arisen among operators who had used or were consider- 
ing the use of acid, as to the possibility of damaging their equip- 
ment by this process. Because of this need for more data, a labo- 
tatory investigation was undertaken by the author’s company in 
its chemical laboratory. 


LABORATORY INVESTIGATION 
The laboratory investigation centered around the fact that 
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(The A-12 inhibitor corrosion loss shown was the basis of comparisor for this 
investigation. Courtesy of Dowell, Inc.) 


very little information was available about corrosion rates of 
boiler steels with inhibited acid. The only corrosion-rate data 
available at that time were the corrosion-rate curves furnished by 
the Dowell Corporation, which has established special service 
facilities for acid-cleaning boilers. 

The Dowell corrosion rates shown in Fig. 1 are for mild steel 
(A.S.T.M. A-10-34) with 10 per cent inhibited acid. Since the 
composition of the steel in modern boilers may not possess the 
same characteristics as mild steel, the laboratory investigation was 
intended to reveal something more definite about inhibited-acid 
attack on boiler metals under variable conditions such as tem- 
perature, acid concentration, and contact time. 

Because of the increased cleaning effect of heated acid, it has 
sometimes been the practice when acidizing boilers, to take ad- 
vantage of the heat retained by the boiler when it was being 
taken out of service. When the metal temperature had fallen 
to 180 F, the acid solvent was then fed to the boiler at 175 F. 
Acid concentrations from 5 to 7 per cent HCl have been em- 
ployed and generally the contact or soaking period had been of 
6 hr duration. It had been suggested that it was quite possible 
that metal temperatures (internally) often may have exceeded 
180 F. It had also been stated that many of the inhibitors are 
not sufficiently effective at temperatures approaching 200 F. 

As laboratory test results became available, certain significant 
factors became apparent which naturally suggested different 
approaches, so that these studies were built up along lines that 
seemed to furnish information which would be most useful for 
guiding the operator in selecting those conditions which would 
minimize acid attack on boiler metal during acidizing of the 
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boiler and get satisfactory cleaning. The author recognizes the —— DOWELL CORROSION RATE CURVE FOR 10% HCL A-12 INHIBITOR 

fact that there are many phases which could have been further © —— STRESSED SPECIMENS 

explored. However, since this was not a research program, the ~~~ STRESS~RELIEVED SPECIMENS 

activities were confined to obtaining, as quickly as possible, re- 

liable data for the purpose of cleaning boilers successfully by DEEPWATER TUBE SPECIMENS SCHUYLKILL TUBE SPECIMENS 

the use of inhibited acid with a minimum of danger to the equip- 10% HCL 10% HCL 

ment. -20 
Elsewhere in this report, laboratory test data are presented to 

show trends and effect of various temperature, contact time, and 

different strength acid. The actual number of determinations 

was approximately 1200, and, as should be expected, many fac- 

tors noted in the early stages ‘of the investigation were not recog- 

nized as being significant until the completion of the laboratory 

studies. 
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REsULTs OF STUDIES 


The investigations definitely showed that a corrosion attack 
will be more severe on stressed metal than on normal or stress- 
relieved metal. For example, tube ends which are rolled into the 
seats cold constitute a vulnerable area for acid attack regardless 
of the presence of an inhibitor. Inhibited acid will also attack ee 
stress-relieved metal, but this attack appears to be of a much ’ 
lesser order than that in stressed metal. The unknown factor here 
is the degree of stress. It will be noted from supporting data, shown : . 
by the corrosion curves, that the Deepwater stressed ‘specimens + 3 Corrosion Rat gs WI'H 24-He Continuous TREATMENT 
1TH 10 Per Cent HCI ann Dowe A-12 INuIBITOR AT 140, 150, 
indicate a greater attack than the Schuylkill stressed speci- 160, AND 175 F 
mens.? This is undoubtedly due to the fact that the Deep- 
water specimens were obtained from a tube end which had been 
in service and removed, then again stressed in the laboratory for | ~~ OOWELL CORROSION RATE CURVE FOR 10% HCL A-I2 INHIBITOR 
test purposes. The Schuylkill boiler tube was a new tube (never ~~ STRESSED SPECIMENS 
in service) just stressed in the laboratory. From this it can be ~~~" STRESS RELIEVED SPECIMENS 
assumed that the Deepwater specimen had been subjected to 
two stages of stressing whereas the Schuylkill specimen had 
only one stage. It should also be noted that the difference be- 
tween these two specimens persists at different temperatures 
(140 to 175 F) with different strength acid and for different con- 
tact times (see Appendix for method of stressing). DEEPWATER TUBE SPECIMENS 

The laboratory studies show conclusively in Figs. 2, 3, and 4, 5% HEL 
that the acid strength is very important. When using 10 per cent 
inhibited acid, the losses are at least twice as great as when 5 per / 
cent inhibited acid isemployed. This holds true in the tempera- 
ture range 140 to 175 F on both stressed and stress-relieved metal Pa 
specimens. | 
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SCHUYLKILL TUBE SPECIMENS 
5% HCL 
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2 See metallurgical report in the Appendix. - oan 


LOSS IN LBS PER SQ FT PER 24-HRS 


130 140 150 160 170 180 130 140 150 160 170 180 


---- STRESS-RELIEVED SPECIMENS 
Fic. 4 Corrosion Rates 24-Hr Continvous TREATMENT 


Wirn 5 Per Cent HC! and’ Dowe tt A-12 AT 140, 150, 
160, AND 175 F 


10% HCL @ 175 F 10% HCL @ 175 F The contact time of acid (or soaking period) is dem- 

A-l2 INHIBITOR A-l|2 INHIBITOR onstrated to be very important. Figs. 2, 3, and 4 show 

er that a 24-hr contact time produces a much greater loss 

DOWELL VALUE than the accumulated loss for four 6-hr periods. In 

FOR 10% HCL | — other words, a boiler could be acid-cleaned four times 

with a 6-hr soaking period and show less metal loss or 

attack than would be obtained by acid-cleaning the 

boiler once with a 24-hr soaking period. Fig. 5 illus- 
trates the appearance of some of the test specimens. 

YC ppearance of some of the pe 

= | The laboratory studies have shown very definitely that 

12 18 24 inorder to minimize metal attack when acid-cleaning 

boilers the following conditions should be observed: 


Fic. 2 Corrosion Rates Actp TREATMENT oF 6-Hr, 10 Low solvent temperature (140 F); low acid strength 
Per Cent ann 5 Per Cent HCl ar 175 F, anp DowE.t A-12 INHIBITOR (not in excess of 5 per cent); low contact time (6 hr). 


DOWELL VALUE 
FOR 10%. HCL ——+ 
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FARMER—ACID ATTACK ON BOILERS AND EFFECT OF ACID CLEANING ON THE METAL 


Magnification 3 


Fie.5 AppeaRANCE oF Test Specimens AFTER Acip TREATMENT WitH 10 Per Cent HC! 5 Per Cent HCl, Acip, at 
DirFERENT TEMPERATURES; X 3 


Errect or Repeatep Acip-CLEANING 


With the factors described as criteria, the laboratory studies 
were next directed to obtain some practical information which 
would indicate the effect of repeated acid-cleaning of boilers 
every year for z number of years. For this purpose life tests were 
devised, simulating repeated actual boiler-washing conditions as 
nearly as possible. These tests consisted of the 6-hr immersion 
in 5 per cent inhibited acid at 140 F. After the specimen had 
been boiled in a soda-ash solution, the specimens were then im- 
mersed in boiling boiler water for 16 hr. Each such cycle was 
known as one treatment and twenty-five treatments constituted a 
life test. 

In Fig. 6 life tests indicated that the corrosion loss proceeded at 
a fairly uniform rate for Deepwater and Schuylkill stressed 
specimens. However, the characteristic difference, previously 
observed between these two specimens, still persisted, i.e., 
Deepwater always showing greater losses than the Schuylkill 
metal. Life tests conducted on Deepwater and Schuylkill stress- 
relieved specimens (see Appendix for method of stress-relieving) 
showed that the corrosion losses were only about one third of 
those shown for the corresponding stressed specimens. 


In order to be sure that results could be reproduced, five life 
tests were run on representative samples of the different speci- 
mens. Owing to a shortage of specimens, and in order to con- 
tinue these studies with the same metals, several of the badly 
pitted stressed specimens used in earlier tests were machined 
(resurfaced) to remove the pitted surfaces. When these re- 
surfaced specimens were subjected to life tests, it was found that 
the corrosion losses were now equal only to the losses indicated 
for stress-relieved specimens as shown in Fig. 6. All of these. 
results were confirmed. Since only 0.010 in. was removed by re- 
surfacing the specimens, it was concluded from these data that 
stresses induced in the metal were confined to the surface layers 
of the metal only. 

Fig. 7 is a photomicrograph of a cross section of the end of the 
Deepwater boiler tube which was first observed to have been at- 
tacked after acid-cleaning the boiler. Attention is called to the 
hill-and-valley appearance at the top of this photomicrograph. 
If the specimen shown here were viewed from the top, i.e., plan 
view, it has the characteristic honeycomb appearance first 
observed on tube ends at Deepwater after the boiler had been 
acid-cleaned for the third time. Although it was at first thought 
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LIFE TESTS 
(AVERAGE OF ALL RUNS) 


5% HCL (INHIBITED) TEMP 140 F 


6-HRS IN SOLVENT 16-HRS IN BOILER WATER 


LOSS IN LBS PER SQ FT 


RE- SURFACED SPECIMENS 


N° OF TREATMENTS i) 20 2s 


TOTAL HOURS IN 


SOLVENT 30 90 150 


Fie. 6 Corrosion Loss INpIcATED By Lire Tests ON STRESSED 
AND STRESS-RELIEVED METAL 


Fic. 7 PHoTroMicROGRAPH OF Cross SECTION OF END oF A DEEP- 
WATER BoiLeR TuBE WHicH SHOWED HONEYCOMB APPEARANCE 
(Note the hill-and-valley appearance. X 27.) 


that the severity of this attack was due to faulty or dirty metal, 
it now became evident that it was due to acid attack. It is of 
interest to note that metallurgists who examined a section of the 
specimen reported that the metal was in sound clean condition. 

The specimen shown in Fig. 7 was subsequently acid-treated 
three times by immersion in boilers which were being acid- 
cleaned. It will be noted in photomicrographs, Fig. 8, that the 
effect of subsequent acid treatments was to remove the hill-and- 
valley appearance from this specimen. From the information 
furnished by the laboratory tests, which showed that when the 
stressed portion was removed (resurfaced) the corrosion rate as- 
sumed the characteristics of unstressed metal, it would appear 
that after the acid had attacked and removed the highly stressed 
area of the Deepwater tube end, very little attack occurred, 
since the metal now had the characteristics of an unstressed 
metal. 

From the boiler operator’s point of view this information should 
relieve some of his concern regarding acidizing boilers. It is 
generally known that corrosion in any form will manifest itself 
more quickly in stressed areas. However, with properly con- 
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(c) 
Fic. 8 APPEARANCE OF SPECIMEN SHOWN IN Fic. 7 AFTER THREE 
Successive Acip TREATMENTS 


(a, Result of first treatment; 6, after second treatment; c, after third 
treatment. Note diminishing hill-and-valley appearance. 27.) 
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trolled conditions, corrosion attack can be held to a minimum, 
and these test data seem to indicate that when an attack occurs 
at a stressed area such attack may not penetrate very deeply 
into the boiler metal. 

With the exception of test specimen shown in Figs. 7 and 8, all 
the information obtained at this stage of the investigation is 
based upon clean metal. The metal specimens employed in the 
studies were clean machined specimens as compared to the 
metal surface usually encountered in a boiler, which will have iron 
oxides and other mineral deposits on the surface. 


Srupies INVOLVING BorLerR Deposits 


Since most of the power-plant boilers show the presence of 
copper in varying amounts in the boiler deposits on the metal sur- 
faces, considerable interest has been shown in this phase, and the 
effect that hydrochloric acid may have on the copper deposits 
when acidizing the boiler. In order to understand better the 
effect of copper and iron in contact with hydrochloric acid, sev- 
eral chemical reactions which have a bearing on the boiler de- 
posits and their probable reactions with hydrochloric acid are 
presented in the Appendix. 

In order to learn something about the effect of acid attack on 
boiler metal, as a result of the probable reactions with boiler 
deposits and hydrochloric acid, further laboratory tests were 
conducted. For this purpose life tests similar to those pre- 
viously reported were conducted in the same manner and with 
the same type of specimens except that boiler deposits were in- 
troduced into the acid solvent. The boiler deposit employed was 
obtained from boiler tubes which had been in service. The com- 
position of the deposit was essentially iron oxides and copper. 
The amount of deposit employed was in the same proportion to 
the area of the test specimen as the amount of deposit found on a 
given area of boiler tube. 

Fig. 9 shows the results of the life tests using boiler deposit. 
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It should be noted, generally, that in the case of the stressed 
metal the corrosion losses are only slightly higher than those of 
stressed metal without boiler deposit. However, the stress- 
relieved specimens indicate that by the end of twenty-five treat- 
ments the corrosion loss is about twice that indicated for the 
specimens in the absence of boiler deposit. In general, the un- 
stressed metal showed a more uniform copper plating than that 
of the stressed specimens. No reason is presented to explain the 
one abnormal life-test value shown on the curves; it was the ex- 
ception. All other life tests gave good agreement. Fig. 10 illus- 
trates the appearance of some of the life-test specimens in the 
presence and absence of boiler deposit. 

CONCLUSIONS 

The author is of the opinion that the results of these laboratory 
studies furnish reliable information (in some cases it may be only 
confirmation) regarding the necessity for observing definite pre- 
cautions when acidizing boilers in order that this method of clean- 
ing boilers can be undertaken with reasonable assurance that cor- 
rosion or metal attack will be reduced to a minimum so as not to 
jeopardize the normal life of the boiler, and obtain the many ad- 
vantages offered through this procedure. 

From the test results and general observation in the field, it is 
apparent that an attack by inhibited acid can take place on 
stressed metal at temperatures below 175 F, and that in order to 
minimize this attack, boiler and solvent temperature should be 
reduced to a point not exceeding 140 F. In order to insure that 
no hot spots exist in the boiler to be cleaned, the boiler should be 
cooled down and then preheated with hot water not higher than 
160 F. When the boiler metal shows that the metal temperature 
is 140 F, the acid solution should be introduced. 

It is desirable to use a low-strength acid solution. This 
should not exceed 5 per cent. In the event that the boiler is very 
dirty, it might be better to use a two-stage treatment of low 
concentration than to exceed the 5 per cent value. 

The time of contact or soaking period should not exceed 6-hr 
duration. 

The laboratory tests indicate that at a temperature of 140 F 
stressed metal will be attacked by inhibited acid. The penetra- 
tion of this attack will be governed by the depth to which the 
metal has been stressed. 

Unstressed metal shows some metal loss with inhibited acid at 


140 F. However, this is a much lower loss than that of stressed 
metal. Direct comparison is not possible since the controlling 


factor will be the degree of stress to which the metal was subjected. 

The presence and the amount of ferric iron in the boiler deposits 
may be a factor in metal attack since the inhibitor does not pro- 
tect the metal from attack on steel by ferric chloride. 

The laboratory life tests, made in the presence of boiler de- 
posits containing copper and some ferric as well as ferrous 
iron, present a general picture of corrosion or metal loss which 
might be expected from the normal operation of acid-cleaning a 
boiler every year. The data obtained indicate that a boiler 
could be acid-cleaned twenty-five times without serious loss of 
metal. 

In conclusion, it is interesting to note that the total loss under 
the conditions of 140 F, 5 per cent acid, and 6-hr contact time 
in the presence of boiler deposits represents a value of approxi- 
mately 0.10-lb per sq ft, after twenty-five treatments, whereas the 
test data show that at a temperature of 175 F and 10 per cent 
acid for 24 hr of continuous contact time, the approximate loss 
was 0.20 lb per sq ft for a single treatment. 


CHEMICAL REACTIONS 


The inhibitor used in the acid solution is designed to prevent 
the following reaction: 
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Reaction 1: Fe + | 
(iron) 


2 HCl 
(hydrochloric 
acid) 
= FeCl, 
(ferrous 
chloride) 


+ H 
(hydrogen) 


The effectiveness of the inhibitor decreases with increasing 
temperature. 

In actual boiler deposits, we encounter chiefly the following 
iron oxides: Fe;O, and Fe,O;. With good deaeration of feed- 


water, the iron-oxide deposit should be chiefly Fe;Q,. 
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When Fe,Q, is acted upon with HCl we obtain the following 
reaction: 
Reaction 2: Fe,O, + 8 HCl = 
FeCl, 
(ferrous (ferric 
chloride) chloride) 
When Fe,0; is acted upon with HCl we obtain the following 
reaction: 


2FeCl; + 41,0 


Reaction 3: FeO; + 6 HCl = 2 FeCl; 
(ferric 
chloride) 
It will be noted that ferric chloride is present in both reactions 
2 and 8. 


+ 3H,0 


Srress-RELIEVED 


Fic. 10 APPEARANCE OF Test SPECIMENS AT CONCLUSION OF LIFE TESTS 


(a, Denotes absence of boiler deposit. 


b .Denotes presence of boiler deposit. 


The stress-relieved specimen in the presence of boiler deposit, lowe? 


right, shows the plating-out of copper. X3.) 
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Ferric chloride (FeCl;) is always trying to change over to fer- 
rous chloride (FeCl) but in so doing it has to carry an oxidizing 
effect. Here is an illustration (theoretical) of what can happen 
when finely divided copper is present in the boiler sludge. This 
copper is not readily attacked by the hydrochloric acid, but 
when ferric chloride (FeCl,) is present the reaction goes quickly 
to 


Reaction 4: Cu + 2FeCh = 
(copper) (ferric 


chloride) 
CuCl, + 2¥FeCh 
(cupric (ferrous 
chloride) chloride) 


What reaction 4 means is that the ferric chloride is reduced to 
ferrous chloride, and the copper is oxidized from its metallic 
state to a soluble state of cupric chloride. Now, in the acid solu- 
tion in the boiler, if this cupric chloride comes in contact with the 
iron of the boiler, it precipitates as copper on the surface, and iron 
goes into solution as follows: 


Reaction 5: CuCh + Fe = Cu + FeCl, 
(cupric (iron) (copper) (ferrous 
chloride) chloride) 


As a matter of fact the following reaction can take place with- 
out copper if ferric chloride comes in contact with the boiler 
metal: 


Reaction 6: Fe + 2FeClh = 3FeCh 
(ferric (ferrous 
chloride) chloride) 


The iron of the boiler metal is just as readily oxidized by the 
ferric chloride, thus dissolving it and forming ferrous chloride 
as in the case of copper. 


Test SPECIMENS 


In order to obtain reproducible results, it was necessary to use 
clean uniform steel. The logical steel to select for these studies 
was boiler-tube metal. To this end a boiler tube which had been 
removed from the boiler at Deepwater Station was selected (cor- 
rosion attack had been observed on boiler-tube metal in this 
boiler). A second metal specimen was selected from a new boiler 
tube. This was a replacement tube for the Schulykill boilers.’ 
Because attack had been observed on tube ends which were 
known to be stressed (cold-worked), it was recognized that any 
study should include the effect of ‘‘stressed”’ and ‘‘stress-relieved”’ 
metals. 

Test specimens were prepared by taking a section of the Deep- 
water tube (about 6 in. long) and cutting this section in half (length- 
wise). One half of the tube was then rolled out flat (cold) and then 
hammered under a power hammer to cold-work the metal. After 
this treatment, the section was cut into test specimens approxi- 
mately 1 X # X 0.25 in. thick. These specimens were then 
given a light polish. The other half of the tube was rolled 
out flat, then cut into specimens approximately 1 X 1 X 0.25 
in. thick and then heat-treated at 1250 F, for 1 hr. The 
specimens were then given a light polish. Test specimens were 
prepared from the Schuylkill boiler tube in the same manner as 
the Deepwater boiler tube. Specimens of stressed and stress-re- 
lieved metal from both tubes were available for test purposes, 


* Many of the illustrations shown in this report bear the names 

eepwater and Schuylkill. These illustrations were prepared for the 
author's organization at least one year prior to preparation of this 
paper, and since original data are being presented, no attempt has 
been made to conceal identities. 


Test APPARATUS 


The apparatus employed for the acid treatment of the speci- 
mens consisted of glass jars (1 qt) fitted with glass arms from 
which the metal specimens are suspended. The jars have 
tight-fitting rubber stoppers into which are fitted glass vents for 
disposing of excess solution and hydrogen. Thermometers are 
also fitted into the rubber stoppers. These test jars are then 
immersed in a glass water-bath so that the jars and contents are 
visible during the test. The temperature of the bath was con- 
trolled within 0.5 deg of the desired temperature. 


CALCULATION OF WerIGHT Loss 


The area and weight of each specimen were carefully deter- 
mined before immersion in the acid solution. At the conclusion 
of the test, the specimens were removed from the jars and rinsed 
twice with.water and then boiled in a solution of 1 per cent soda 
ash for 30 min. The specimens were again rinsed twice with 
water and then placed in a drying oven at 250 F for 1 hr, after 
which they were cooled in a desiccator and weighed. The loss 
in weight was computed to “loss in pounds per square foot.” 


Asstract From METALLURGICAL REPORT 


Although there is no direct evidence, it is believed that the 
variation in corrosion resistance between Deepwater and Schuyl- 
kill specimens may be due to variations in degree of cold work. 
These specimens were all straightened and stressed by pounding. 
For this reason such variations could be present. Metallo- 
graphic examination, however, is not a sensitive test for cold work. 
Usually about 15 per cent plastic deformation is required before 
visible grain distortion can be observed. Thus there is a good 
possibility that sufficient variation in cold work could be present 
to cause variation in resistance to corrosion even though it was 
not visible in the structures. 
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Discussion 


P. H. Carpwetu.‘ There is need today in the literature for 
reliable information concerning the corrodibility of boiler metals 
by inhibited hydrochloric-acid solutions. It is important as is 
pointed out in the paper, to know the rate at which boiler metals 


.will corrode. Only when this information is available can the 


necessary precautions be taken in order to give assurance, while 
chemically cleaning a boiler, that the normal life of the boiler wiil 
not be affected. 

For a number of years we have been ascertaining the cor- 
rodibility of various kinds of metals, including boiler metals, 
by inhibited hydrochloric-acid solutions. It has been our ex- 
perience that a number of factors have an effect upon the cor- 
rosion rates of metals. It is important that one knows the past 
history of the metal, as, for instance: Has it been cold-worked? 
Another factor of importance is the laboratory preparation of the 
samples. In this case we must not change the surface properties 
of the metal, if we expect to obtain information as tothe effect 


4 Chief Chemist, Dowell Incorporated, Tulsa, Oklahoma. 
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of inhibited acid during an actual chemical cleaning of a boiler. 
Another factor which will affect the corrosion rate is the chemical 
composition of the metal. Such things as slag inclusions and high 
carbon content cause a metal to have fairly high corrosion rates. 
In this connection it would be of interest to know the chemical 
composition or the specification of the Deepwater and Schuylkill 
metals. 

- We have found that metals meeting the A.S.M.E. Specification 
Code SA-192 have a different corrosion rate, than a metal coming 
under the specification SA83 or SA210. Thus what is found con- 
cerning the corrosion rate of one metal may or may not be appli- 
cable to another metal. While it seems from the results on the 
Deepwater and Schuylkill tubes, that in the acid cleaning of boil- 
ers it would be desirable to use weak acid solutions, temperatures 
in the neighborhood of 140 F and maximum soaking periods of 6 
hours, we question that this conclusion can be applied to all boilers. 
Our work with boiler metals. has shown that certaih ones have 
higher corrosion rates in inhibited acid solutions of less than 5 per 
cent concentration, than they have in the more concentrated solu- 
tions. Thus with some boiler metals, we would prefer to use more 
concentrated acid than 5 per cent and especially in these cases, 
it would not be our recommendation to use two-stage treatments. 

The contact or soaking time should be governed by the amount 
of scale to be removed. The acid should be left in the boiler or 
any other piece of equipment being cleaned only for the length 
of time necessary to dissolve and to disintegrate the scale. With 
large amounts of scale this may be somewhat longer than 6 hours. 

We are in full agreement with the author as to the method of 
preparing the boiler prior to chemical cleaning. We prefer, 
when it is possibl, to have a boiler cooled down after it is taken 
off a line and preheated with water, before the introduction of the 
inhibited acid. Our recommendation as to treating temperature 
is to use as low a temperature as possible and yet remove the 
scale in a convenient period of time. 

From the results of our work with a number of boiler metals 
meeting some 13 different A.S.M.E. specifications, our recom- 
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mendation is that a boiler should never be treated above 160 I, 
When using this or lower temperatures, satisfactory corrosion 
rates are obtained. 

The author’s point as to corrosion by ferric chloride is well 
taken. The inhibitors usually used in hydrochloric-acid solutions 
for chemical cleaning do not prevent the attack of boiler metal by 
ferric iron. There have been other discussions® ® in the litera- 
ture on this subject, but to our knowledge, there never has been 
reported a complete investigation of this problem. Laboratory 
work that has been carried on by our company and which we ex- 
pect to publish shortly, indicates that the reaction between ferric 
iron and boiler metal is relatively unimportant. In an actual 
boiler treatment we do not believe there is any significant corro- 
sion of the boiler metal by ferric iron. 


AutTuor’s CLOSURE 


The author fully recognizes that the corrosion rate of one boiler 
metal may not be applicable fo all boiler metals. Chemical com- 
position of the metals will be very significant with respect to cor- 
rosion rates. 

The studies reported cover the corrosion rate for boiler metal 
employed by two boiler manufacturers for large high-pressure 
boilers. The results obtained by these studies do explain why at- 
tack can be more severe in one location than in another location 
in the same boiler. This is brought out by the studies of stressed 
metal (cold-worked) and that of stress-relieved metal. 

Boilers acid-cleaned by the author’s company during the last 
two years, following the conditions recommended in this report, 
have shown satisfacory cleaning with a minimum of metal attack. 

The author believes that acid cleaning of boilers has many ad- 
vantages. However, great care should be exercised in the selee- 
tion of acid strength, temperature, and time of contact. 


5 “‘Acid-Cleaning of Boilers and Auxiliary Equipment,” by 3. T. 
Powell, Trans. A.S.M.E., vol. 68, 1946, pp. 905-911. 

“‘Acid-Cleaning of Boilers and Auxiliary Equipment,"’ discussion 
by R. E. Halland C. E. Kaufman, Trans. A.8S.M.E., vol. 68, 1946, p. 912. 


: 
< 
| 
| 


Great advances have occurred during recent years in 
methods of disposing of metal chips from machining oper- 
ations. Without the knowledge and equipment to im- 
plement it, serious production curtailments would have 
taken place during the war. What was learned then of 
chip-handling methods and salvage of useful material 
may now be applied to peacetime production. The 
author describes an aluminum-chip pneumatic handling 
and carloading system; a mechanical method of dispos- 
ing of steel chips and turnings; and a new system of 
mechanical handling with gravity carloading features. 


EXAMPLE OF Coie HANDLING IN FORMER Days 


N the days before we knew how to use crushers and centrifugal 
driers, the author can recall trying to work out a method for 


handling steel turnings at a large auto factory. It certainly ° 


was a mess, There was no way to store the tangled masses of 
turnings, dripping with oil, so truckloads were dumped on an 
apron conveyer which ran up an incline and over a bridge where 
they were dropped through chutes into railroad cars. We had 
floating plates on top of the conveyer to try to confine the 
springy masses of chips into a reasonable operating space, and 
drip pans to catch the oil that still managed to get out and all 
over the place. Also it was quite expensive to tie up two railroad 
sidings and pay demurrage on cars, just to have a place to dump 
the chips. 

How much easier it would have been to throw the turnings into 
a crusher, put the crushed chips into a centrifugal extractor which 
would dry them, and give us a chance to store the chips until it 
was convenient to load them out. The extracted oil could be 
salvaged, to realize a handsome return on that item alone. The 
crushed dry chips would sell for higher prices and freight cost 
would be lower because more than a minimum weight, instead of 
less, would be loaded into a ear. 

It was fortunate in the recent war that we had learned a lot 
about the disposal of metal chips. Without this knowledge, and 
the equipment to back it up, there could have been serious cur- 
tailments in production which might have been smothered by 
mountains of turnings, or starved because this scrap was not 
available or could not be used when needed to eke out the supply 
of raw material. 

Some of the waste, of course, was not necessary. At the be- 
ginning, shells made from Army standard forgings averaged 30 Ib 
of turnings apiece. A motor company cut this down to 2 lb 
apiece. But in the main, production at the enormous rates 
required by the war inevitably produced large quantities of 
scrap. Whether these quantities will ever be matched in peace- 
time production is questionable, but the lessons taught in han- 
dling them can be applied to our present and future problems. 


' Materials Handling Consultant, Albert Kahn Associated Archi- 
tects and Engineers, Inc. 
Contributed by the Materials Handling Division and presented 
at the Annual Meeting, December 2-6, 1946, of THe AMERICAN 
ETY OF MECHANICAL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


Three Systems for Handling and Storing 
Metal Chips 


BY S. REIBEL,' DETROIT, MICH. 
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ALuMINUM-CHIP HANDLING SYSTEM 


One of the largest, or perhaps it is the largest, of systems for 
handling aluminum chips that has ever been built, was installed 
at the government-owned plant producing Pratt and Whitney 
aircraft engines at Kansas City, Mo. This adjective applies 
both to the size of the chip-disposal plant and to the rate at 
which the material was handled. We had to take care of 3,333,- 
000 Ib of chips per month. It took more than 60 boxcars per 
month to haul these chips away from the plant. It looked as if 
the manufacturer was in the business of making chips, but a lot 
of engines must have been produced to get such quantities of 
serap. 

Where did it allcome from? Well, there were aluminum crank- 
cases, pistons, cylinder muffs, cylinder heads, and other items. 
Aircraft requirements are rigid both for finish and for the 
elimination of all surplus weight. Most of the total came from 
cylinder heads. These are forgings weighing 70 lb rough and 
only 29 lb finished. Thus 41 Ib of chips were removed from one 
cylinder head and, since each engine had 18 cylinders, there were 
almost 750 lb of these chips alone per engine. Cylinder-head 
chips accounted for 2,000,000 Ib of chips per month, but don’t get 
out your slide rules and start figuring how many engines that 
came from. You see, a lot of cylinders were spares and,* of 
course, some were rejected and scrapped at inspection. 

Construction at this plant was far advanced at the time the 
author was assigned to the solution of aluminum-chip disposal. 
We needed a central location for the chip-receiving and processing 
room, where chips could be brought after they were collected over 
an area of 1,500,000 sq ft. The available space was 700 ft away 
from the railroad siding where the storage bins would have to be 
located. This introduced the problem of transporting huge 
quantities of chips rapidly, but in batches as small as 1- or 2- 
drum loads. Each alloy had to be segregated from the others, 
but there could be no delays in transit, such as waiting 10 min 
for one load of chips to clear out of a conveyer before dumping a 
different alloy into the system. 

Many different arrangements of mechanical systems were con- 
sidered but none of them was suitable for operation by unskilled 
labor. Pneumatic conveyers for main transportation, with 
mechanical feeders and accessories were finally selected to do the 
work. They can follow almost any path so that processing 
equipment can be placed in the best possible locations. Best of 
all, chips stay in a pneumatic conveyer only a few seconds, so that 
it is easy to avoid mixing the alloys in transit. ; . 

Flow Diagram. The flow diagram, Fig. 1, shows hew two 
separate units were used to handle the chips. Unit No. 1 
handled all alloys (called alloy chips) except cylinder-head chips, 
and had a capacity of 1,250,000 lb per month, based on an 8-hr 
day. Unit No. 2 had a capacity of 2,250,000 lb of chips per 
month, based on a 24-hr day. While each unit was complete in 
itself and operated independently, items of equipment could be 
used for either or both units in case of a shutdown for repairs or 
other reasons. 

Collecting the Chips. Alloy chips came from all over the 
manufacturing area. Open steel drums were used as containers 
and were marked to show what alloy each one held. Electric 
platform trucks brought 4 to 6 drums at a time to the chip room. 
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FLOW D/AGRAM FOR UN/T NO.L FLOW DIAGRAM FOR UNIT NO. 2 
DOTTED LINES INDICATE USE OF UNIT N02 EQUIPMENT DOTTED LINES INDICATE USE OF UNIT NO.1 EQUIPMENT 
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Fie. 1 Fiow Driacram or SysTeEM FOR HANDLING ALUMINUM CHIPS 


Cylinder-head chips were gathered at each machine by the 2 Dump hoppers, for dry chips, with primary feeders and 
machine operator who scraped them into a small bucket holding rotary air locks. 
15 to 20 lb of chips. The buckets were hung on an overhead 2 “Dry-chip” pneumatic conveyers (feed ends and blowers). 
trolley conveyer, 4600 ft long, which passed close by nearly every 1 Monorail system. 
machine in the department, and delivered them to the chip room, 
Fig. 2. It also brought the empty buckets back and served as a 
storage line for both full and empty buckets. It was directly be crushed for handling and for compact storing and shipping. 
above and followed the path of the roller conveyer on which the — ygogt_ of them contained liquid coolant and cutting compounds, 
heads were moved from one operation to the next. This arrange- which had to be extracted so that the chips could be shipped dry. 
ment saved a tremendous amount of floor space, avoiding the (Cryshed dry chips bring better prices, The average increas 


customary use of aisles for access to and removal of chips. This was more than 1 cent per lb, but even 1 cent would bring $400,00 
conveyer saved 20 men per shift (or 480 man-hours per day), extra per year. 


Alloy chips were dumped on raking plates in the chip room. 
Some of the chips were bulky cuttings and turnings which had to 


who would otherwise have been required to collect and remove Large pieces of scrap, rags, and other foreign matter were 
the chips from the department. moved at the raking plates, which were elevated above the floot 

Chip Room. The chip room contained the following equip- to a good working height. These pieces and oversized chips and 
ment: turnings were automatically removed from cylinder-head chips 


going through the vibrating screens. 

Cylinder-head chips were dumped manually out of the trolley 
conveyer buckets, at one of the vibrating screens, Fig. 3. The 
idea of automatic dumping was considered, but discarded becau% 


2 “Wet-chip” pneumatic conveyers. 
2 Cyclone receivers with swivel spouts. 
2 Raking plates near crushers with primary feeders and 


rotary air locks. a man was needed to remove rags from the screen wire, and be 
2 Vibrating screens with rotary air locks. could also do the dumping. About 90 per cent of the chips 
_2 Crushers with raking plates, primary feeders, and rotary passed through the screen, and eliminated almost all hand raking 
air locks. and handiing. This was the first time a vibrating screen ¥® 
4 Centrifugal wringers. substituted for a raking plate. The second screen was a stan 


4 Raking plates at wringers. by unit. 
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After passing through the screen, the chips entered the wet- 
chip conveyer for unit No. 2 and were handled in the same way as 
alloy chips. Oversize chips went through the second crusher into 
the wet-chip conveyer. 

Chips were withdrawn from the cyclones through revolving 
spouts which were swung to fill the buckets of the chip wringers, 
Fig. 4. Raking plates near the chip wringers were for wet chips 
which did not require crushing. After the chips were dried in 
the centrifugal chip wringers, they were dropped into dump 
hoppers and were fed into the two dry-chip pneumatic conveyers, 
which delivered them to the storage bins. 

The intake pipes of the wet-chip blowers were used to help 
ventilate the crusher room in the basement. The intake pipes 
for the dry-chip conveyers extended above the roof to prevent 
condensation of moisture on the dry chips. 

Coolant and moisture extracted from the chips flowed by grav- 
ity to a large concrete storage tank under the floor. Here the 
solids settled out and the liquid was pumped out to tank trucks 
to be hauled away. 

Primary feeders, which are short, extra-heavy, screw conveyers, 
were used ahead of the rotary air locks, except at the vibrating 
screens where they were not required. With the primary feed- 
ers, the openings in the bottom of the feed hoppers could be kept 
large to prevent arching of chips. 

There were eight loading points, each of which was provided 
with a new type of rotary air lock, which fed chips into the pneu- 
matic conveyer pipe and prevented the escape of air. The new 
type units did not require any replacement of the seals, compared 
with shutdown and replacement at least once a week in previous 
designs operating in smaller systems. 

The crushers, blowers for the dry-chip conveyers, and rotary 
and primary feeders were installed in the basement, except the 
rotary feeders under the vibrating screens. All other equipment 
in the chip room was installed on or near the first floor. All of 
the operators in the chip room except one worked on the first 
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Fig. 3. Dump at Enp or 4600-FT ConvEYER 


A monorail system with electric hoists handled the wringer 
baskets and was designed so that, in an emergency, any piece of 
equipment in the chip room could be used in either unit No. 1 
or No, 2, excepting the dry-chip conveyers. 

Dry-Chip Conveyers. Con- 
veyers, Fig. 5, delivered the 
chips from the chip room to 
the top of the storage bins. 

Unit No. 1 conveyer, handling 
alloy chips, delivered them to 
any one of bins Nos. 1 to 12, 
inclusive. Each alloy was 
processed and left the chip 
room in small lots, sometimes 
only a single drum load. 

Yet the alloys were not 
mixed in transit and were de- 
posited in separate storage 
bins. There was no delay 
while waiting for the conveyer 
pipe to clear or while switching 
from one bin to another. 

A specially designed twelve- 
port selector valve, Fig. 6, 
located at the discharge end 
of the dry-chip conveyer at 
the top of the storage building, 
directed each alloy to the 
proper storage bin. The 
operator in the chip room, 
knowing to which bin the alloy 
should go, moved the selector 
valve to the proper port, by op- 
erating a push-button control. 


= 415 
reen 


Fig. Swiver Spout 1n Room 


The valve automatically stopped in correct alignment at the 
selected port and chips could not be blown through the conveyer 
pipe unless the selector valve was properly connected. The con- 
trol board in the chip room indicated to which bin the selector 
valve was connected and whether or not the bin was full. The 
electric control prevented sending chips to a full bin and the 
conveyer pipe had to be empty before switching to another bin. 

The dry-chip conveyer for unit No. 2 carried the chips to the 
top of storage bin No. 13. 

In normal operation no one was stationed at the top of the 
storage bins. Conditions up there were unusually good, con- 
sidering the large volume of air discharged from the conveyer 
pipes. There was very little dust, which settled out quickly, and 
the air which escaped through the roof ventilators was quite 
clean. It was easy to work there while the conveyers were 
operating. 

Storage Building. The storage building was a plain rectangular 
structure. The storage bins were concrete with large roller gates 
in the bottom. These gates could be opened wide to break up 
arches in the stored chips. Ordinarily, a gate was only ‘“‘cracked”’ 
open to feed chips. 

The storage bins held a week’s output of chips, or about 750,000 
lb. This large capacity was required because of the possible 
shortage of boxcars during the harvest season or in floodtime. 

The four small bins next to the road had gates and spouts for 
direct loading of trucks. These were used for the miscellaneous 
unclassified chips and for alloys too small in quantity to be 
shipped to smelters but were sold to local scrap dealers and 
foundries. 

Bin No. 13 was 40 ft square, but could be completely filled 
level full from the central discharge point to the farthest corner. 
This was accomplished by a power-driven revolving elbow with 
horizontal discharge. The elbow revolved slowly when unit No. 
2 was in operation and uniformly filled the bin. 
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The discharge elbows at the 
twelve smaller bins were fixed, 
but the 12-ft-sq bins were also 
filled level full. Other methods 
of filling these bins would make 
cone-shaped piles of material at 
the top, losing valuable storage 
space, or would require an ex- 
pensive increase in: height of 
bins, or additional equipment to 
provide equal storage capacity. 

The bins were quite deep and 
we expected the chips to jam the 
way the steel chips did, as de- 
scribed in the next section of this 
paper. Doors were provided 
near the bottom of each small 
bin and walkways for access to 
them. The chips behaved very 
well, however, and only one jam 
occurred to the author’s knowl- 
edge. The chips really flowed 
nicely, probably because the 
crushers had #/,-in. grate open- 
ings. 

Incidentally the chips were so 
dry that there was never any 
drip or pools of moisture on the 
conveyer floor, despite the large 
quantities handled. 

Loading Out. Each of the 
twelve small storage bins had 
one discharge gate and spout at the bottom. The large bin had 
nine gates and spouts. They fed the chips to three drag-chain 
conveyers on the first floor of the storage building, arranged so 
that only one conveyer could operate at a time. 

The drag conveyers were self-feeding and baffles automatically 
regulated the depth of chips on a conveyer. These conveyers 
were wide, malleable iron, refuse-chain type, with the carrying 
run on the bottom. There were completely enclosed with access 
doors at both ends, allowing the operator to watch the chips. 
They carried the chips in a smooth uniform stream and dumped 
cleanly at the end into hoppers feeding through rotary air locks 
into the carloading pneumatic conveyer. 

Cars were loaded by a pipe inserted in the car door after the 
openings were boarded up. On the end of the pipe an elbow could 
be turned to fill both ends of the car. The elbow was retractable, 
and the pipe hinged so it could be moved to provide proper rail- 
road clearance. The blowing action of the pneumatic conveyer 
literally packed and compressed the chips and cars were com- 
pletely filled. They got up to 80,000 Ib in a car where only 
30,000 to 35,000 Ib was the maximum with hand-loading. With 
this system it was possible to load an average railroad boxcar in 
2'/, hr with only one operator. 

The carloading conveyer could also load trucks through 4 
branch discharge pipe ending in a target box. A two-way valve 
directed the chips into either railroad cars or trucks. i 

An emergency line could be used to by-pass the storage bins, 
and connect either of the dry-chip conveyers to the target box to 
load trucks. While the system was being installed, the storage 
bin gates and the drag conveyers were not ready to use, but the 
chips had to be moved. We used the emergency line to load 
boxcars and trucks by making a temporary connection, and the 
large quantities of chips already being produced could be loaded 
out directly from the chip room. ; 

We were told that savings in the first 6 months of operation 
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were enough to pay for the entire 
system including buildings. 


HANDLING SysTEM 


Another system was installed 
at the Pratt and Whitney plant 
at Kansas City for handling and 
storing steel chips, Fig. 7. This 
was designed and installed before 
the aluminum-chip system, and 
we were asked to use all mechani- 
cal equipment, ineluding a 
crusher and chip wringers al- 
ready on the job. 
Turnings were collected all 
over the plant in steel drums 
and in some cases in large dump 
hoppers mounted on platform 
trucks. They were hauled to 
the steel chip room and either 
stored or dumped directly into 
the skip bucket. 
Chip Room. The skip hoist 
and elevated crusher eliminated 
all pits except the small one 
for the hoist bucket. The skip 
hoist was the double-cable type to save headroom, The skip 
tower was enclosed at the bottom and had a safety gate which 
closed automatically to guard the pit when the bucket was 
aised and opened as the bucket reached the loading position. 
Provision was made for installing a future crusher and skip 
hoist. The hoist was push-button controlled. On the “up” 
travel it raised until the bucket was inverted at top position and 
stopped there until brought down by pushing ‘‘down” button. 


Fie. 5 Dry-Curp ConveYers 


Fie. 6 Tweive-Way VALVE 


The skip hoist raised the turnings to an elevated platform and 
dumped them onto a raking plate. There solids, rags, and other 
foreign matter were removed before shoving the turnings into the 
crusher. Solids were dropped into chutes which discharged into 
a steel drum on a skid at the first floor. 

Any large solid pieces which entered the crusher could be re- 
leased to pass through the tramp-iron spout to another steel drum 
at the first floor. 

The turnings passed over a grating covering a by-pass spout. 
Here fine chips and liquid had a chance to by-pass the crusher. 
Both crushed chips and by-pass material dropped into a hopper 
below the crusher. This hopper had an air-operated gate con- 
trolled by an operator who filled the wringer baskets and passed 
them dowa the gravity line to the wringer operators. 

The buckets moved by gravity along a roller conveyer, without 
pushing by the operators. Starting at the end of the return line, 
the conveyer sloped until it reached a point just beyond the 
crusher. Here an automatic electric hoist raised the wringer 
baskets high enough to roll down to the wringers. There was a 
foot-operated stop to hold the baskets back at the crusher, and 
also at each wringer. 

The wringers were small and one man could operate two of 
them atatime. A circular monorail track made it convenient to 
handle the wringer buckets. The dry chips were dumped into 
the loading hoppers of apron conveyer No. 1 and the empty 
buckets were dropped on the short sections of roller conveyer to 
be sent back for more chips. 

Apron Conveyers. The three apron conveyers were all 18 in. 
wide, 6 in. pitch with piano-hinged pans which are the most 
effective for handling metal chips and scrap. Sides were 6 in. 
high, overlapping, and the two inclined conveyers had 4-in-high 
cleats spaced 18 in. on centers. 

Apron conveyers Nos. 1 and 2 operated at a speed of 20 fpm, 
and had a capacity of 300 cfh with intermittent feed. This was 
also the capacity of the skip bucket, at a minimum of 12 trips per 
hr. Apron conveyer No. 3 operated at 40 fpm with a capacity of 
1500 cfh. The entire system was designed for a capacity of 1000 
to 1200 tons per month. 

Inclined apron conveyer No. 1 carried the chips to the top of 
the storage bins and could discharge either into the center bin or 
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to apron conveyer No. 2. The latter was a shuttle conveyer with 
power, reversible travel, remote controlled from the chip room. 
The apron travel was also reversible, automatically controlled to 
operate in the proper direction so that chips would be properly 
deposited in the selected bin. 

Storage Bins. Five storage bins were provided so that different 
kinds of chips could be kept segregated. These were 1020 and 
1040, 2 per cent and 5 per cent nickel, and mixed steels. Each 
bin had a storage capacity of 2000 cu ft. 

They were rather unusual in design with very large bottom 
openings, steep sloping bottoms, and boarded-up side openings 
which proved very useful. The crusher had 1-in. grate openings, 
and the chips that passed through were too large. They tangled 
and jammed in the bins, sometimes in vertical piles 20 ft high, 
which were very hard to dislodge. Gratings of */,in. would have 
been the solution but they were not available. The boarded 
openings provided access to the jams and also a way to 
load trucks by raking the chips over to openings in the gallery 
floor. 

The discharge gates were double rack-and-pinion roller type. 

Loading-Out. Apron conveyer No. 3 delivered the chips from 
the bins either to railroad cars or to trucks. It took about 2 hr 
for one operator to loadacar. This included the time required to 
move the car with a jacking bar. Of course when chips jammed 
up in the bins it took much longer. 


Fig. 7 Puan or System FoR HANDLING 


Oil-Reclaiming. It might be interesting to note how cutting 
oil, extracted from the steel chips, was reclaimed at this plant. 
The dirty oil went from the extractors to a sump where some of 
the fine solids had a chance to settle out. The overflow from the 
sump went into a dirty-oil storage tank underground. 

This oil was pumped into open steam-jacketed: cookers, where 
it was heated to 400 F and boiled until no scum showed on the 
surface. Then it was ryn through a separator which was like 4 
heavy-duty cream separator. This separated foreign matter 
from the oil, and also water, some of which still remained in the 
oil after boiling. 

The clean oil from the separators went to two clean-oil storage 
tanks from which it was pumped into the oil room to be blended 
with new oil for re-use. 


FERROUS AND ALUMINUM-CHIP HANDLING SYsTEM 


The third system has not yet been built, but a description of it 
will help to round out the chip-handling picture. The systems 
described show, respectively, how chips can be pneumatically 
handled and loaded into cars, and mechanically handled 
and loaded into cars. The system to be discussed will show 
another mechanical method of handling with gravity loading into 
cars. 

This plant will produce about a carload of all kinds of chips per 
day. These will include steel turnings, cast-iron borings, 
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aluminum-piston chips, and mixed ferrous chips. Small quanti- 
ties of malleable chips will be thrown in with the cast-iron or 
mixed chips. 

The location, size, and number of storage bins were determined 
by the client, who also wants a separate conveyer for each type of 
material in order to be sure that there will be no mixture or con- 
tamination. Each ferrous bin or two aluminum bins will hold a 
minimum carload. Altogether there are nine bins which will 
take care of about a week’s output or slightly more. The bins 
are located entirely inside the building so that there will be no 
danger of freezing wet chips. This is important because the chips 
will not be dried, 

Hapman conveyers, Figs. 8 and 9, will be used to fill the bins. 
These are a newly developed type using a speciak chain with 
sealed joints. The seals prevent the entrance of moisture or chips 
into the chain joints. The chain runs in steel pipe and can be 
articulated and also bent transversely at the joints, which allows 
it to follow almost any path. The conveyer does not take 
up much space, which helps, because there is very little head- 
room. 

All of the chips are brought to the storage space in small carts. 
Steel turnings are dumped on a raking plate and then go through 
acrusher to the conveyer. The other chips are dumped into floor 
hoppers with gratings to keep out oversized chips. The con- 
veyers are self-feeding and have a capacity of 200 cfh. At the 
top, they have plain discharge openings, so that one bin will 
always be filled first, then the next, and so on, without any atten- 
tion from the operator. ; 

The bins are enclosed to keep dust from escaping, mostly from 
cast-iron chips. The aluminum bins have a partition separating 
them from the ferrous end. Water sprays are provided at the 
cast-iron bins to wet down the chips just before loading them into 
cars, 

For loading-out, the ferrous bins have large roller gates with 
wide hinged chutes. The aluminum bins have the same gates, 
but funnel into swivel spouts which have hinged telescoping 
ends to allow loading inside a truck or boxcar. 

Gutters and a catch basin are provided to catch drip from the 
binsand spouts. This is drained back to the crusher pit, where it 
will collect in a 1000-gal storage tank. Most of the drainage will 
be coolant which is classed as industrial waste and cannot be put 
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Fig. 8 ConsTRuCTION oF HapMAN CONVEYER 


Fic.9 HapmMan CoNVEYER 


into storm or sanitary sewers. Therefore it is pumped out into 
tank trucks to be hauled to a dump. 

A settling basin is provided to trap sludge before the liquid 
enters the storage tank. A sludge bucket in the basin makes it a 
little easier to remove the sludge. The bucket can be lifted out 
by a hoist on the service monorail. 

The operating mechanism for the bin gates and hinged chutes 
deserves attention. It consists of a separate worm-gear drive for 
each unit. There are 16 drives. The worm shafts have squared 
ends, and the operator has a portable, electric, reversible, power- 
clutch driver (like an electric screw driver) with a socket end. 
All he has to do is plug it in, slip the socket on the gear shaft and 
push the button. Right-hand rotation will close a gate or raise 
a hinged chute. Left-hand rotation will open a gate or lower a 
chute. This should save time in the usually slow operation of 
these parts. 

Another feature is the system of poke holes for breaking up 
jams inthe bins. These are all brought to the second floor where 
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they are easily accessible. A movable platform provides access Fig. 10 shows the plan and location of sections in the third 
to the high ones. system. 
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The Coefficients of Thermal Expansion of 
Wood and Wood Products 


By R. C. WEATHERWAX'! anp A. J. STAMM,' MADISON, WIS. 


Because of the lack of data on the thermal expansion of 
natural solid wood and many wood products, such as 
plywood, impreg, compreg, and many others, studies were 
conducted at the Forest Products Laboratory in an effort 
to obtain such data. The coefficients of linear thermal 
expansion, called a were measured on a wide variety of 
wood materials in three structural directions. General 
formulas were developed which permit calculation of the 
coefficients of linear thermal expansion in any grain 
direction of the specimen from the original and final 
specific gravities, the percentage by weight of resin and 
glue present, the percentage of cross-banding, and the 
slope of grain relative to any three axes of reference. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


= coefficient of linear thermal expansion 
a uncorrected where slope of grain exists 
a in fiber direction of solid wood 
a in transverse directions of solid wood 
« of parallel-laminated combined wood-resin-compression 
systems 
= a in tangential direction of solid wood 
= a in radial direction of solid wood 
= a of wood alone in wood-resin and/or glue systems 
= a of resin plus glue in wood-resin systems 
a of plywood 
(Combinations of «, t, or r with w, c, or x indicate directions of 
measurement in these systems.) 
= coefficient of volumetric thermal expansion 
increment sign 
angle of grain to radial plane of block 
angle of grain to tangential plane of block 
angle of tangential diagonal to radial plane of block —-e 
angle of annual rings to tangential plane of block 
axis of rectangular wood block as designated in Fig. 12 
axis of rectangular wood block as designated in Fig. 12 
axis of rectangular wood block as designated in Fig. 12 
= solid cross-sectional area of wood plus resin 
= differential sign 
= modulus of elasticity (subscripts have same meaning as 
for a) 
compressive force necessary to compress parallel resin 
lattice by an amount (ap — a,) At 
specific gravity of wood 
dimensions of block in y-direction 
dimensions of block in z-direction 
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fraction of solid cross section of laminate, consisting of glue 
= fraction of solid cross section of laminate, consisting of 
treating resin 
= weight fraction of glue plus resin in laminates ~ 
= fraction of solid cross section of laminate, consisting of glue 
plus resin 
fraction of solid cross section of glue line, consisting of 
glue plus resin 
= number of glue lines per specimen 
= thickness fraction of combined glue lines relative to total 
thickness of laminate 
thickness fraction of plies of plywood with grain of plies 
parallel to direction of measurement of property 
temperature in degrees Centigrade 
axis of wood block 
axis of wood block 


axis of wood block 


INTRODUCTION 


Wood is an anisotropic material possessing different coefficients 
of linear thermal expansion along its radial, tangential, and fiber 
axes. This anisotropy, modified by the treatments involved, 
remains a basic property of all the derived structural products of 
wood, in which the fiber arrangement is not destroyed. 

Meager data are available on the thermal expansion of natural 
solid wood, plywood, impreg, compreg, and papreg, and none on 
staypak, and hydrolyzed wood, plastics, and laminated sheets. 
Consequently, the studies herein reported were made at the Forest 
Products Laboratory in an effort to obtain such data. The coef- 
ficients of linear thermal expansion (hereafter called a for brevity) 
were measured On each of these materials in the three structural 
directions. The variation of a with specific gravity was deter- 
mined on a series of 26 solid oven-dry specimens of 9 different 
species of untreated wood. The effects of radial compression, 
resin-treating, and cross-banding on the values of @ were deter- 
mined on a series of 23 birch laminates. The values of a for pap- 
reg and hydrolyzed-wood plastic were also determined. 

General formulas were developed that permit calculation of the 
coefficients of linear thermal expansion of wood in any grain direc- 
tion of the specimen from the original and final specific gravities, 
the percentage by weight of resin and glue present, the percentage 
of cross-banding, and the slope of grain relative to any three 
axes of reference. 


METHOD OF MEASUREMENT 


The coefficients of linear thermal expansion a, of each specimen 
were measured radially, tangentially, and parallel to the fibers 
over a temperature range of from +50 to —55 C, using specimens 
10 cm long for measurements in the fiber direction and 1 cm long 
for measurements in the transverse directions. The apparatus 
was a quartz dilatometer of the optical-lever type, Fig. 1. The 
length of the optical lever was 500 cm, and the spacing of the 
mirror legs 0.097428 cm. The meter-long convex scale with a 
radius of curvature equal to the optical-lever length, Fig. 2, could 
be adjusted during a run to accommodate an optical-lever swing 
of 176cm. The zero point and lever deflection were read through 
two telescopes with a magnification of 20, Fig. 3. The .appa- 
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ratus was calibrated against pure an- 
nealed silver, pure annealed copper, and 
calibrated samples of steel and of cop- 
per alloy obtained from the National 
Bureau of Standards. The equations 
for the thermal expansion of the copper 
and silver were taken from the Interna- 
tional Critical Tables (1).2 All four 
samples agreed well, indicating an op- 
tical-lever magnification of 10,264 + 6 
times. Temperatures were measured 
with a copper-constantan thermocouple, 
and type-K potentiometer, calibrated 
against condensing steam, melting ice, 
melting mercury, and subliming dry ice. 
The expansion of the dilatometer was 
calculated from data for quartz taken 
from the International Critical Tables.* 

The measurements were made in an 
air bath with a plate-glass door, in which 
the temperature was controlled by a 
thermostat. Anhydrous alumina gel 
was used as a desiccant within the bath. 
The temperature was varied by the use 
of a surrounding alcohol jacket, cooled 
by circulation through a tank contain- 
ing dry ice and alcohol, and heated elec- 
trically. The complete apparatus is 
shown in Fig. 3. Readings of specimen 
length were taken at +50, +25, 0, —25, 
—40, —55, 0, and +50 C, to an accuracy 
Fig. 1 Quartz Diratometer Usep 1n MeasurinG Coerricientor of +3 deg C, the complete cycle requir- 
LINEAR EXPANSION WITH SPECIMEN IN PosITION FOR MEASUREMENT ing about 6'/; hr. The temperature was 


‘IN Fiser Direction maintained constant to +0.1 deg C for 5 


Arms terminating in metal balls attached to optical lever to lower a : 
center dunt’ of are tower min before each reading was made. 


Fig. 2 Concave Ap- 
JUSTABLE SCALE ON 
Optica Der- 
FLECTIONS ARE READ 


The apparatus was mounted 
on a stone table with the sup- 
porting pillars resting on sand 
beneath the foundation of the 
building and free from contact 
with the building, while the air 
bath was supported by a frame- 
work from the floor, Fig. 3. 
Any vibration of the bath was 
thus prevented from being 
transmitted to the dilatometer 
and the specimen. 


Natura. Woop 


The only thermal-expansion 
data for natural wood to find 
their way into American physi- 
cal, chemical, and engineering 
handbooks were obtained by 
Villari (2) and Glatzel (3) in 
the previous century. Other 


' 2 Numbers in parentheses refer 
Fic. 3 AsssemBLy Usep ror MEASURING COEFFICIENTS OF LINEAR THERMAL EXPANSION, SHOWING to the Bibliography at the end of 
How Arr Batu ConTainine DiLtaToMETER Is MountrED FREE or STONE TABLE ON Wuicu D1LATOME- the paper. 
TER Is SupPoRTED * Reference (1), vol. iv:21. 
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data have been obtained by Struve (4), Hendershot (5), and 
Menzel (6). Menzel is the only one to consider variations in 
a with the specific gravity of the wood (red oak only) and dif- 
ferences between a, and a, (tangentially and radially). He failed 
to find a definite correlation between his two transverse expan- 
sion values and the specific gravity as is obtained in this report. 
He did, however, find a, to be significantly greater than a,, which 
is in agreement with the findings of this study. 

Measurements were made on the following nine species: Sitka 
spruce (Picea sitchensis), white fir (Abies concolor), Douglas fir 
(Pseudotsuga taxifolia), redwood (Sequoia sempervirens), balsa 
(Ochroma logapus), cottonwood (Populus deltoides), yellow poplar 
(Liriodendron tulipifera), yellow birch (Betula lutea), and sugar 
maple (Acer saccharum), using specimens of low, medium, and 
high specific gravity for each species except balsa. The samples, 
10 X 1 X 1 em in size, were cut from clear wood specimens previ- 
ously used at the Laboratory for moisture content - shrinkage stud- 
ies as part of extensive strength investigations (7) (except for 
balsa). 

The experimental data for yellow birch are presented graphi- 
cally in Fig. 4. The expansion increases with an increase in tem- 
perature slightly more at high than at low temperatures. For this 
reason both a+50 a+5o to o have been calculated and used 
separately in comparisons. For ordinary use, however, these 
differences may be neglected. In all cases the descending 
and ascending temperature changes gave practically identical 
results; the average variance between the two slopes for all the 
species and modified wood products was +0.4 per cent. 

The a values determined between +50 C and 0 C and corrected 
for the slight variations in slope of grain as shown in Appendix 
lare plotted in Fig. 5. The values of @ in the radial and tangen- 
tial directions (a, and a) increased in all cases with the specific 
gravity, but the a values parallel to the fibers (#z) were appar- 
ently independent of specific gravity and approximately the 
same for all the species studied. The radial and tangential values 
of @ fall into three groups; Sitka spruce, 
white fir, Douglas fir, redwood, cottonwood, 50 (- 
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LEGEND | | 
and yellow poplar all having approximately SPECIES a, & XK, | | 
the same - specific gravity relationship; & 
birch and maple fall into another group with | 
lower values of a than the specific gravity / 
would indicate; while balsa stands alone sirma spruce A 
with considerably larger values of a than |  #&owooo e 4 8 * 
would be expected on the basis of the spe- 98 | 4 
cifie gravity. The redwood and Douglas fir 
specimens with the highest specific gravity 4 
each gave lower values of (a, and a,, see 3 ] © 
nomenclature) than would beexpectedonthe « / o| 
basis of the other specimens. The redwood x 
specimen contained some compression x 
wood, which perhaps accounts for the low * / >. 
values of and the highest values of *? 
all the woods. This is characteristic of com- / / A 
pression wood in expansion due to swelling. 15 / wt ri a 
The Douglas-fir specimen with the highest A 
specific gravity showed signs of having been 
casehardened in drying, which may have 
restrained the thermal expansion. ys 
The points in Fig. 5 are too few to show st ts 6- —) 4,“ = 
conclusively whether a varies linearly with 
specific gravity in the transverse directions. dé a 


represent the data about as well as any 
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other relationship, except perhaps in the Fic.5 RELATIONSHIP OF COEFFICIENT OF LINEAR THERMAL EXPANSION OF NINE SPECIES 


¢ase of balsa. 
Table 1 gives the values of « in the three 


or NaturaL Woop BretweEEN 0 anp +50 Dec C IN THE THREE DitFFERENT STRUCTURAL 


Drrections To Specrric Gravity or Woop 


D- 
id 
ct 
e- 
3 
ng 
on 
ng 
by 
er 
fer 


424 


structural directions determined between +50 and —50 C and 
between +50 and 0 C for each of the nine species with specific- 
gravity values approximately equal to the average for the species. 
The a values were obtained from Fig. 5, and a similar figure for 
the measurements was made between +50 and —50 C. Straight 
lines through the origin were drawn through the data for each 
species separately. The point on the lines corresponding to the 
average specific gravity of the species was taken from the tables 
of properties of Markwardt and Wilson (7). The average spe- 
cific-gravity values given in the table thus represent the true aver- 
age for the large group of specimens from which the specimens 
of this report were chosen. 


TABLE 1 AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION PER DEG C OF NINE SPECIES OF SOLID WOOD 
OVER TWO DIFFERENT TEMPERATURE RANGES FOR THE 

AVERAGE SPECIFIC GRAVITY OF SPECIES 


—at X 10&~—ar X X 10. 

Average +50 +50 +50 +50 +50 +50 

specific to—50 to 0 to—50 to0 to—50 to0 
Species gravity® degC degC degC degC d 
Sugar maple...... 
Yellow poplar... 
Cottonwood... . 


Douglas .. 

Sitka spruce. . ak 
Redwood¢ 


@ Average specific gravity (based on weight and volume when oven-dry) 
taken from tables of properties given by Markwardt and Wilson (7), or 
specimens from which the test specimens of this report were chosen. 

+ Specific gravity average of values for two specimens tested. 

¢ Low transverse values of a for highest-specific-gravity specimen were 
omitted. 


Menzel (6) gives average values of a for yellow birch (a, = 
32.0 X 10-*, a, = 26.3 X 10-*,a, = 2.0 X 10~-* per deg C) and 
for yellow poplar (a, = 29.9 X 10~*, a, = 28.3 X 10~* per deg C), 
which are in reasonably good agreement with the values given in 
Table 1. Villari (2) gives values of a for maple (a, = 48.4 X 
10-* and a, = 6.4 X 10~* per deg C) that are somewhat higher 
than the values of this report. 


BrrcH-VENEER LAMINATES 


A limited amount of data is available on the coefficient of 
linear thermal expansion of laminated compressed wood. A 
progress report of the British Forest Products Research Labora- 
tory (8) gives values for synthetic-resin film glue-bonded parallel- 
laminated compressed wood made from rotary-cut birch veneer 
(Jicwood) of a, = 147 = 10 X 10-®* per deg C, and a,, = 58 + 
5 X 10-* per deg C for material with a specific gravity of 1.25; 
and a,, = 157 = 8 X 10~* per deg C, and a, = 59 = 5 X 107* 
per deg C for material with a specific gravity of 1.35, where a, 
is the linear thermal expansion of the laminate and the subscripts 
r, t, and « indicate the radial (direction of compression) tangential 
and Jongitudinal values. Greenhill (9) reported values for 
parallel-laminated compressed boxwood, hoop pine, and Austral- 
ian mountain-ash compreg (specific gravities 1.35 to 1.39) of 
a, = 8 X 10~-* per deg C, a,, = 102 X 10~* per deg C, and a,, 
= 70 X 10-* per deg C. Turner (10) reports values for low- 
resin-content parallel-laminated maple pregwood of @., = 4.7 X 
10~* per deg C, and a,, = 63.5 X 10~* per deg C; and for high- 
resin-content material of @, = 5.9 X 10~® per deg C, and a,, = 
68.7 X 10-* per deg C. Turner’s results are in good agreement 
with the following values, but the other two investigators’ results 
appear high: ; 

Rotary-cut yellow-birch sapwood veneer '/;. in. thick was used 
to study the effect of gluing, resin treatment, and compression 
upon the values of the coefficient of linear thermal expansion. 
In all cases the treated or untreated veneer in the dry but uncured 
condition was spread with phenolic-resin glue (Resinous Products 
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PR14), conditioned at 30 per cent relative humidity, and 80 F, 
and laminated and cured at 310 F for 30 min under varying pres- 
sures. Two series of specimens were made from untreated 
veneer with glue spreads of 3 to 4 g per sq ft per glue line, and 7 
to 8 g per sq ft per glue line under different degrees of compression. 
Two series of specimens were made from resin-treated veneer, 
using Bakelite BR5995 according to the Forest Products Labora- 
tory procedure (11). In one series the resin content was practi- 
cally constant and the degree of compression varied, while in the 
other series the resin content was varied and the degree of com- 
pression held reasonably constant. All the laminated specimens 
were dried at 105 C, and stored over phosphorus pentoxide for 
periods varying from three months to over a year. 

a Parallel to Grain. Table 2 gives the data for the coefficient 
of linear thermal expansion of the laminates in the fiber direction, 
a... The data indicate that there is no significant change in 
@., with changes in the degree of compression. The presence of 
both glue line and treating resin, however, does increase the @,, 
values. Because of this it seemed worth while to try to express 
the @, values in terms of @», the wood component, and ap, the 
total resin-plus-glue component, as acting in parallel combination 
against each other. The following general equation is derived 
in Appendix 2 


Ea,(1 — n,) + Epagn, 
E,(1 — n,) + Egn, his {51] 


ae 


in which E is the modulus of elasticity and n, is the fraction of 
the cross section of the wood-resin system made up of resin-plus- 
glue component in a plane at right angles to the direction of meas- 
urement. Ep and ag will not vary with the different directions 
in the wood because of the isotropic nature of the resin. F,, 
a,, and a,, on the other hand, will vary with the direction of the 
grain of the wood. Hence these symbols will have to be followed 
by subscripts «, ¢, or r for thermal expansion in the fiber, tangen- 
tial, and radial directions, respectively. 


TABLE 2 COEFFICIENTS OF LINEAR THERMAL EXPANSION OF 

ROTARY-CUT BIRCH LAMINATES IN THE FIBER DIRECTION, 

ace WITH DIFFERENT RESIN CONTENTS AND DEGREES OF 
COMPRESSION 


Resin + glue 
content, nR 
gravity of fraction of 
product total weight 
0. 0. 
0.962 0. 


acu X 108 


Observed, Calculated, 
per deg C per deg C 


Specific 
Error, 
per cent 


Disregarding sign. 


In using Equation [51] the experimental fractional resin con- 
tent np, which is expressed on a weight basis, was converted to 
n, on a volume basis by considering the specific gravity of the 
resin to be 1.28 and of the wood substance to be 1.46. Term n, 
was calculated from n, by considering the resin to be distributed 
in a continuous manner in the fiber direction. The fractional 
length in the fiber direction consisting of resin is thus 1.0 and in 
the two transverse directions (n,)'/?. Hence for measurements 
in the fiber direction n, = n, and for measurements in the trans 
verse directions 


(n,)'/* 
 (n)'2 + A — n)'/* 


51 42.7 45.0 27.9 27.1 3.16 3.52 
42 32.3 34.6 23.8 23.9 3.15 3.50 
40 32.6 31.6 21.8 21.7 3.34 3.90 
42 35.1 35.8 23.6 23.9 4.28 4.59 
i 
25 3.46 + 6.45 
67 3.52 —4.08 
866 0.332 65 4.87 +4.73 
"205 0.335 90 4.89 0.80 
158 0.040 21 3.49 +8.71 
.310 0.335 -16 465 
308 0.3 : 513 +5.55 
as 
= 


To test Equation [51] for thermal expansion in the fiber direc- 
tion, it was solved for Fp, giving 


E x 
n, (My = ap) 


E,, in compression was determined from strength data for birch 
parallel to the grain by correcting to 0 per cent moisture content 
and extrapolating the modulus of elasticity - specific gravity rela- 
tionship to a specific gravity of 1.46, that of wood substance 
(7, 12) giving Ey. = 6.85 X 10° psi; %o» = 3.36 X 10~* per deg 
C was taken from Table 1 for solid wood; agp = 34.48 * 107 
per deg C was determined experimentally on a bar of cast treating 
resin (BR5995) between +50 and —55 C. This value compares 
favorably with values of 14 to 44 X 10-® per deg C, given by 
Souder and Hidnert (13), and 25 to 60 X 10~* per deg C, taken 
from the “Plastics Properties Chart” (14) for phenolic resin. 
Using these data, the experimental values of a., and nz for one 
of the laminate specimens, and Equation [1], 2g was calculated 
to be 6.18 X 105 psi. There are no corresponding moduli of 
elasticity values in compression given for phenolic resin in plastic 
tables, but the Plastics Property Chart for 1944 gives values 
in tension of 7 to 10 X 10° psi, which are in good agreement with 
the calculated values in compression. 

Calculated values for @. were obtained for each of the experi- 
mental resin contents by substituting the values for Fy.s, Aes, 
Ex, ap, and n, in Equation [51]. These calculated values of 
@., together with the observed values are given in Table 2. The 
agreement between the two in general is good. 

Fig. 6 shows the calculated curve for @., versus resin content 
and the points for the observed values of @.. 

a Tangential. The coefficient of linear thermal expansion of 
the laminates in the tangential direction is complicated in that it 
is dependent upon the original specific gravity of the wood and 
the specific-gravity change due to compression, as well as upon 
the combined glue and resin content acting in parallel combina- 
tion against the wood as in the case of @,. : 

In order to separate the effects of resin content and compres- 
sion, Equation [51] was solved for a,,,, giving 
Oy = ay, + = 


E 


wi s 


E, and az having the same values as in the case of the expansion 
parallel to the grain. E,, = 2.93 X 10° psi was obtained from 
transverse-compressive-strength data for birch by correcting to 
0 per cent moisture content and extrapolating the modulus of 


elasticity-specific gravity relationship to the specific gravity of — 


wood substance 1.46 (7, 12); n, was calculated from np, as indi- 
cated under the heading ‘‘a Parallel to Grain.” Values of ay 
for the compressed wood were calculated from the experimental 
values of a,,, Table 3, using Equation [2]. Values of a, for the 
original untreated and uncompressed veneer were taken from Fig. 
7. The difference between these two values, Aa,, is plotted 
against the increase in specific gravity of the wood portion of the 
laminates AG, caused by compression (the final specific gravity of 
the laminate times (1 — Nr) minus the original specific gravity 
of the resin-free wood). The Aa,, values increase rapidly at first 
With increases in specific gravity, but soon reach a near optimum 
Value, whereas the Aa,, values for normal wood seem to vary 
linearly with specific gravity over the normal specific-gravity 
Tange. This can be explained on the basis of the change in cross 
section of compressed fibers, as shown in Fig. 8. Owing to tan- 
gential restraint in pressing, the partly circular fibers become more 
nearly rectangular. Although the fiber-cavity diameter in the 
radial direction decreases greatly, it is but slightly changed in 
the tangential direction. An increase in the amount of wood sub- 
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Fic.6 CALCULATED CURVES FOR COEFFICIENT OF LINEAR THERMAL 
EXPANSION OF COMPRESSED Rotary-CutT YELLOw-BircH LAMINATES 
Wiru ORIGINAL Speciric GRAVITY OF THE Woop oF 0.6 AND A FINAL 
Speciric GRAVITY OF 1.2 VERSUS THE COMBINED RESIN AND GLUE 
CONTENT EXPRESSED AS A Fraction or Totat Dry 
ToGcetTHer Pornts FoR OBSERVED VALUES ON SPECIMENS OF 
DIFFERENT Speciric Gravity TAKEN From TaBLes 3, 4, anv 5. 


stance effective in causing expansion in the tangential direction 

occurs primarily as a result of squaring of the rounded fibers, 

which presumably is greatest in the early stages of compression. 

The curve levels off rather abruptly when the applied com- 

pression in laminating exceeds the elastic limit in compression. 
An empirical equation 


0.7726 
= a, + = + (12.120 — ) 


AG + 0.0624 
X per deg C...... [3] 


relating the increase in a,, with the increase in specific gravity AG, 
was derived from the Aq,,, curve in Fig. 7 where a, is the value 
for the normal uncompressed solid wood obtained from Fig. 7. 
Substituting the values of a,, for the laminates with different 
degrees of compression and the corresponding values of n, in 
Equation [51], calculated values of a, were obtained. These 
are given in Table 3 together with the observed values. The 
agreement, in general, is good. Calculated curves for the relation- 
ship of a,, to the fractional resin content are plotted in Fig. 6, for 
laminates with an original specific gravity of the wood of 0.6, 
compressed to a specific gravity of 1.2. The plotted points are 
the calculated points for laminates with the experimental total 
resin contents, corrected by the difference between the corre- 
sponding calculated and observed values of Table 3. 
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TABLE 3 


MAY, 147 


COEFFICIENTS OF LINEAR THERMAL EXPANSION OF ROTARY-CUT BIRCH 


LAMINATES AT RIGHT ANGLES TO FIBER DIRECTION IN PLANE OF PLIES, act WITH 
DIFFERENT RESIN CONTENTS AND DEGREES OF COMPRESSION 


Number -—Specific gravity — Glue 
riginal content; 
glue untreated Final fraction of 
lines, N wood product 
0.722 
0 


eos 


* Disregarding sign. 
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FoR COMPRESSED WOOD 


0 Or 02 03 04 05 0.6 07 08 

SPECIFIC GRAVITY OF THE ORIGINAL UNTREATED UNCOMPRESSED WOOD 

ANDO THE INCREASE IN SPECIFIC GRAVITY OF THE COMPRESSED LAMINATES 
(BASED ON WEIGHT AND VOLUME WHEN OVEN ORY) 


Fic.7 INcREASE IN COEFFICIENTS OF LINEAR THERMAL EXPANSION 
or Woop Portion or Rorary-Cut YELLOW-BircH LAMINATES IN 
TANGENTIAL AND RapiAL Directions VERSUS SPECIFIC-GRAVITY 
INCREASE CaUsED BY RADIAL COMPRESSION, TOGETHER WITH THE 
INCREASES IN THE COEFFICIENTS OF LINEAR THERMAL EXPANSION 
RESULTING FROM NATURAL INCREASES IN SPECIFIC GRAVITY 


a Radial. Still greater complications enter into the calculation 
of a,,.. The wood and resin in parallel with each other in the fiber 
direction in both the glue-line zone of the plies and the portion 
free from glue will restrain each other in parallel in the same way 
as was shown to be the case for @, and a,,._ In @,,, however, there 
is the added effect of the plies and the glue lines, which are in 
series with each other, having different thermal-expansion values 
in the direction of compression. In the simple case where the 
glue line and wood are discrete and no resin penetrates the wood 


Ay qa — + arN, 


Resin + glue 
content, ———aet 1 

fraction of 
total weight total weight 


xX 
Observed, Calculated, 
per deg C_iper deg C 


Average 


RADIAL 


TANGENT/AL 
A 


Fie. 8 DiaGRAMMATIC SKETCH OF THE CROSS SECTION OF Woop 
FIBERS IN A THE UNCOMPRESSED, AND B THE COMPRESSED |orM 


TANGENTIAL 


where \, represents the fractional thickness in the radial direction 
made up of glue lines, and ag is the coefficient of linear expansion 
of the resin, in this case the glue only. In actual practice the 
glue line is irregular, with irregular penetration of resin from one 
to several fiber widths deep in each direction, and with almost 
perfect wood-to-wood contact in places and resin-filled gaps in 
other places. As the laminating pressure increases, the wood-to- 
wood contact improves. Under such conditions the data indi- 
cate it to be preferable to assume that the glue line consists of 
glue-impregnated wood rather than assuming the glue line to be 
discrete glue. For untreated wood, Equation [4] then becomes 


cr = Ayr 


x N,.. 8 


where n, is the fractional cross section of the glue in the glue line. 


_ For treated wood 


1 ny) + ark pn, 
(1 — N,) + 
+ 


E (1 — + gn, 


he = 


(6) 


where n, is the fractional cross section of the glue plus resin it 
the glue-line substance, and n, is the fractional cross section of 
the treating resin within the solid substance of the plies, assum 
ing that the treating resin in the part of the plies constituting 
glue line is the same as in the bulk of the plies. 

A number of microscopic measurements were made to estimate 
the glue-line thickness considering it the total thickness to whieh 
an appreciable amount of glue penetrates. The average value 
for all the laminates was about 0.018 + 0.015 cm. Multiplying 
this value by the number of glue lines N, and dividing by the 
thickness of the specimen in centimeters, gives the accumulative 
glue-line thickness per 1 cm. thickness of specimen and the frae- 
tion of the thickness N,, made up of glue lines. For untreated 
wood 


0.031 40.29 40.00 — 0.72 
be 0.049 38.01 40.42 + 6.43 
ape a 13 493 .178 0.047 0.047 38.99 38.49 — 1.28 
13 493 . 298 0.047 0.047 37.88 38.59 + 1.87 
ee tae. 6 621 .678 0.085 0.085 35.42 35.97 + 1.55 
8 648 . 793 0.073 0.073 42.20 41.44 — 1.81 
ae ae: 11 643 .050 0.083 0.083 44.35 42.99 — 3.07 
| 14 656 .364 0.089 0,089 45.73 43.52 — 4.84 
Pr 5 545 .856 0.006 0.332 35.11 35.34 + 0.65 ‘ 
8 613 .305 0.009 0.335 39.24 39.05 — 0.48 
13 613 0.015 0.341 38.64 39.05 + 1.06 
11 0.538 . 169 0.040 0.040 40.21 40.26 + 0.12 
ll 0.600 0.018 0.248 39.47 39.44 — 0.08 ] 
11 0. 582 .310 0.013 0.335 43.08 38.42 —10.80 
11 0.577 323 0.013 0.340 38.64 38.24 — 1.03 
11 0.583 .308 0.013 0.343 39.32 38.34 — 2.50 t 
11 0. 567 .249 0.013 0.370 37.65 37.64 — 0.03 
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where n, is the glue content expressed as the fraction of the solid 
cross section of the laminate. 
For treated wood 


+ nN, 
+N, + —n,)N, 


Equation [5] was solved for a,,,, using the same values of Ep 
and ap that were used in calculating @., and a, E,, = 4.33 X 
10° psi, obtained from compression data in the radial direction 
corrected to 0 per cent moisture content and a specific gravity of 
1.46, and experimental values of @,, for the various untreated 
laminates. These values, expressed as Aa,,,, are plotted in Fig. 7, 
together with the values for Aa,,. The fact that the da, curve 
is much steeper than the Aa,, curve is due to the radial compres- 
sion, which increases the effective amount of wood substance per 
unit distance in the radial direction much more than in the tan- 
gential direction, Fig. 8. 

An empirical equation was developed for the change in ¢coef- 
ficient of thermal expansion of the wood a,,., as follows 


AG + 0.041 


X 10-* per deg C...... [9] 


from the curve in Fig. 7 which shows the relation of Aa,, to 
the change in specific gravity. Substituting these values for 
a,, in Equations [5] and [6], calculated values for a, were ob- 
tained. These are given in Table 4. The agreement between 
the observed and calculated values again is good. Calculated 
values for the relation of a@,, to the fractional resin content are 
plotted in Fig. 6 for laminates, with an original specific gravity 
of the wood of 0.6 compressed to a final specific gravity of 1.2. 
Again, the plotted points are the calculated points for laminates, 
with the experimental total resin contents corrected by the dif- 
ference between the corresponding calculated and observed values 
of Table 4 for compressed laminates. 


Brrcw 


The coefficient of thermal expansion of plywood in the thick- 
hess direction is practically the same as that of parallel-lami- 
nated material. This is shown in Table 5 where the calculated 
values for a,, have been obtained for plywood, using the same 
equations as those developed for parallel-laminated material. 
The agreement between calculated and observed values in Table 


lue- Glue 
ine thickness, Specific gravity———~ content, 
Number of Nog; fraction Original fraction of 
glue lines, of total untreated Final total weight 
N thickness wo product of wood 
5 0,096 0.697 0.722 0.031 
8 0.150 0.553 0.945 0.049 
13 0.240 0.493 1.178 0.047 
13 0.237 0.493 1.298 0.047 
6 0.136 0.610 0.678 0.085 
8 0.119 0.648 0.793 0.073 
ll 0.163 0.643 1.050 0.083 
14 0.204 0.656 1.364 0.089 
5 0.094 0.545 0.856 0.006 
8 0.148 0.613 1.305 0.009 
13 0.239 0.613 1.346 0.015 
ll 0.208 0.538 1.169 0.040 
ll 0.209 0.600 1.305 0.018 
ll 0.215 0.582 1.310 0.013 
ll 0.218 0.577 1.323 0.013 
0.214 0.583 1.3 0.013 
1 0.209 0.567 1,249 0.013 


TABLE 4 COEFFICIENTS OF LINEAR THERMAL EXPANSION OF ROTARY-CUT BIRCH LAMINATES IN DIRECTION OF PRESSING 
ac WITH DIFFERENT RESIN CONTENTS AND DEGREES OF COMPRESSION 
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4 for parallel laminates and Table 5 for plywood in each case is 
practically identical. 

The coefficient of linear thermal expansion of plywood in the 
sheet directions is, of course, different from that for the parallel 
laminates because of the restraint of the plies running in the 
fiber direction upon the cross-bands. 

The situation, however, is similar to that from which Equation 
([51] was derived. By strictly analogous reasoning, the equation 


+ N,) 


10 
E.Ns + E(1—N,) [10] 


may be derived. In Equation [10] F£, and E, are the Young’s 
moduli for the plies parallel to the grain and in the tangential 
direction, respectively; N, is the fractional thickness of the ply- 
wood made up of plies parallel to the face-ply grain; and @, 
and a, are the linear thermal coefficients of the unassembled 
plies. 

The E, and E, of resin-treated pieces are the sole unknowns in 
Equation [10]. They may be calculated, however, using the 
equations 


E, = E,, (1—n,.) + [11] 


and 


E, 


where E,, is the handbook value of the modulus of elasticity in 
compression corrected for moisture content and the observed 
specific gravities, the other symbols having their usual signifi- 
cance. In Equations [11] and [12] the # in compression, cor- 
responding to the observed specific gravity, is used because, un- 
like the conditions in the derivation of Equation [51], the stresses 
applied are external and equivalent to the stresses applied in the 
determination of the handbook values. This method of obtain- 
ing E is identical with the method used in obtaining the modulus 
of elasticity of plywood (15). 

To test Equations [10, 11, 12], the values of @.. and a@,, for 
the individual plies were calculated, using Equation [51], and 
then substituted in Equation [10]. The £, and E, values of 
Equation [10] were derived from Equations [11] and [12]. The 
basic data used were as follows 


Ep = 6.18 X 105 psi 

E.,, = 4.69G X 10° psi (12) 
Ey, = 2.01G X 105 psi (7) 

« = 3.36 X 10-* per deg C 


Glue + resin 


Resin content of 
content, glue line, ng, acre X 108°———— 
fraction of fraction of 
total weight cross section Observed, Calculated, Error 

of wood of glue line per deg C per deg C per cent 
0.0 0.660 36.64 36.92 + 0.76 
0.0 0.620 63.64 64.57 + 1.46 
0.0 0.482 62.76 62.63 — 0.21 
0.0 0.487 65.34 63.00 — 3.59 
0.0 0.705 35.00 31.54 — 9.85 
0.0 0.716 57.18 60.35 + 5.52 
0.0 0.662 68.91 67.76 — 1.67 
0.0 0.626 60.17 69.17 +14.95 
0.326 0.673 37.05 41.83 +12.91 
0.326 0.643 55.20 — 8.50 
0.326 0.649 55.58 49.97 —10.10 
0.0 0.464 63.44 65.21 + 2.80 
0.230 0.657 59.14 52.09 —11.92 
0.322 0.634 54.23 49.73 — 8.30 
0.327 0.647 55.69 49.57 —11.00 
0.330 0.650 .83 49.43 

0.357 0.662 48.41 47.92 —1.01 
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TABLE 5 COEFFICIENTS OF LINEAR THERMAL EXPANSION OF ROTARY-CUT BIRCH PLYWOOD IN DIRECTION OF PRESSING 
ar, WITH DIFFERENT RESIN CONTENTS AND DEGREES OF COMPRESSION 


Total 
glue line Glue 
thickness, Ng; Specific gravity content, 
Number fraction Original fraction of 
of glue of total untreated Final total weight 
lines, V thickness wo product of wood 
0.098 0.698 0.776 0.031 
8 0.149 0.572 0.948 0.043 
10 0.199 0.578 1.185 0.046 
4 0.090 0.525 0.850 0.022 
8 0.160 0.740 1.302 0.020 
8 0.170 0.589 1.330 0.023 
* Disregarding sign, 
The value of a,, was calculated from Equation [3]. Table 6 


shows the calculated and observed values of @,, and a,,. The 
agreement between the observed and calculated values is qualita- 
tive but not quantitative. This is undoubtedly due to the fact 
that in the derivation of Equations [51] and [10] no correction 
for shear was introduced. In Equation [51] it was not necessary 
since the bonds between the two networks of fibers make them 
effectively one. In Equation [10], however, there is undoubtedly 
some strain along the glue lines, and, further, an effect which 
might be termed “washboarding” occurs. If a piece of cross- 
banded plywood is cut smoothly and then heated, an uneveness 
may be detected in the once smooth cut. This is washboarding. 
Fig. 9 shows the effect for both heating and cooling. — 

Due to imperfect restraint, the tangential plies both expand 
and contract more than they would if restraint at the glue lines 
continued throughout the thickness of the plies. Observed coef- 
ficients of linear thermal expansion in the plane of the plies of 
plywood should thus always exceed the calculated values. 
Table 6 shows that this is generally true. Turner’s (10) calcu- 
lated and observed values for a of cross-banded maple compreg 
show the same trend, although his percentage variation Aa is 
smaller, due possibly to his use of larger samples. Unfortunately 
the difference cannot be calculated, so the best that can be said 
of Equation [10] is that it probably represents the linear thermal 
expansions of the body of large sheets of plywood, but that it 
fails when expansion at the edges must likewise be considered, 
as would be necessary for small specimens. 


Rorary-Cut VENEER LAMINATES OTHER THAN BircH 


Because of the limited data obtained on the coefficient of linear 
thermal expansion of Douglas fir, Sitka spruce, and sugar maple, 
they cannot be subjected to the same rigorous theoretical analysis 
as the data for birch laminates. Table 7 gives the experimental 
values for a, in the three different structural directions, and the 
coefficient of volumetric thermal expansion 8 for both impreg and 
compreg made from these three woods. The values are in reasona- 
bly good agreement with those for birch. 


PAPREG 


Two samples of papreg were made from Mitscherlich-base 
laminating paper impregnated with spirit-soluble phenolic resin 
BV16526. The resin content was 36.5 per cent of the weight of 
the treated paper. The panels, one parallel-laminated and the 


Glue + resin 


Resin content of 
content, glue line, ng; 
fraction of fraction of —- ar X 10—-———. 

total weight cross section Observed Calculated, Error, 
of wo of glue line per deg C per deg C per cent 
0.0 0.660 50.77 57.42 +13.10 
0.0 0.598 64.51 65.50 + 1.53 
0.0 0.527 67.10 66.60 — 0.74 
0.326 0.808 35.78 38.68 + 8.10 
0.326 0.728 55.54 50.05 — 9.88 
0.326 0.734 58.66 49.52 —15.60 
Average 8.154 


LONG/TUDINAL PLY 

/ TRANSVERSE PLY 


a 8 Cc 


Fig. 9 DiIaAGRAMMATIC SKETCH OF EpGE WASHBOARDING oF PLy- 

woop Due To DirrERENT COEFFICIENTS OF LINEAR THERMAL EXx- 

PANSION IN Two SHeet Directions, SHOWING THAT ObsERVED 

EXPANSION ca AND CONTRACTION ce EXCEEDS THE TRUE EXPANSION 
cb+ anp TruE CONTRACTION cd+ 


(A, Held at cutting temperature. B, Heated above cutting temperature 
, Cooled below cutting temperature.) 


other cross-banded, were compressed under a pressure of 250 psi 
at 325 F for 25 min. 

The coefficients of the parallel-laminated material a,., were 
determined parallel to the fiber a-x, at right angles to the fiber in 
the plane of the laminate a,, and at right angles to the plane of 
the plies (direction of pressing) @,,, and are given in Table 8. In 
the cross-banded material only.the coefficient parallel to the face 
plies in the plane of the plies, 1, and that in the direction of 
compression a,,, were determined. The panel on which measure- 
ments were made contained 179 sheets so that a,, could exceed 
a,, by only about 1 per cent. Another respect in which the cross- 
banded papreg differs from plywood made from relatively thick 
plies is that the phenomenon of washboarding, illustrated in 
Fig. 9, is negligible, as the plies are so thin that unbalanced end 
effects within the plies are practically prevented. 

It is of interest that ac. for parallel-laminated papreg is appreci- 


TABLE 6 COEFFICIENT OF LINEAR THERMAL EXPANSION OF ROTARY-CUT BIRCH PLYWOOD IN PLANE OF PLIES 
WITH DIFFERENT RESIN CONTENTS AND DEGREES OF COMPRESSION 
——-Specific gravity —— Resin + glue 
Number Original content, R; - azx X 
of glue untreated Final fraction of Observed, Calculated, Error, Observed, Calculated, Error, 
lines, NV wood product total weight per deg C per deg C per cent per deg C per deg C per cent 
2 0.698 0.776 0.027 5.29 4.68 —11.5 
4 0.698 0.776 0.031 5.71 5.13 —10.1 7.61 7.03 - 
8 0.572 0.948 0.043 6.72 5.31 —21.0 7.02 6.28 —10 5 
10 0.578 1.090 0.046 6.99 5.35 —23.5 7.18 6.09 —15.2 
10 0.612 1.185 0.046 7.16 5.36 —25.1 7.84 6.11 —22.0 
4 0.525 0.850 0.348 6.74 7.44 +10.4 9.85 10.01 + 1.6 
8 0.740 1.302 0.346 8.84 7.70 —12.9 9.10 9.10 + 0.0 
8 0.589 1.333 0.349 8.73 7.49 —14,2 9.25 8.78 — §.1 
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TABLE 7 COEFFICIENTS OF LINEAR AND CUBICAL THERMAL 
EXPANSION OF DOUGLAS-FIR, SITKA-SPRUCE, AND SUGAR- 
MAPLE IMPREG AND COMPREG 


Specific "R, acu X act X acer X BX 
gravity of ~~, deg 10%, per 10%, per 10% per 10%, per 

Species product deg C deg C deg C deg C 
Douglas fir..... 0.880 oan 5.95 32.52 42.89 81.36 
0.506 0.322 5.46 31.20 ° 21.34 58.00 
Sitka spruce.... 0.972 0.338 4.05 33.36 45.20 82.61 
0.565 0.310 4.74 30.89 24.38 60.01 
Sugar maple.... 1.347 0.342 5.31 42.26 55.09 102.66 


0.987 0.361 5.42 36.57 37.23 79.22 


bly larger than a, for birch compreg, whereas a,, for papreg 
is much smaller than the corresponding value of a,, for compreg. 
These differences reflect the lower degree of fiber orientation in 
the plane of the plies in paper. The same comparison can be 
made between a,, for cross-banded papreg and cross-banded 
compreg. 

According to the Plastics Properties Chart (14), the average 
a value for paper plastics, ranging in specific gravity from 1.30 to 
1.36, varies from 17 to 25 X 10~* per deg C. This upper limit is 
in good agreement with the average a value for parallel-laminated 
and cross-banded papreg in the three structural directions, 
28.35 X 10~® per deg C. 


Hypro.yzEp-Woop PLAstic AND 
SHEET 


Only one sample each of molded hydrolyzed-wood plastic in 
bar form and hydrolyzed-wood sheet panel were run. The data 
are given in Table 8. The former material was made from acid- 
hydrolyzed maple sawdust (16). The product contained 39.3 
per cent lignin, the soluble-to-insoluble lignin ratio being 44.2 per 
cent. The molding powder contained 30 per cent of Bakelite 
phenolic resin BR1922. The bar was formed in a mold under a 
pressure of 4000 psi at 155 C for 10 min. In such a product 
molded from powder, the physical properties are essentially the 
same in all directions. Consequently, only one measurement 
of a was made. 

A panel was pressed from parallel-laminated hydrolyzed-gum 
sheets (16) containing 18 to 20 per cent of Bakelite phenolic 
resin XV16303. The panel was pressed at a pressure of 2000 psi 
for 10 min at 330 F. Unlike the lignin plastic bar, this material 
was anisotropic, although not to as great an extent as compreg 
with a similar resin content. The lack of complete fiber orienta- 
tion in the paper shows up as it did in the papreg, although there 
is little similarity in the coefficients of the two materials. The a 
values for the hydrolyzed wood plastics are given in Table 8. 
Laminated lignin plastics of specific gravity 1.36 to 1.41 are re- 
ported in the Plastics Properties Chart (14) as having a values of 
21 to 24 X per deg C. 


SUMMARY 
The coefficients of linear thermal expansion of 9 species of wood 


Specific Glue + 


gravity resin 
of content,> 
Material* product cent 
Yellow-birch laminate........... 0.72 a @ 
Yellow-birch staypak laminate... 1.30 4.7 
Yellow-birch impreg laminate.... 0.86 33.2 
Yellow-birch compreg laminate... 1.30 24.8 
Yellow-birch compreg laminate... 1.31 34.3 
0.53 6.0¢ 
Cross-banded papreg............ 1.40 36.5 
Molded weed plastic.. 1.33 25 
Hydrolyzed-wood sheet laminate. 1.39 18 
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TABLE 8 COEFFICIENTS OF LINEAR THERMAL EXPANSION PER DEGREE CENTIGRADE 
OF WOOD, HYDROLYZED WOOD, AND PAPER PRODUCTS 


of varying specific gravity were determined in the three structural 
directions. Equations were derived for correcting for variations 
in the slope of the grain. The a, value was shown to be inde- 
pendent of specific gravity; a,and a, were shown to vary approxi- 
mately as the first power of the specific gravity. 

The coefficients of linear thermal expansion of resin-bonded 
birch laminates, both with and without phenolic resin within the 
cell-wall structure and compressed to various degrees, were deter- 
mined in the three structural directions. Theoretical equations 
involving the a values for the wood and for the resin and the 
values of the modulus of elasticity in compression for the wood 
and the resin were developed, from which the @ values for the 
laminates may be calculated. Empirical equations for the effect 
of increased specific gravity due to compression were developed, 
which, when used in conjunction with the resin-content equations, 
make it possible to calculate the a values for compressed resin- 
treated wood. The agreement between the calculated and the 
observed values was good. ° 

Equations were developed for calculating the a values for birch 
plywood and cross-banded resin-treated birch, either uncom- 
pressed or compressed. The agreement between the calculated 
and the observed values was good in the thickness direction but 
only qualitative in the sheet direction. This was probably due 
to shear effects and an edge washboarding effect caused by un- 
balanced restraint at the ends of the plies. 

Data were also obtained for the a values of Douglas-fir, Sitka- 
spruce, and sugar-maple impreg and compreg laminates, parallel- 
laminated and cross-banded papreg, molded hydrolyzed-wood 
plastic, and hydrolyzed-wood sheet laminates. 


BIBLIOGRAPHY 


1 ‘International Critical Tables,”’ first edition, McGraw-Hill 
Book Company, Inc., New York, N. Y., vol. 2, 1927, pp. 460-462. 

2 “Sur les propriétés physiques du bois compé parallélement ou 
transversalement aux fibres,’’ by E. Villari, Annales de Chimie et de 
Physique, vol. 14, 1868, pp. 503-504. 

3 “N eue Versuche Uber die Ausdehnung von Korpern durch die 
wiirme,” by P. Glatzel, Annalen der Physik und Chemie, vol. 160, 
1877, pp. 497-514. 

“Uber die Ausdehnung des Eises,"” by W. Struve, Fortschritte 
der Phystk, vol. 6, 1850, pp. 48-52. 

5 “Thermal Expansion of Wood,” by O. P. Hendershot, Sci- 
ence, vol. 60, 1924, pp. 456-457. 

6 ‘Thermal Expansion of Wood,” U.S. Department of Agricul- 
ture Wood Handbook, 1935 edition, Table 3, p. 43. 

7 “Strength and Related Properties of Woods Grown in the 
United States,” by L. J. Markwardt and T. R. C. Wilson, U.S.D.A. 
Tech. Bull, 479, 1935, pp. 35-37 and 51. 

8 ‘Moisture and Physical Relations of Composite Wood Prod- 
ucts,”’ (British Forest Products Research Lab.), Princes Risborough 
Forest Products Laboratory, Progress Report 6, part 1. 

9 ‘Physical Properties of Improved Woods,” by W. L..Green- 
hill, Council for Scientific and Industrial Research, Australia, Prog- 


-——— Linear expansion X 10¢—— 
Perpendicu- 
lar to fiber 
or machine 
Fiber or direction 
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Appendix 1 


NoONAXIAL COEFFICIENTS OF LINEAR THERMAL EXPANSION 


Specimens of wood are seldom cut so that their faces are truly 
in the axial direction of the fiber and parallel and perpendicular 
to the annual rings. It is thus desirable to be able to calculate 
the coefficients of linear thermal expansion from data for speci- 
mens that do not have their faces in the three structural planes. 

Considering first the simplest case of a rectangular wooden 
block with the grain sloping in only one plane with respect to the 
faces of the block, such a plane rectangle of wood does not expand 
into a larger rectangle but becomes a parallelogram of larger area 
than the original rectangle. 

In Fig. 10 the broken-line parallelogram represents the shape 
of the wood block after thermal expansion from the solid-line 
rectangle. The grain angle before expansion was 6, and after 
expansion ¢. Every point on the broken-line parallelogram cor- 
responds to a point on the rectangle. The relationships are 


[14] 


where the subscripts p and r designate parallelogram and rect- 
angle, respectively. 

The linear expansion of the figure may be determined by obtain- 
ing the vertical distance between the lines of the rectangle and 
between the lines of the parallelogram. The equation of the lines 
may be obtained by substituting in the general equation for a 
straight line 


Y— = M(T— [15] 
the value of the slope and the co-ordinates of one point. 
The slope of lines ab and cd is tan 6; the slope of the lines ac 


and bdis—cot 6. Then using the points of intersection of the 
rectangle and the co-ordinate axes, the equations are as follows 
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1 

Line cd; y = x tan @— 3 {17} 

1 
Line ac; y = cot — 5 ho cot 

1 
Line bd; y = —z cot + [19] 
Making use of the transformation Equations [13] and [14], it is 
possible to transform these equations for the lines ab,..... into 
the equations for the lines a’b’...... The transformed equations 


are as follows 


1 
Line a’b’; tan (20) 
Line c’d’; tan 6 (21) 
a'c'; = — cot @— - 
1 + 1+ a, 2 
1 
Line =— cot + 2 hy cot 0... [23] 


where dy, and dz,, the true coefficients of linear thermal expansion 
have been termed %s and @, respectively. The perpendicular 
distance between the lines a’b’ and c’d’ is given by the expression, 


(24] 


(1 
+ (1 + @,) + tan? 6 


Fig. 10 shows d in Equation [24] is g: (1 + dg:); but dg: is as» 
so it is possible to write 


+ a,) 


(1 + 
From Fig. 10 
= go COS 


: 
= 
Bee 
‘ 


OD 


25] 


Vl + sin? + (1 + cos? 


1+ % = 


Equation [26] is elliptical in form, showing that 1 + x) in- 
creases with increase in @ until it becomes 1 + %. A strictly 
analogous series of steps yields the companion equation 


= — [27] 


In Equations [20] through [27 ], lack of the subscript “0” indicates 
true coefficients of linear thermal expansion, and the inclusion of 
subscript “0” indicates observed coefficients of linear thermal 
expansion. 

While Equations [26] and [27] give correct values of ax», the 
magnitude of the a makes numerical computation extremely dif- 
ficult. Consequently, Equation [26] was simplified by the fol- 
lowing steps: 1 + az was reintroduced into the square root, the 
square root simplified trigonometrically, and then both sides of 
the equation squared. The resultant equation was cleared of frac- 
tions and expanded, yielding an expression of fourth degree in a. 
The largest a measured in solid specimens is approximately 40 X 
10-§ per deg C. Then elimination of a second-degree term in « 
would result in an error of 0.004 per cent, which is negligible. 
Consequently, all second-, third-, and fourth-degree terms were 
eliminated, yielding the expression 


= cos? + % sin? 0........ ... [28] 
and by an analogous series of operations 


Equations [28] and [29] are easy to use and also accurate 
within the experimental error of any measurements of a. Equa- 
tions identical with [28] and [29], except for shear terms on the 
right side, have been derived from stress-strain relations in wood 
by March (17). In solid-wood specimens, however, the shear 
terms drop out, thus confirming the correctness of Equations 
[28] and [29]. The steps between these two equations were not 
shown since they are simple algebra and trigonometry. Equa- 
tions [28] and [29] express observed a@ in terms of the true a. 
Simultaneous solution of Equations [28] and [29] yields the more 
usable form 


cos? 6— sin? 


[30] 


cos 26 


a Cc 29—a in2 
cos 26 


These equations hold at any value of 6 except 45 deg. For @ = 
45 deg an equation involving shearing relative to the axes paral- 
lel and perpendicular to the sides of the rectangle must be used. 

Fig. 11 shows the three simple cases of grain slope in solid 
blocks of wood. For Fig. 11 (A), @ = 0 = ¢ and Equations [30] 
and [31] become 


COS? @ — aw sin? 
cos 26 


COs? @ — sin? 
a, [33] 


In Fig. 11 (B), @ = 0 = ¢, and Equations [30] and [31] become 
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Fic. 11 DraGRamMMATic SKETCH OF RECTANGULAR BLocks or Woop 
IN WuicH GRAIN MAKES AN ANGLE TO ONLY ONE OF Faces OF BLOCK 


(A, ¢ is grain angle to tangential plane; B, is 6 angle made by slope of 
annual rings to tangential face; C, ¢ is grain angle to radial plane.) 


COS? @ — aro Sin? 6 
cos 26 
II 
ro COS? sin? a 
a, = (35 ] 
cos 20 


For Fig. 11(C), ¢ = 0 = 6, and Equations [30] and [31] become 


( a 2 

COS* at SIN* € 
| Og [36] 
cos 2e 

aw COS? € — sin? 

cos 


Equations [32] through [37] were adequate if the grain was at 
an angle to any one plane of the block, but on some samples the 
grain may be at angle to two or three planes of the block. Conse- 
quently, investigation of these more complicated cases was neces- 
sary. 

The most complicated case arises when the grain is inclined to 
each of the planes of the rectangular block. The case is illus- 
trated in Fig. 12. The line C-A is a wood fiber lying in the radial 
plane A-C-D and the tangential plane A-C-F, and A, y, and y¥ 
are angles measured on the face of the block. The equations of 
transformation for the coefficients of linear thermal expansion 
for this case will not be derived in this brief report. The reader 
interested in their derivation should refer to the report by March 
(17). Thez-, y-, and z-axes in Fig 12 are taken to be the natural 
axes of the wood in the fiber, tangential, and radial directions, 
respectively. The £-, n-, and ¢-axes are taken to be the edges 
of the rectangular block with the origin of both systems of axes at 
A. Denote by C¢,, C,,, Cr, the direction cosines of the z-axis 
with respect to the &, -, and {-axes, and by similar symbols 
the direction cosines of the y- and z-axes. Then it follows that 


~ 
~~ 


Fie. 12 DraGRAMMATIC SKETCH OF RECTANGULAR BLock or Woop 
in Wuicu THE A-C REPRESENTS A Woop Fiser LyInG IN 
RaptaAL PLaNne A-C-D anv TANGENTIAL PLANE A-C-F 
(The €-, 7-, and {-axes lie in edges of block, and z-, y-, and z-axes are natural 


axes of the wood. The angles A, y, and ¥, measured in faces of block, deter- 
mine direction-cosines of the two sets of axes with respect to each other.) 
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an = asC,,? + aC,,? + [39] 
ar @ + + [40] 


where the direction cosines are given in the following table 


(Cz, = cos ¢ cos @ cos y + sin 6 sin y, etc.): 


€ cos cos@ cosy + sing siny 
n —cos siny + sing cosy 
cos @ sin 6 


cot 
sing = (41) 
cos = [42] 
V cos? 6 + cot? y 
sin @ = . . [43] 
cos? vy + tan? 
cos 6 = [44] 


cost + tan? 
Solving Equations [38], [39], [40] for a,, a, a,, it follows that 


— + — Coy [45] 
— + — . [46] 


IV { 
where 


These groups of Equations, I through IV, relating the true and 
observed a with the grain angle, were applied to all the solid- 
wood samples. The percentage change in a, and a, in all cases 
is small but in some instances the percentage change in a, is 


large. 
Appendix 2 


For the purpose of developing a formula relating @ and resin 
content, a piece of resin-treated wood was regarded as two inti- 
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—sind cos@ cosy + cos@ siny 


mately intermeshed fibrous lattices, with the normal fiber struc- 


ture of the wood as one lattice, and the enveloping resin as the 
second parallel lattice. The two lattices were considered to by 
joined continuously along their surfaces of contact so that a 


—sin @ cos y 
sing cos@ siny + cos¢ cosy e sin @ sin y 


—sin sin cos 6 


strain on one lattice is, perforce, that on the other. Under such 


_ conditions the expansion of the composite lattice must be a func- 


tion of (a) the relative amounts of each material present, (5) the 
Young’s moduli of the two materials, (c) the thermal stress acting 
on each, and (d) the a of each material taken separately. 
Owing to the fact that ag for the resin is greater than a,, for 
the wood, increasing the temperature produces compression in 
the resin and tension in the wood. Assume that the resin is acted 
on by a compressive force f necessary to compress the parallel 
resin lattice by an amount (ag — ac) AT; then . 


f = Eqn,A (ap—a,) AT.............. [49] 


where n, is the fractional solid cross section occupied by resin in 
a plane at right angles to the direction of measurement within 
the composite lattice, a, is the a of the parallel-laminated com- 
bined wood-resin lattice, A is the cross-sectional solid area of the 
combined lattice, Zz is the Young’s modulus of the resin, and AT 
is the temperature change in degrees Centigrade. The unit 
elongations of the wood and resin must be equal; hence 


f f 


= AT — 
= Eyn,A 


a, ST + (50) 


Substituting Equation [49] in Equation [50]° and solving for 
a,, it is found that 
Eya,(1 —,) + ERn,ar 


El —n,) + Egn, 


Ep in Equation [51] is the Ez in compression found in any table 
of Bakelite resin properties. /,, demands a word of explanation: 
In the derivation, each lattice is considered as acting against the 
other. Therefore the Z,, must be that of the individual fibers 
that carry the load. Consequently, Z,, as found in strength 
tables must be extrapolated to the specific gravity of wood sub- 
stance, 1.46 (11). Turner (10) developed a similar equation for 
calculating the coefficient of linear thermal expansion of resin- 
metal, and similar material, for use as protective coatings on ail- 
craft surfaces. 
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Part-Load Characteristics of Marine 
Gas-Turbine Plants 


By W. M. ROHSENOW! ano J. P. HUNSAKER? 


To be successful as prime movers, a gas-turbine plant 
must have good part-load characteristics and efficiencies. 
Several cycle arrangements and methods of control are 
mentioned for particular applications. The purpose of the 
paper, however, is to present the results of an investigation 
of the part-load performance of two different cycle ar- 
rangements and to indicate the best method of control for 
agiven set of operating conditions. 


INTRODUCTION 


N recent years, the gas turbine has shown excellent prospects 
of becoming an important sourcé of prime power for many 
diverse applications, such as marine, land transportation, 

and aircraft power. To be successful as a prime mover a gas- 
turbine plant must have good part-load characteristics and ef- 
ficiencies. There are a several cycle arrangements and methods 
of control that are of interest. 

The literature to date contains much information on the de- 
sign-point performance for many gas-turbine-cycle arrangements 
but contains little on their part-load performance. Rettaliata 
(1)* shows part-load efficiencies, combustion temperatures, and 
rotative speeds for a particular locomotive-plant proposal, and 
Soderberg and Smith (2) indicate approximately the part-load 
efficiencies for various cycle arrangements. The long discussion 
of this latter paper, particularly that by R. H. Tingey and Capt. 
Lybrand Smith, U.S.N., emphasizes the importance of part-load 
performance and contains much speculation as to what is the 
most practical turbine-to-propeller drive, electric, hydraulic, or 
geared, for the marine installation. 

Salisbury presents (3)* an interesting condensed chart for the 
entire operating range of a simple single-shaft gas-turbine plant 
with no regenerator or intercooler, with the full-load design point 
occurring at a pressure ratio of 6, and a temperature of 1600 F. 
In the figure given,‘ per cent speed is plotted against per cent 
fuel with pressure, temperature, and per cent output as param- 
eters. Since there is no indication of the assumptions made or 
the method of calculation, the interpretation of these data is 
difficult. At the present time actual results have been given for 
only a few gas-turbine plants, two of which are the Escher-Wyss 
“closed-cycle”’ plant (4), and the Elliott “intercool-reheat’’ 
plant (5). 

The purpose of the present investigation is to inquire into the 
part-load performance of two different cycle arrangements and to 
indicate the best method of control for a given set of operating 
conditions. 


' Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge. Mass., Jun. A.S.M.E. 
Mottin Engineer, Jackson & Moreland, Engineers, Boston, 
Lass, 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

* Reference (3), Fig. 14. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., December 2-6, 1946, of THE 

MERICAN SocteTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Gas-TURBINE CycLes CONSIDERED 


Two gas-turbine cycles are considered in this investigation. 
The simple gas-turbine plant consists of a compressor, combustion 
chamber, turbine, and regenerator, with the turbine and com- 
pressor on one shaft. A variation of this cycle is the use of dual 
turbines, one to drive the compressor and one to supply useful 
power as indicated diagrammatically in Figs. 7 and 8. For the 
dual turbine cycle, either one or two combustion chambers may 
be used. If the combustion temperatures of each combustion 
chamber are equal, the two arrangements of the cycle have the 
same temperature-entropy diagram, Fig. 1, but have different 
part-load characteristics. 


TEMPERATURE-ENTROPY DIAGRAM OF CYCLE 


Fie. 1 


In Fig. 1 the process from points 1 to 2 is compression; and 
from 2 to 2’ the air is heated in the regenerator by the turbine 
exhaust gases. From 2’ to 3, the air is heated by combustion of 
fuel, from 3 to 4 the gases are expanded through the turbine, and 
from 4 to 4’ transfer energy to the air being heated from 2 to 2’. 

The size of the regenerator determines the amount of heating 
from 2 to 2’ for a given set of operating conditions. When there 
is no regenerator, t2’ = 2; and when there is an infinite surface 
regenerator, tf.’ = ts. Hence the regenerator effectiveness is de- 
fined as 


tz’ — te 


Somewhere between these two limiting values is the practical 
size for a regenerator. The most economical size appears to be 
between = 0.50 and = 0.75. 

In all cases considered, the cycle machinery was assumed to 
consist of a multistage axial-flow compressor and a turbine with 
two single-velocity-impulse stages, followed by three reaction 
stages. The characteristics of these machines are shown on a 
percentage basis in Figs. 2, 3, and 4. 

It is to be noted that these machinery characteristics are based 
upon arbitrary assumptions and not upon test data. All of the 
following analysis is based upon these curves; hence the re- 
sulting curves are valid on a comparative basis. Full load is 
assumed to occur at the design point of the machinery, and the 
cycle conditions at the design point are as follows: 
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Plant output, L = 100 per cent 
Machine speeds, N = 100 per cent 
Turbine inlet temperature, ts = 1500 F 
Pressure ratio, p= 4:1 

Compressor efficiency, n- = 84 per cent 
Turbine efficiency, » = 81 per cent 


When a regenerator is used, the regenerator effectiveness js 
assumed to vary with the total gas flow W, according to the 
equation 


l 


where K is a constant determined by the regenerator effectiveness 
at the design point. This equation is derived from the Dittus- 
Boelter heat-transfer equation. Three values of regenerator 
effectiveness are treated in this analysis, namely, ng = 0 per cent, 
50 per cent, and 75 per cent at the design point. 

At the design point the parasitic losses due to pressure drop, 
radiation, etc., were assumed the same as those assumed by 
Soderberg and Smith (2), namely 


Combustion chamber. 0.54 Btu per |b 
0.60 Btu per Ib 
Regenerator for nr = 50 per cent 0.68 Btu per Ib 
Regenerator for nr = 75 percent... 1.10 Btu per lb 


For part-load operation it was assumed that the total parasitic 
loss is proportional to the square of the gas flow and inversely 
proportional to the square of the mean gas density. This is based 
upon the Fanning friction equation (6). 


MeEtTuops or ConTROL 


In the use of any power plant, the desired relationship between 
plant output and prime-mover speed is determined by the ap- 
plication. In the generation of electric power, constant speed 
control is very common; while for ship or aircraft propulsion it 
might be desirable to operate on a ‘‘propeller-load’’ curve, in 
which case the load is approximately proportional to the cube of 
the speed. In a direct-drive locomotive or automotive applica- 
tion, a very wide variation of speed and load must be satisfied, 
and a high torque at low s s must be supplied. 

The single turbine plant has the following unique possibilities 
of interest as methods of control for part-load operation: 


1 Constant temperature.............7 
2 PL 
3 Constant speed....... 
4 Constant pressure................ 


The dual turbine arrangement has more flexibility of control 
than the single turbine plant because changes in the speed of the 
power turbine for a given horsepower output are not reflected ap- 
preciably to the turbine-compressor unit. In this cycle arrange- 
ment, two methods of operation are considered: (a) The tem- 
perature may be maintained equal at the inlet to the two tur- 
bines; and (b) the temperature at the compressor turbine may 
be held constant at the design value, while the power-turbine 
inlet temperature is decreased to obtain fractional loads. The 
latter method would require the use of a separate combustion 
chamber for the power turbine. When a control pattern has 
been chosen, a part load is obtained for either single or dual tur- 
bine plants merely by decreasing the fuel rate. Of course a0 
automatic fuel-regulating device, responding only to the selected 
parameter, could be created readily. , 
With either method of temperature control of the dual turbine 
plant, the power turbine may follow any desired load-speed te 
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lation such as constant speed, propeller load, or constant torque. 
The primary effect of operating with different load-specd curves 
is to change the power-turbine efficiency. For any give: set of 
pressure and temperature conditions, the maximum turbine 
efficiency occurs at a fixed value of the ratio of blade speed to gas 
velocity (u/e ratio). The speed of the turbine at this point is 
called the best efficiency speed or abbreviated to “optimum u/c 
speed.” In the analysis that follows, the dual turbine plants 
have been investigated for four power-turbine load-speed curves; 
namely 


ReEsutts ACHIEVED FRom Srupies 


Single Turbine Plant. The cycle efficiency at part load is 
shown for the four methods of control in Fig. 5, and the corres- 
ponding cycle conditions are shown in Fig. 6. The method used 
in obtaining the results is described in the Appendix. 

Fig. 5 shows that for the cycle without a regenerator the best 
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part-load efficiencies occur when the plant is operated at constant 
speed; however, when a regenerator of 75 per cent effectiveness is 
used, constan temperature control produces the highest part- 
load efficiency. The high turbine-exhaust temperature, resulting 
from constant-temperature operation, represents a large quantity 
of wasted energy when no regenerator is used; consequently, the 
cycle efficiency is lower than that resulting from constant-speed 
operation in which the turbine-exhaust temperature decreases 
rapidly at part load. Of course, when a regenerator is used, this 
energy in the turbine exhaust is reclaimed, with the result that 
constant-temperature operation produces the highest part-load 
efficiency. Operational control by maintaining constant tur- 
bine-inlet pressure has reasonably good part-load efficiency for 
the cycle without a regenerator, but its part-load efficiency char- 
acteristics become comparatively worse as regenerator surface is 
added. ‘The efficiency curve for a propeller load-speed relation 
is fairly good regardless of regenerator. It improves relative to 
the other control patterns as the regenerator effectiveness is in- 
creased. 

When the plant is operated at constant turbine-inlet tempera- 
ture ¢;, Fig. 6 shows that the turbine-exhaust temperature ¢, rises 
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as the load is decreased. Although it is this high exhaust tem- 
perature which causes the high part-load efficiency when a re- 
generator is used, such high exhaust temperatures are undesira- 
ble from a practical point of view, since costly heat-resistant 
materials would be required for the regenerator and exhaust 
piping. Another difficulty with constant temperature control is 
that at about 10 per cent plant output the compressor becomes 
unstable. The so-called “pumping limit” of the compressor is 
reached at this point. 

Fig. 6 shows that for propeller-load operation the cycle con- 
ditions are similar to those for constant-temperature operation in 
the upper 50 per cent of the load range. The turbine-inlet tem- 
perature decreases only about 100 F from the 100 per cent 
load point to the 50 per cent load point, while the turbine-exhaust 
temperature remains nearly constant. At loads less than 40 per 
cent, the turbine-inlet temperature is seen to increase rapidly, 
reaching the design value of 1500 F at about the 20 per cent load 
point; and of course the turbine-exhaust temperature rises too. 
This difficulty of rising temperature at light loads can be over- 
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come by using a slipping clutch or controllable-pitch propeller to 
keep the turbine speed high for the lower propeller speeds. It 
appears from the efficiency and cycle-condition curves that a 
single turbine plant can be used quite satisfactorily for direct- 
drive ship propulsion at loads greater than 30 per cent, and that 
operation at loads less than 20 per cent is not practically possible 
since the design-point temperature is exceeded. 

When the plant is operated at constant pressure, Fig. 6 shows 
that the speed of the unit must rise with decreasing load. ‘This 
is an unusual load-speed relation but should cause little mecliani- 
cal difficulty since, with the temperature dropping fast, the 
combined effect of temperature and centrifugal stress would not 
be dangerous at the lighter loads. 

Fig. 6 shows that, with constant-speed operation, no practical 
or mechanical difficulties are encountered over the entire load 
range from 0 to 100 per cent except for large temperature varia- 
tions which would accompany rapid load changes. 

Dual Turbine Plant. A comparison of the efficiency curves in 
Figs. 7 and 8 indicates that the two methods of temperature 

control, i.€., equal temperatures at the 


inlet to the two turbines, and unequal 
temperatures (compressor-turbine tem- 
perature held at the design value and 
the power-turbine temperature varia- 
ble), result in approximately the same 
cycle efficiencies, and that operation at 
the best efficiency speed (optimum 


u/c) naturally produces the highest 
efficiencies. As expected, constant- 
torque operation results in the lowest 
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efficiencies since the departure of the 
u/c ratio from the best turbine ef- 
ficiency point is great. Constant-speed 
operation results in only slightly better 
efficiencies than constant torque. 
When the temperatures to the two 
turbines are maintained equal, the 
temperature level decreases only slightly 


with decreasing load, as shown in 


Fig. 7 Cycie Erriciency or Duat TurBINE PLANT; 
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EquaL TEMPERATURES 


Fig. 9, reaching a minimum value 160 
F lower than the design-point value 
at the 40 per cent load point. At 
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cent load point, and then rises 
for equal temperature regula- 
tion; while for unequal tem- 
perature regulation, as shown 
in Fig. 10, the mean turbine-exhaust temperature decreases, but 
not very precipitously. 

The foregoing results are applicable to cycles in which the de- 
‘ign points of all component machinery items coincide with the 
design point of the cycle. It should be remembered that a part- 
load efficiency curve may be “‘flattened”’ at the expense of design- 
point efficiency by staggering the design points of the component 
machines; that is, the turbine design point (maximum efficiency 
point) may be placed at the 80 per cent load point of the cycle, 
while the compressor design point is at the full-load point of the 
cycle. This lowers the full-load cycle efficiency but raises the 
80 per cent load cycle efficiency, thus flattening the efficiency 
curve slightly. 


APPLICATION 


The selection for a partieular application of the most practical 
gas-turbine cycle arrangements and method of control is neces- 
sarily governed by many considerations among which are (a) 
desired life, (b) importance of high design-point efficiency, (c) 
portance of simplicity of plant, (d) torque-speed requirements, 
(€) necessity for very rapid maneuvering, (f) necessity of carrying 
overload, (g) size or maximum power rating of plant, and (h) 
ease of starting. 


PLANT OUTPUT (%) 


Fig. 10 Conpitions or Duat TurBINE PLant; UNEQUAL TEMPERATURES 


(a) Thelife of a plant is affected primarily by creep or “growth” 
of the material at elevated temperatures and by ‘‘tempera- 
ture shock” or distortions due to sudden changes in temperature. 
In order to promote longer life, it would be desirable to operate 
at reduced temperatures at part load if an acceptable part-load 
efficiency curve is obtained; however, when changing load, and 
hence temperature, distortions may result in mechanical failure. 

(b) The desire for high design-point efficiency is inherently 
incompatible with simplicity of plant. The literature on the gas- 
turbine art to date contains sufficient information to enable one 
to select, for a given design-point temperature and given com- 
pressor and turbine efficiencies, a cycle arrangement that will 
produce approximately the desired cycle efficiency. 

(c) The closed cycle (4), with its very high part-load ef- 
ficiency curve, has much more complex equipment than the open 
cycle. While this is not a serious objection in stationary-plant 


application, it is undesirable for motive power as in marine and 
rail applications. 

In order to select a cycle arrangement for a particular applica- 
tion, one must also inquire into the predicted plant-operating 
schedule or percentage time of operation at a given part load. 
If, as in the case of merchant ships, operation is always near full 
load, high part-load efficiency is not necessary. On the other 
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hand, naval vessels are operated most of the time at a cruising 
load of about 10 per cent of full load. In this case high part- 
load efficiency is desirable. 

Fig. 11 compares the part-load efficiencies in terms of the per 
cent of design-point efficiency of four gas-turbine plants; the 
closed cycle (4), the intercool-reheat cycle (5), the single 
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A Closed cycle (4) 

B Intercool-reheat cycle (5) 

C Single turbine cycle (nk = 75 per cent) 
D Dual turbine cycle (nk = 75 per cent) 


Fie. 11 Erricrency CoMPARISON OF VARIOUS GAS-TURBINE CYCLES 
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Fig. 12 Torque-Speep CHARACTERISTICS OF SINGLE TURBINE 
PLANT AND Dua TuRBINE PLANT 


turbine cycle with 75 per cent regeneration operated at constant 
temperature, and the dual turbine cycle with 75 per cent regenera- 
tion, operated at its best efficiency speed with equal temperature 
to the two turbines. The closed cycle has the highest part-load 
efficiency and is of course the most complicated plant. It is 
interesting to note that the part-load efficiency of the intercool- 
reheat plant (which operates essentially at constant temperature) 
is quite similar to that of the single turbine plant operated at 
constant temperature. The dual-turbine arrangement is seen to 
be not the best for high part-load efficiency. 

(d) The torque-speed characteristics of the single-turbine and 
dual-turbine plants are shown in Fig. 12. It is seen that the 
single turbine plants can operate over only a limited torque- 
speed range. Operation at torques greater than those for con- 
stant temperature control obviously requires higher temperatures. 

(e) For rapid load changes, the single-turbine plant would 
seem to possess an advantage because of its simplicity; but 
mechanical difficulties are likely if there is a large difference be- 
tween the turbine-inlet temperature at part load and full load. 
Hence a plant that operates at a fairly constant temperature 
level would seem desirable to satisfy this requirement. How- 
ever, the single-turbine plant, if operated at constant speed, and 
if fitted with the right kind of electric drive, would certainly be 
the fastest to maneuver, provided it could withstand the large 
temperature variations, since the rotating machinery would 
always be running at full speed and hence there would be no 
inertia to overcome. 

(f) An overload, without the use of water injection into the 
compressor and/or combustion chamber, can be carried by any 
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of these cycles by raising either the speed or temperature or both 
above the design-point values. Since the stresses in the turbine 
rotor vary as the square of the speed, and since the temperature 
primarily affects creep life, it would appear that a short-time over. 
load could best be carried by the single turbine plant operated at 
constant speed or constant pressure by raising the temperature, 
The dual turbine plant, operated with equal temperatures, the re- 
heat plant, and the single turbine plant operated at constant 
temperature or on a propeller-load curve, all require overspeeding 
to carry overload. 

(g) Whether the plant is for large powers or medium would 
naturally influence the choice of machinery arrangement. A 
multiturbine plant would be more logical for a very large instal- 
ation than a small one. 

(h) Of course the single turbine plant is the easiest and 
quickest to start. The dual turbine arrangement and the in- 
tercool-reheat cycle both require that the compressor side of the 
cycle be started first, while the power side is either shut off or by- 
passed by valves. 

In the actual marine installation of a gas-turbine power plant, 
each designer must solve many problems such as methods of 
reversing and methods of obtaining “cruising” power in the ship 
plant. Reversing might be accomplished by an astern turbine, 
a reversing clutch, or an electric drive, and good ‘‘cruising” 
efficiency might be obtained by installing a multiple unit plant 


* in which cruising powers are obtained by using one complete gas- 


turbine unit while full-speed power is obtained by using two or 
three such units. This method naturally improves _part-load 
efficiency. 

The curves presented herein are for a single gas-turbine unit 
with machinery design points at the full-load point and should 
be of use in guiding the designer’s choice of machinery arrange- 
ment and method of operation. 


Appendix 


Meruop or CALCULATION 


All calculations are based upon the machinery characteristics, 
as shown in Figs. 2, 3, and 4. The compressor performance 
shown in Fig. 2 is typical for large axial-flow compressors with a 
small pressure ratio per stage. Fig. 3 is essentially the Stodola 
flow equation for the turbine exhausting to atmosphere and run- 
ning at its best efficiency speed 


- 
W=KY 


Fig. 4 was derived from the blading diagram of the turbine. 
With these three figuresit is a simple although somewhat labori- 
ous job to find the state conditions for a given cycle operated on 
a particular control pattern. 

For the single turbine plant, the gas flow and pressure at the 
compressor discharge and turbine inlet are substantially the 
same for the turbine and compressor. The compressor efficiency, 
speed, temperature, and horsepowers are read off the charts. To 
get the per cent plant output, subtract the per cent compressor 
horsepower from the per cent turbine horsepower, multiplied by 
the design-point work ratio (defined as turbine work, divided by 
compressor work). This work ratio is readily calculated from the 
assumed efficiences and state conditions at the design point. One 
then calculates, using the known state conditions and machine 
éfficiencies, the compressor-discharge temperature f2, and the 
turbine-exhaust temperature, t,. Constant specific heats wel 
used in this analysis. Now the cycle efficiencies with no rege 
erator can be calculated. 

At part load the total parasitic pressure-drop loss was assumed 
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to be proportional to the square of the gas flow, and inversely 
proportional to the square of the mean gas density. Both plant 
load and cycle efficiency are affected by these parasitic losses. 

When a regenerator is used, the regenerator effectiveness is 
assumed to vary according to Equation [2] of the paper. Cycle 
efficieney is then calculated, taking into ae¢ount this regenerator 
effectiveness and parasitic losses at each load point. 

The solution for constant-speed operation is explicit and hence 
easy; but for propeller load, constant pressure, or constant tem- 
perature, trial-and-error manipulation of Figs. 2 and 3, is re- 
quired, in order to satisfy the control condition, and the condi- 
tion that the turbine and compresser pressure and gas flow be 
the same. It is apparent that this semigraphical method is 
much quicker than a purely mathematical one. 

In the dual turbine plant, the compressor-turbine power must 
equal the horsepower required by the compressor. Therefore 
Fig. 3 can be considered to show the performance of the two 
turbines when 100 per cent compressor-turbine power equals 
100 per cent compressor demand, and 100 per cent power-tur- 
bine power equals 100 per cent plant output. It was assumed 
for equal temperature operation that the division of gas flow to the 
two turbines remains constant and directly proportional to the 


work ratio at the design point. For unequal temperature opera- 
tion, the gas flow to the two turbines was assumed to divide 


directly proportional to the turbine-inlet temperature and work 
ratio. 


The remaining calculations are performed analogously to those 
for the single turbine plant. 
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Propulsion Service 


Heavy-Duty Chain Drives for Marine 


By N. C. BREMER,' ITHACA, N. Y. 


During the war, because of the shortage of helical-gear 
and electric drives for smaller Diesel-powered ships, trans- 
mission chain which had had a long record of successful 
applications in industry, was adopted for marine service. 
In 1942, after the Navy Department, Bureau of Ships, had 
conducted a series of tests on chain drive, it was fitted on 
65-ft and 110-ft harbor tugs, and the Army Transportation 
Corps FP cargo vessels. This paper points out the ad- 
vantages as well as the limitations of chain transmission 
applied to ship propulsion and mentions factors which 
contribute to efficiency, long life, quietness, and low main- 
tenance costs. 


INTRODUCTION 


RANSMISSION chain has been successfully used on 
"Deedee equipment for many years. The latitude 

in design permitted by its accommodation to varying 
centers and its ability to carry heavy loads under adverse condi- 
tions of protection, lubrication, and alignment, has made it a 
popular drive medium on many types of mobile or portable 
equipment where saving in space or weight is important. 

When totally enclosed and properly lubricated, the chain drive 
is a long-lived piece of equipment. Histories of from 10 to 25 
years of service can be exhibited for high-capacity drives in 
various industrial plants throughout the world. 

While but few marine propeller drives of more than 100-hp 
capacity had been built up to 1942, the performances of several 
drives on small dual-engine commercial vessels encouraged the 
Navy’s Bureau of Ships to make a thorough study of the 
possibilities of the chain drive as a substitute for electric and 
helical-gear drives which, at the time, were on the critical list 
as regards availability. 

The study resulted in a decision to equip its YT 65-ft tugs and 
a number of the YT 110-ft harbor tugs with dual engines and to 
compound the power of these by chain drives to drive large slow- 
turning propellers. 

The success of the drives in these boats and in the Army Trans- 
portation Corps’ small FP cargo vessels has created considerable 
interest in this new marine transmission. 


FUNCTION OF CHAIN DRIVES 


The primary function of chain drives in Diesel-propelled vessels 
should be considered as that of compounding or transferring 
power from two or more engines to a single propeller shaft. 

While chain drives are efficient speed reducers they will not 
commonly be adapted to the function of speed and torque 
change in a single-engine single-screw vessel, as in this case the 
gear drive would be indicated because of its inherent compact- 
ness, 

‘Chief Engineer, Morse Chain Company, Subsidiary of Borg- 
Warner Corporation. ‘ 
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As a matter of fact, the design possibilities of multiple-engine 
plants, especially when high-speed engines are to be used, are 
often enhanced by combining reduction gears with chain drives 
in the power train. 

When used with medium-speed engines the speed reduction 
accomplished by the chain transmission in itself is usually suffi- 
cient to allow the use of large propellers. Reversal of the pro- 
peller can be through the use of separate reverse gears on each 
engine or in the output train, with specially designed reversing 
chain drives, or by the use of direct-reversing engines. 

The suggested arrangements shown in Figs. 1 to 6 are but 
a few of the many combinations which are possible and which 
open new opportunities to the marine-power-plant designer 
wishing to utilize the advantages of multiple engines. 


CHARACTERISTICS OF CHAIN DRIVES 


Power Capacity Ranges. It will be noted that many of the 
suggested power trains incorporate a combination reverse re- 
duction gear between the engines and the chain drives. Prefer- 
ence is thus implied for drives designed for the lower revolutions- 
per-minute brackets which incorporate the heavy-duty series of 
manufacturers’ standard steel-finished roller chain. This series 
covers 3/, to 2'/2-in-pitch chains usually made up to quadruple 
width as standard and 5 to 8 strands wide as special. 

teference to the capacity chart, Table 1, will show that capac- 
ity up to nearly 2000 hp per engine may be handled by a single 
transmission provided that input speed is sufficiently low. 


TABLE 1 MAIN CHAIN-DRIVE RATINGS 

HORSEPOWER PER ENGINE 

PITCH | QUINT. | SEXT 
1175 — 1850 19 | 38 | 57 | 76\ 95 | 1/4 | 152 | 190 | 228 
950-1350 31 | 62 | 93 |124\155 | 372 
650-1050 \f-won| 49 | 98 |/47 |196 |245 \294 | 392 | 490 | 388 
500-800 64 |128 |/92 | 258 | 322 386 | 516 | 644| 772 
415-700 85 |/70 255| 340 425|510 | 680 | 850|/020 
350-600 |2-00"\/05 |2/0 | 3/5 | 420| 525|630 | 840 |1050\/260 
260-460 |2$-2008/56 |3/2 |468| 624) 780 |936 |1284\1560| 1872 


TABLE BASED ON ENGINE SPROCKET HAVING 3O TEETH. RATIOS UP TO 4:1. 


Multiple-strand chains for marine drives should be constructed 
with the center plates shaved or bored to allow a heavy press fit 
on the pins. 

While this type of roller-chain design requires special tools for 
assembly or disconnection, it provides a “preloaded” condition of 
the chain side bars which is most conducive to maximum load- 
carrying capacity. 

In a theoretical sense the maximum power-carrying capacity 
of a chain drive is determined by the point at which excessive 
sprocket width causes dangerous bending deflections to occur in 
the shaft or sprocket because of chain pull. In this discussion, 
however, the conservative upper limit of horsepower capacity 
will be considered as that of two 6-strand chains sharing a com- 
mon load on the same sprocket. 
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Figs. 1 To6 TypicaL MacHINERY ARRANGEMENTS FOR MULTIPLE-ENGINE MARINE DRIVES 


Speed Ranges. It must be emphasized that chain drives, un- 
like gears, have sharply defined upper limits of rotative speed for 
any given pitch. This limit is usually established by the ability 
of the chain roller to withstand the impact forces created by the 
chordal action of the chain as it engages the sprocket Here 
again, the speed ratings given with this paper are conservative 
and assume that all elements of the chain will have unlimited 
endurance capacity under continuous service conditions at full 
load. 

While the linear speed of the chain is not a critical factor, good 


practice seems to dictate a range of from 2000 fpm to 3500 fpm, 
the smaller pitches of chain being better adapted to the higher 
speed. 

Chordal Action. Fig. 7 shows the effect of the sprocket polygon 
causing chordal rise and fall of the chain. It will be noted that 
small numbers of teeth in the sprockets create decided variations 
in the velocity of the chain. The practical effect of this is t 
create undue noise and to set up stresses in the chain which re 
duce materially its endurance capacity. As the number of teeth 
in the sprocket increases, this velocity change drops off markedly 


JULY, 1947 


442 
: 
Bez. 

| 

| | 

pam 

2 

= 
| 

£ 
° 


and the quietness, smoothness, and load-carrying ability of the 
drive increase. ’ 

The minimum desirable number of teeth for the small sprocket 
of marine chain drives, regardless of pitch, is in the range between 
26 and 35. 

The smallest sprocket in the marine drives illustrated in this 
paper contains 30 teeth. The result of the use of this relatively 
generous number of teeth probably contributes more than any 
other single factor to the success of the drives. The quietness 
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Fig. 7 Action CHART 
of the transmissions at all speeds is one of their outstanding char- 
acteristics. 

Ratio Limitations. Ratios as high as 10 to 1 are often used in 
industrial drives. In these cases, however, either speeds or loads 
are sufficiently low to allow the use of very small sprockets. 

The outside limit of reduction for marine drives should prob- 
ably be about 5 to 1. Even this ratio, assuming that suitable 
pinion teeth are incorporated, would necessitate a large driven 
sprocket which is seldom possible because of limited hull clear- 
ance, 

When very slow-turning propellers are to be used with high- 
speed engines, a good practice would be to choose a chain drive 
of about 3-to-1 ratio, using reduction gears or combination re- 
duction-reverse gears between the chain-drive input shafts and the 
engines. Heavier more rugged chains are used with this ar- 
rangement and a better balance of power-train design is possible. 

Factor of Safety. The load tables given in this paper are 
based upon a minimum working-load to chain-strength ratio of 
about 1 to 30. As this high factor is necessary only because of 
rapidly recurring dynamic loadings created by chordal action, 
It is obvious that the chain has an enormous capacity for resisting 
momentary shocks and overloads. The well-designed marine 
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chain transmission can withstand the effects of “rough going”’ 
as well as any other unit of the propeller drive. 

Elastic Properties of Chain. The elastic “stretch”’ of a roller 
chain due to application of the working load amounts to about 
0.0006 in. per in. of its length. From this it is apparent that the 
natural period of the chain is quite high and little need be feared 
from torsional resonance with either the propeller shaft or the 
engines. 

This relative lack of “‘rubber’’ in the chains makes it necessary 
that, where two or more chains are used, to share a common load 
the chains must be carefully matched for pitch to insure proper 
distribution of chain pull. 

It is also obvious that housing deflections of a nature which 
would create excessive parallel misalignment of the shafts must 
be avoided. 

In this respect, however, the chain drive is considerably less 
sensitive than a reduction gear, and chain-drive housings may be 
of substantially lighter construction than gear cases. Installation 
problems are also simplified especially if self-aligning bearings are 
used. 

Pitch Elongation—Chain and Sprocket Life. It is quite custom- 
ary to set up the usual chain drive in such a manner that the 
“‘slack’’ caused by joint wear can be taken up. 

This is sometimes accomplished by the use of adjustable idler 
sprockets, or more often by increasing the center distance between 
the sprockets with sliding motor bases or brackets. 

However, the usual chain drive is not entirely protected from 
the effects of dust and moisture and seldom is supplied with a 
copious bath of oil. 

Moreover, it has long been established that a roller chain in- 
stalled and operated under good transmission conditions develops 
nearly all of its ‘‘stretch”’ or pitch elongation during the first few 
hundred hours of operation, and, once it has been “run-in,” 
can be operated for thousands of hours without further elongation 
of any appreciable degree. 

Repeated tests have proved conclusively that this tendency 
to stretch at the start is due to the constriction at the ends of the 
holes in the chain bushings caused by the heavy press fit of the 
side bars which does not allow full utilization of the total bearing 
area of the chain joint. 

Development of grinding and honing processes adapted to the 
larger sizes of chains has made it possible to assure full seating of 
the full length of the chain bushing bore at the very start. In 
addition, this also allows correction of inaccuracies of side-bar 
hole spacing and bushing-bore parallelism which would cause un- 
even loading. 

For this reason the Navy drives were designed without any pro- 
vision for pitch-wear take-up. 

The chains were installed with an initial tension of about 25 
per cent of the working load on both strands. Under this condi- 
tion the chain drive has practically no backlash and no appre- 
ciable looseness developed after prolonged periods of operation. 
Moreover, the drives set up with this minimum amount of slack 
were quiet and smooth in operation from the very start. No 
“break-in” period is required for marine chain drives and full 
sustained loads may be applied immediately. 

It will be noted that separate chains are used from each engine 
to the main sprocket. With this system maximum wrap is ob- 
tained without idlers, and the drive retains the desirable feature 
of ability to operate with one engine in case of accident to one of 
the chains. 

Sprockets in marine chain transmissions have almost unlimited 
life. Steel of machinable hardness or high-strength cast iron is 
often used. As there is no rubbing. action on the sprocket teeth, 
and as the driving forces are distributed over a relatively large 
number of teeth, very little sprocket wear occurs. 
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Efficiency. Chain drives for marine service are slightly more 
than 99 per cent efficient at full load. This high efficiency is due 
to the low velocities of the journal elements in the chain joint 
and the fact that with large numbers of teeth, impact losses are 
very low. In industrial drives the losses do not fall off in direct 
proportion to the load so that efficiency at, say, '/, load at full 
speed is but about 97.5 per cent. The latter condition of course 
cannot occur in fixed-blade-propeller drives. 

Chain-drive losses fall off rapidly at reduced speed, however; 
thus it may be stated that the marine chain drive is very nearly 
99 per cent efficient over the entire speed range. 

Lubrication. Chain drives are not critical as regards oil 
viscosity. Any medium oil which is fluid enough at all operating 
temperatures to reach the joint or “heart’’ of the chain is suitable. 
The type of oil used for the engine lube system seems to be ideal 
for the marine chain drive, and the use of engine lubricating oil 
in the chain housing has been the standard practice in nearly all 
installations. 

The oil, however, should never be taken from the engine lube 
system. A separate sump, strainer, and pump should be provided 
for the chain transmission, preferably driven by a gear or chain 
from one of the pinion-sprocket shafts. Spray pipes should be 
placed to distribute the oil to all portions of the chain. 
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Cooling of oil is not always necessary. When chain speed js 
less than 2500 fpm, oil temperatures seldom exceed 130 F. 

Types of Housings. The drives illustrated were constructed 
at a time when horizontal-boring-mill facilities in the country 
were critically needed for work on helical-gear reducers and other 
large machinery. For this reason the transmissions were de- 
signed to utilize standard pillow blocks with self-aligning roller 
bearings. The bases were weldments of 1-in. plate well ribbed 
to assure stability. The sheet-steel tops wer® functional only as 
enclosures. 

This arrangement worked out very well and can be recom- 
mended as lending itself to economical manufacture especially 
where the drives must be custom-built singly or in small lots. 

Standardized units may be constructed along the lines shown in 
Figs. 8 to 10, inclusive. 

Thrust bearings of either the roller or slipper type may be 
incorporated into the transmission. The axial movement of the 
propeller shaft resulting with the use of the Kingsbury-type bear- 
ing is easily accommodated with the chain drive because of the 
generous clearances between the sprocket faces and the chain 
side bars. 

Reverse Gears. On the Transportation Corps FP vessels a 
reversible chain drive has been used. In this transmission an 
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arrangement of pneumatic clutches allows the propeller shaft 
to be engaged either with the main forward chains or with a pair 
of reverse chains which, through the use of idlers and a follower 
sprocket, causes reverse rotation of one clutch element. In these 
transmissions the forward drives were on fixed centers and re- 
duction was provided in both forward and reverse speed. 

In these ships four engines were used with two separate chain- 
driving twin propellers. 

In the largest series of the Navy tugs direct-reversible engines 
were used. Speed reduction by the chain drive was 3 to 1. 

Gear-type disconnect clutches allowed operation with either 
or both engines. Also, on some of these tugs this arrangement 
made possible the transfer of the power of the starboard engine 
from the propeller to a high-pressure fire pump. 

The smaller boats used unidirectional engines with combina- 
tion reverse and 2-to-1 reduction gears between the engines and 
the chain drive. The control of the reverse gears was by me- 
chanical linkage to a common pneumatic cylinder which in 
turn was operated by remote control from the pilothouse. 

The simultaneous control of two reverse gears has been ac- 
complished on other vessels with hydraulic, electrical, and me- 
chanical linkage in each case with excellent operating charac- 
teristics. 

Equalization of Engine Output. Inasmuch as the engines are 
locked in rotational step, it is easy to expect that there might be 
some trouble in keeping the engines in good power balance, es- 
pecially on craft like tugs where frequent starting, stopping, and 
speed change are necessary. However, most of the troubles 
which had been anticipated did not materialize. 

Pilothouse adjustment of speed has been successful with both 
pneumatic- and hydraulic-throttle-control systems. Once the 
usual preliminary adjustments have been made, the two engines 
remain in good torque relationship over the entire speed range. 
Occasionally the exhaust temperatures are checked and slight 
adjustments of the governors may be made by the operator. 

At no condition of operation has there been noticed a tendency 
of one engine to ‘‘fight’”’ or oppose the other. During trial runs 
purposeful unbalancing of the engines seems to result in nothing 
other than a dropping off in speed of the system. 

Hydraulic Couplings. Chain drives undoubtedly respond 
to the smoothing-out action of hydraulic or magnetic cou- 
plings fully as much as would a gear drive under the same 
conditions. 

As pointed out previously, the chain is not to any degree elastic 
nor does it possess damping ability; consequently, abnormal 
engine cyclic variations or vibrations must be met either by in- 
creasing the size of the chain or by introducing an absorbing de- 
vice between the engine and the drive. 

The hydraulic couplings on the larger of the Navy tugs func- 
tioned chiefly to permit of easy starting and to allow better syn- 
chronization of engine output. Their contribution to the success 
of the chain drive is not too well established as engine-output 
characteristics were good. 

The hydraulic couplings used on these tugs were of the traction 
type, with the outer and heavier elements supported by the chain- 
drive bearings. 

Scoop-type hydraulic couplings or excited magnetic couplings 
may be used, making it possible easily to disengage one of the 
engines for light operating conditions or in an emergency. 

Whether or not a reaction-type coupling is used, it is advisable 
to incorporate a flexible coupling between the engine and the 
load. 

A coupling which allows of easy disconnection is recommended 
when other means are not available to disengage one of the 
engines. 
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ADVANTAGES OF CHAIN DRIVES 


The advantages of the single large slow-turning propeller are 
best utilized on workboats such as tugs, where towing ability 
and hydraulic efficiency mean dollars and cents to the owne: 

While there are undoubtedly many arguments for the large 
slow-speed type of Diesel engine for vessels of this kind, a good 
deal of interest is being shown by designers of commercial craft 
in the lighter medium-speed Diesels, and especially in the com- 
pounding of two or more of these engines for single-serew opera- 
tion. : 

There are several reasons for this interest, as follows: 

1 Capital outlay is less per unit of power. 

2 A smaller engine room allows more space for cargo or 
crew’s quarters. 

3 Engine overhaul is possible without laying up the ship. 

4 Lighter engines allow of lighter hull construction. 

5 For light running, one engine may be used at a time with 
enhanced economy. 


All of these advantages of course may be inherent in a gear- 
driven multiple-engined vessel. 

It will often be found, however, that gear drives of suitable 
ratio, unless constructed with expensive, inefficient idlers, will 
require that the engines be placed so near together that proper 
provision for operation and maintenance cannot be made. 

Chain drives, on the other hand, operate best with the sprocket 
centers spaced at a distance roughly equivalent to 1 or 2 diam of 
the largest sprocket. 

This relatively wide spacing of centers allows engine spacing in 
the ship which will provide the best accessibility, balance, and 
arrangement of accessory equipment. 

Chain drives also, because of their less-exacting requirements 
for accuracy of center distance and housing structural rigidity, 
lend themselves better than gear drives to economical ‘“tailor- 
made”’ design and construction. By this it is not to be con- 
strued that a marine drive can be successful if built to “back- 
yard” or “‘cob-house”’ constructional standards. 

Of equal importance to accurate chains and sprockets is a base 
or housing of good design, adequate shafting and bearings, and 
fitting and assembly workmanship consistent with the require- 
ments of heavy-duty equipment. 

One of the earliest installations of a marine chain drive was 
in the conversion of an old 70-ft steam tug to Diesel power, Fig. 
11. Removal of the boiler and engine left ample room for 1n- 
stallation of a pair of 165-hp 800-rpm engines with built-in 2-to-l 
reduction gears. A 2-to-l-ratio chain drive, using two 1° ¢in- 


‘pitch 3-strand chains, compounded the engines to the propeller 


shaft which swung the original 76-in. wheel at 200 rpm. 

This little vessel after conversion easily outpulled a larger tug 
in the same fleet which was powered by a single 400-hp German- 
made engine but which swung a smaller propeller at higher speed. 
Operating costs over a 2-year period showed a substantial saving 
over steam and with fuel economy comparable to other Diese! 
tugs in the fleet. 

Another interesting application for chain drives is in connec- 
tion with adjustable-pitch propellers. Here the fluid supply t 
the servomotor and the control rod, which limits the propeller- 
blade movement, are carried through the hollow shaft of the chai 
transmission. 

Reversal from full speed forward to full speed astern in as little 
as 5 sec, as well as propeller-pitch adjustment for all operating 
conditions are possible with this arrangement. 


CONCLUSION 


Future development of the marine chain drive will probably 
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depend to a considerable extent upon the economical status of 
the multiple-engine power plant as compared to the more con- 
ventional single-engine layout for small and medium vessels. 
During the 3 years that most of the chain-driven boats have 
been in operation accurate operating data have undoubtedly 
been accumulated, and although conditions make this unavaila- ‘ 
ble at the present time, it is believed that the results will show 
many cost-saving advantages for both dual engines and chain 
drives. 
Availability of the drives and standardization of units will come 
rapidly once the requirements of power, speed range, and center 
distances are more clearly established. 


Discussion 


R. R. Stevens.? The writer’s first experience with a chain 

Fic. 12 Dvat 3-To-1 Ratio Datve Wits drive on a ship was a pleasant surprise. Personally, chain drives 
Disconnect CLuTCHES AND EMERGENCY Fire-Pump Drive had meant bicycles, motorcycles, and truck transmissions. 
Consequently, when a chain drive on a ship was visualized, 
where at least ten times as much power was involved, a lot of 
noise was expected. Actually, the only way to tell that there 
was a connection between the engines and the propeller was to 
look for the rotation of the shaft. 

From what the writer has observed of the chain transmission 
on ships, it has performed a very creditable job from the stand- 
point of quietness, ruggedness, and low maintenance. 

One of the most interesting points brought out in this paper 
is the possibility of many different engine combinations afforded 

_ by the chain transmission. The author’s remarks about how the 
chain drive provides a ready solution to speed reduction and 
proper engine spacing seem important. 

This subject of multiple-engine drive introduces another prob- 


Fic. 13. Heavy-Duty Cuan Drive ror Duat Encine Vessets— Industrial and Marine Engineer, Westinghouse Airbrake Com- 
2-1o-1 RaTIo pany, Wilmerding, Pa) Mem. A.S.M.E. 
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lem, namely, that of synchronizing engine behavior. This in- 
volves the matching of speed and motion. Fortunately, the solu- 
tion has been developed, and production equipment is available 
to control a group of associated engines by one control lever. 
Means are also provided to balance the output of the engines 
either on the basis of engine temperature or fuel control. The 
writer can attest to the author’s statement that the controlling 
of engines in multiple has proved successful. 

The writer has always been fascinated to see a ship actually 
operated from the pilothouse. For example, he has observed 
the 65-ft tugs, referred to by the author, maneuvered in ways 
that are a credit to man’s dexterity and to chain transmission. 
These had propulsion plants like the arrangement shown in Fig. 
3 of the paper. 

On the larger 110-ft tugs, with equipment like that shown in 
Fig. 4, a further interesting phenomenon was observed. In this 
case, the ship was equipped with hydraulic couplings between the 
transmission and the reversing engines and with a brake on the 
propeller shaft. Engine reversals from full speed could be made 
in less than 4 sec if desired. When this was done, the propeller 
brake would be held on until the engines fired in the new direction. 
Then as the engines accelerated, the couplings gained in power 
so that they picked up the propeller just as it stopped and started 
it in the new direction. It was an intriguing sequence to watch, 
and effective for ship maneuvering. 


W. A. Warrick.’ Use of multiple-strand roller-chain drives 
in the dual-drive reverse and reduction transmissions of a con- 
siderable number of 170-ft cargo vessels of the Transportation 
Corps, Army Service Forces, mentioned by the author, although 
unavoidably unconventional from the viewpoint of traditional 
and accepted marine-engineering practice, actually represented 
the adaptation for ship propulsion of equipment that had been 
proved by extensive use to be thoroughly dependable and long- 
lived in widespread service ashore in the oil-well-drilling industry. 

Unfaltering performance is of paramount importance in that 
field because failure of any component part of drilling equipment 
may result in casualties* to personnel, and possibly in heavy 
indirect financial loss as well as direct loss, due to resultant idle- 
ness of well-paid 24-hr-a-day operating organizations. 


Diamond Chain 


Company, Ine., 


3 Mechanical Engineer, 
Indianapolis, Ind. 
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Drives with multiple-strand American Standard roller chains 
of the standard series have long been used for compounding the 
power of two, three, and sometimes more internal-combustion 
engines on thousands of rotary drilling rigs. ‘The same is true of 
3-speed and 4-speed roller-chain-equipped drilling-rig trans- 
missions, many with roller-chain reverse drives. 

The parallel drives which provide the various ratios of such 
transmissions have sprockets on a common, nonadjustable center 
distance. Chain wear of these well-lubricated drives is so 
negligible that, although no take-up is provided, the original 
transmission chains frequently outlast the rigs. The trans- 
missions are capable of handling the total compounded power of 
the rigs. This may exceed 1000 hp for drilling to depths of 2 to 
3 miles. On many units, the total power exceeds that of the ear- 
liest FP vessels, the first of which is shown in Fig. 14 of this dis- 
cussion. 

For a considerable period of time after the program for these 
cargo ships was inaugurated, only right-hand, nonreversing 
engines were available, although the vessels are of the twin-screw 
type, with right-hand and left-hand propellers, four engines per 
ship, and two per propeller. The hulls were such that end-for- 
end installation of either pair of engines was impractical. Right- 
hand and left-hand transmissions not being desired, the trans- 
missions were designed for installation on either the starboard 
or port hand, necessitating forward and reverse drives with 
identical 3.48 to 1 ratio of speed reduction and equal capability for 
continuous service. 

The starboard and the port transmissions of each vessel are 
therefore identical and interchangeable, the forward drives of the 
starboard transmission being identical with the reverse drives of 
the port transmission, and vice versa. 

The roller chains of the FP transmissions and of the commercial 
transmissions conform to American Standards and are of the con- 
struction mentioned in the paper, with all center plates press- 
fitted on the pins, but they are not of the extra-heavy series. 
They are of the widely available standard series that is predomi- 
nantly used for both high-speed and low-speed chain drives on 
massive heavy-duty machinery in the oi:-well-drilling, mining, 
and earth-moving industries. 

Each of the four chains in each transmission was connected end- 
less after sprockets and shafts had been installed. Fach chain 
may be removed, reinstalled, or replaced without disturbing 
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sprockets or shafting. The connecting joint of each chain is 
press-fitted like all other joints. All chains are installed snug, 
but in accordance with prevailing practice with roller-chain 
drives, whether there is provision for chain wear take-up or not, 
no chain is under initial tension other than the slight amount of 
catenary loading, either at the time of installation or subse- 
quently. 

Running-in elongation is so inconsequential that it is not 
worth while to provide partiai compensation for it, in advance of 
its occurrence, by “pre-tensioning’’ of chains at installation, even 
when sprocket center distances are nonadjustable. Any con- 
ceivable advantage from such pre-tensioning must be regarded 
as being of academic importance only, and as being outweighed 
by the concomitant difficulties and complications of installation 
created by that specification. 

There are two “forward” drives with matched chains in each 
FP transmission, one from each pinion shaft to the main shaft on 
which there are two identical dual sprockets, each with an air- 
actuated disk clutch with mechanical lock for use in the event 
of failure of the air supply. One of the dual sprockets is the 
follower sprocket of the forward drives and the other is 
the follower sprocket of the “reverse” drives. No take-up for 
wear of the forward chains is provided. 

Each multiple-strand transmission chain was proof-loaded by 
the chain manufacturer after assembly as is customary in the 
production of all roller chains. All chains of identical specifi- 
cations are proof-loaded to the same value, regardless of the serv- 
ice in which they may be used. Proof loads are somewhat less 
than 50 per cent of elastic limits. 

The proof load of the marine transmission chains happened 
to be somewhat more than 10 times greater than the working 
load when handling full power at rated speed. Accidental load- 
ing of the chains, as in the event of propeller fouling, to 10 times 
the normal loading therefore could cause no damage to the 
chains, and no permanent deformation would occur although 
portions of chain so loaded would momentarily increase about 
0.6 per cent in length. 

The elasticity of roller chains is comparable neither with that 
of belts nor with the relative inelasticity of gears, although the 
pre-tensioning of the transmission roller chains described by the 
author of the paper is in itself an exemplification of their sensible 
elasticity. The resultant “negative” slack otherwise would be a 
physical impossibility. 

Since the mainshaft of each transmission, the propeller shaft, 
and the engines turn in the same direction of rotation when the 
clutches of the 2-sprocket forward drives are engaged, the 
latter will subsequently be referred to as forward clutches and 
forward drives, without quotation marks, to‘ distinguish them 
from the clutches and drives subsequently referred to as reverse 
clutches and drives, which provide direction of rotation of main- 
shafts and propellers opposite to that of the engines. 

The reverse drives of each transmission consist of two matched 
chains and four dual sprockets. Three of the four sprockets, the 
driver, on one of the pinion shafts, a fixed idler, and an adjustable 
idler mesh “within” the endless chains. These three sprockets 
are positioned at the corners of an approximately right triangle 
to provide somewhat more than 90-deg engagement of the chains 
with the reverse main-shaft sprocket, which is “outside” of the 
endless chains and therefore rotates in a direction opposite to 
that of the three “inside” sprockets. The latter of course always 
turn in the same direction as the engines and the forward-drive 
sprockets. “Inside” and “outside” meshing of sprockets and 
roller chains is practical because the chains are symmetrical, 
having no “wrong” side. 

For forward rotation of the propeller, the forward clutch is 
engaged, the reverse clutch being disengaged, and the power of 


each engine is transmitted to the main shaft through its forward 
drive, the reverse drives running idle. 

For astern rotation, the reverse clutch is engaged, the forward 
clutch being disengaged. The two forward drives then serve as 
transfer drives, compounding the power of one of the engines 
from its pinion shaft to the other pinion shaft on which the driver 
of the reverse drive is fixed. The power of both engines is then 
transmitted through the paired reverse chains, main-shaft re- 
verse sprocket, and reverse clutch to the propeller shaft. 

Fig. 15, herewith, is an athwartship view of the transmission; 
the matched reverse chains are on the right. 

The FP ships being intended primarily for service in combat 
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waters, some excess of chain-drive capacity was provided. An 
interlock between clutch controls and engine throttles prevents 
any possibility of engines stalling at times of reversal. 

When the steering gear of one of the FP vessels was disabled for 
a considerable period of time during sea trials, the ship was easily 
maneuvered with the engines, and although in a tortuous channel 
and with the wind abeam, proper courses were readily steered un- 
til the trip was completed. The transmissions handled the 
necessarily frequent and rapid reversals of propeller rotation with 
notable facility. 

Each ship was supplied with two spare reverse-drive chains for 
use if required by enemy action or accident. Each of the total of 
six reverse-drive chains aboard was capable of being shortened 
readily to the lesser length of the forward-drive chains. That 
feature would make it possible to maintain some way on a ship 
should just one of the ten chains aboard be serviceable and just 
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one engine be operable, in the event of casualties, not completely 
disabling, that might be sustained by engines and transmissions. 
Accidental fracture of a few teeth of one or more sprockets would 
in itself not necessarily make the drives inoperable. 

The splash system of lubrication is employed, the oil level being 
carried at such a height that flingers on the main-shaft sprockets 
provide mist lubrication of chains and bearings. The transmission 
case is so designed that an adequate reservoir of oil is carried in 
asump. Oil is picked up by the flingers, even with 30-deg rolling 
or 15-deg list. Part of the oil circulation is continuously fed 


back to the main supply through a filter. No oil-cooling system 


is provided. 

Four tests at full speed and power, in reverse, each with an oil 
of different viscosity number in the transmission and each of 24- 
hr duration, were made for the purpose of determining the effect 
of lubricating-oil viscosity on the operating temperature of the 
oil. These tests showed that all four of the oils were suitable, 
there being relatively little to choose between S.A.E. Nos. 20 30, 
40, and 50. Differences between transmission oil and ambient 
temperatures ranged from 84 deg F for No. 20 to 73 deg F for 
No. 40. 

In two other and successive dynamometer tests, each of 500- 
hr duration and also in reverse, and at full speed and power, the 
average oil temperature of No. 20 in the first test was 148 F and 
142 F with No. 40 in the second test. The maximum tempera- 
tures were 161 F, 83 F ambient, and 150 F, 79 F ambient, respec- 
tively. 

The oils were in excellent condition after each test, neutrali- 
zation numbers never exceeding 0.1 and averaging much lower. 
There was no measurable consumption of transmission oil in 
either 500-hr test. 

Following completion of each of the 500-hr tests, shifting tests 
were conducted, the transmission being shifted from full power 
and speed in reverse drive to the same load condition in forward 
drive, then back again to reverse drive, for 75 and 25 cycles, 
respectively. The actual shifts were made in approximately 8 
sec with 1l-min intervals between shifts, 2 min per cycle. 
Throughout each test, no overheating nor operating difficulty of 
any element of the transmission was observed. 

Tests were terminated after 1094 total hr of operation, 1067 
hr of which were in reverse drive, all but 9 of these at or near 


" full speed and power, and 27 hr in forward drive, 24 hr at or 


near full speed and power. All tests were in still air. : 

Fuel consumption during the 24-hr full-load test in forward 
drive was identical with that during an immediately preceding 
24-hr test at full power in reverse. The moderate maximum oil 
temperatures during these 24-hr tests, 137 F and 159 F, respec- 
tively, and the respective differences of only 47 deg F and 74 deg 
F in transmission-oil and ambient temperatures, when in forward 
and reverse, are indicative of the high efficiency of all four of the 
drives and of the transmission as a whole. , 

At the conclusion of the 1094 hr of testing, the wear elongation 
of all chains was negligible. The wear of the forward chains was 
less than that of the reverse chains as was to be expected. Wear 
of the reverse chains was less than one half of the total manu- 
facturing tolerance for new chains, length limits of which, per 
foot, are plus 0.0156 in., minus 0.000. All chains and sprockets 
were examined and found to be in satisfactory condition for indefi- 


‘ nitely longer service, running-in having scarcely started. 


The drives functioned quietly throughout all tests. Strobo- 
scopic observation showed the chain action to be characteristically 
smooth under all conditions of loading. 

Data on service performance are of such limited extent, and 
cover periods of such brief duration that they are of negligible 
value as a basis for estimating the potential durability and de- 
pendability of drives of the roller-chain-equipped marine trans- 
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missions. The maximum period of operation, reported more than 
a year ago on two FP vessels of five in domestic waters, was only 
7000 hr. All drives were reported to have functioned satisfac- 
torily. No adjustment of reverse-drive take-up had been neces- 
sary. 

The dual-drive reverse and reducing marine transmission, 
shown with twin engines in Fig. 16 of this discussion, intended 
for commercial single-screw craft, was designed to permit maxi- 
mum ease of inspection of interior elements, all of which are 
readily accessible for repair, removal, and replacement if neces- 
sary. 


Fic. 16 Twin-ENGINE COMPOUNDING AND Repucina Ro 
MARINE TRANSMISSION WiTH 100 Per REVERSE 
FOR COMMERCIAL SERVICE 


Both engines may be used for propul-icn, or just the port 
engine, the starboard engine driving winches or pumps through 
a power take-off, equipped with friction clutch. The general 
design and the arrangement of main components and controls 
closely parallel those of the transmissions of the FP cargo ships. 

All four of the quadruple-strand roller chains are shown in 
Fig. 17, the two reverse-drive chains being on the left hand. 

Fig. 18 of this discussion represents a recently developed twin- 
engine hydraulic drive unit installed in conjunction with a marine 
reverse-and-reduction gear for compounding the power of two 
nonreversing engines to turn a single screw. It is designed for 
engines developing 150 hp in the 1000- to 1800-rpm bracket, both 
engines of each pair rotating in the same direction. 

As with the other marine transmissions discussed, the unit may 
be mounted either forward or aft of the engines, either type of 
installation requiring about the same over-all length and being 
suitable for vessels with four engines, each pair driving a propeller 
shaft for twin-screw propulsion. There is ample space between 
engines to permit maintenance or repair of either engine without 
disturbing the other. 

The compounding unit consists essentially of a welded-steel 
casing containing two hydraulic couplings and two quadruple- 
strand roller-chain drives which transmit power to the input 
shaft of the marine gear, for which three ratios are available. 
The input shaft of the marine gear turns 1200 rpm at rated speed. 

Driver sprockets of the compounding units are secured to 
outer members of the couplings, which are of the continuous 
dumping type. When the normally continuous flow of oil 
through either shaft and coupling is stopped with a shutoff valve, 
the coupling drains, and power is no longer transmitted through 
the chain drive. Full power then may be taken off through the 
shaft which extends through the transfer casing. 

The matched quadruple-strand American Standard roller 
chains of the standard series are installed snug but under n° 
initial tension. The sprockets are on nonadjustable centers. 
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CHAINS OF MARINE TRANSMISSION, Fic. 16 


Vernier mechanism for eccentrically adjustable idler sprockét is shown 
in the far corner.) 


Fic. 18 Twin-Enoine Instat cation With Hypravutic ENGINE 
CovurLincs Two QuvuaprRUPLE-STRAND Com- 
POUNDING Drives TO MARINE REVERSE AND REDUCTION GEAR 


Two basie center distances are available to suit various engine 
widths and to provide ample servicing space between engines. 
Slight differences in the basic center distances provide accomo- 
dation for the several lengths of chain for the five chain-drive 
ratios offered. 

Follower sprockets of all compounding units of this series are 
identical. Five different sizes of engine sprockets being offered, 
a wide choice of propeller speeds is possible in conjunction with 
the three ratios of the reverse-gear units that are available. 

The chain drives, and the reverse and*reduction gears are lubri- 
cated with oil pumped from the reservoir in the lower part of the 
casing, oil also being supplied to fill the couplings. The chain 
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case acts as an oil cooler, the area of exposed surfaces being large 
enough to assure a rate of radiation that keeps the oil at tem- 
peratures below 160 F when transmitting rated power at full 
speed, 

The reference by the author to ‘‘journal” elements of chain 
joints, in the first paragraph under the heading “Efficiency,” 
may be somewhat misleading to those not familiar with the con- 
struction of roller chains and to whom the word “journal” might 
suggest continuous rotation. The relative motion of articulation 
of chain joints is oscillatory and intermittent, the amplitude of 
joint oscillation being 360 deg divided by the number of sprocket 
teeth. 

The author is to be congratulated for the capable manner in 
which he has outlined the potentialities and limitations of roller- 
chain drives for marine propulsion. 


T. M. Rosie.‘ Just before Tabie 1 in the paper, there is a 
statement which reads, “reference to the capacity chart will 
show ... that capacity up to nearly 2000 hp per engine may be 
handled by a single transmission...” As the writer inter- 
preted the chart, the maximum horsepower per engine shown 
there is 156 rather than 2000. Will the author please clarify this? 

Regarding the replacement of chains, if it is found, for example, 
after a year and a half or two years of continuous operation to 
be necessary to replace one of the chains, perhaps because of 
some external mechanical condition, would it be considered 
necessary to replace the other? 


D. Ek. Hutt.’ The writer got the impression from the paper 
that the chain is run-in and fitted, the bearings then being finally 
bolted down in place; and, if a chain is to be replaced, the bear- 
ings must be changed again. Is that correct? 

ik. C. Lanno.* Is the writer correct in believing that due to 
prestressing the chain initially, there is no difficulty with the 
loose strand on the bottom of one engine? 


R. A. Hunpuey.?. The writer wishes to confirm the author’s 
statements concerning the quietness of chain drives. They can 
compete quite favorably in this respect with other drives. 

It might be interesting to present the engine builder’s view- 
point, particularly as it is believed that one of the outstanding 
problems in a drive of this sort is the balance of load on the two 
engines. We had contact with the drive shown in Fig. 4 of the 
paper, and although the problem was quite evident and clear- 
cut, the manufacturing tolerances in our governors, in the fuel- 
injection equipment, and the hydraulic couplings indicated that 
we might be faced with difficulties. 

We were prepared to meet them but they did not manifest 
themselves. The governors were of the conventional flyball 
spring-loaded type with relatively high droop, approximately 
7 per cent. Field experiences ‘indicate that greatest difficulty 
comes from two sources, namely, the balance of liquid in the 
hydraulic couplings, which occasionally does not maintain itself 
equal in both couplings, and the inherent desire of mechanics to 
play with the governor and the fuel-control linkage. These diffi- 
culties are readily taken care of by field-service men. 


E. Hare Coppina.’ Is it correct to say that the chain carried 
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as a spare has a different tolerance from the original chain it 
replaces? 


AUTHOR’s CLOSURE 


In regard to the question concerning Table 1, it should be made 
clear that the headings refer to arrangements of chains, and that, 
for two sextuple-strand chains at 260-460 rpm, the capacity is 
1872 hp, nearly 2000 hp. To show the use of the table, a 110- 
ft Navy tug has two five-strand chains per engine. This is ten 
strands, or two quintuplet chains, which the chart shows to be 
good for about 850 hp per engine at 415-700 rpm. 

Mr. Hult asked about replacing the chains. If the chains 
described were to be replaced, it would not be practical to install 
them with a tension of about 25 per cent of the total work load 
as was the case with the original chains. In other words, if tke 
chains were to be replaced they would be installed with no tension, 
but without slack. 

These drives were supplied in three code colors. Each was 
0.0002 in. different from the others. In other words, the accuracy 
of the pitch was maintained to 0.0002 in. for each individual 
series of chains, and the drives were set up with these three 
series, which provided the 25 per cent tension. Replacement 
chains would all be to the high limit, which in some cases would 
allow possibly as much as !/, in. slack. : 

These drives were applied endless, that is, they were shipped 
from the factory endless and the sprockets and shafts were placed 
through them. That could be done either on installation or the 
chain tools described in the paper, could be used. It is not 


necessary to move the engine shaft or the propeller shaft if the 
chain-disassembling tools are used. All that is necessary is to 
apply the tool, drive out a pin, wrap a new chain around it, pull 
the chain together, and drive through a new pin. It is not neces- 


sary to move the bearings, which are fitted to gages so the chains 
and drives are strictly interchangeable. 

The chains do not have to be run-in. We find that unless 
chains are run-in for long periods, such as 1000 hr, there is very 
little stretch. So running-in does not contribute much. 

The author believes there has been a great deal of unnecessary 
running-in of chains. By providing a better hole for the chain 
bushing, running-in of chains is absolutely unnecessary. There 
is no wear other than that occurring from possible dirt, or break- 
down of the oil film, such as would occur with any transmission 
bearing. 

Returning again to the question of replacement chains, as put 
by Mr. Codding, it should be made clear that the replacement 
chain has a different tolerance from the original one, on the long 
side. As mentioned before, chains are supplied in three codes, 
each one hardly enough different from the others to notice ex- 
cept that the difference does provide the 25 per cent of the work- 
ing load on the chain when stressed. All of these chains are 
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interchangeable with the others, except that some ot them might 
be too tight, so replacement chains are furnished on the long side 
of the pitch. Understand that the replacement chains are only 
about 0.0007 in. per pitch longer than the shortest chain origi- 
nally furnished. Thus the spare chains are within the manu- 
facturer’s standard tolerance for pitch, selected so they are on 
the long side, or more accurately, the chains originally furnished 
are on the short side. 

The amount of difference in pitch that contributes to a slack 
in the chain of, say, '/2 in. is very slight; it is only a matter 
of about 0.001 in. per pitch, and that is why it is necessary to 
have the chains matched in an installation where two chains 
share a common load. : 

It might be asked why the original chain is put under tension 
when the replacement chain can be put on without it. The life 
of a chain is ended when it has too much slack, so we use the pre- 
tensioning to give a little refinement in the first chain, which is 
normally expected to last the life of the vessel. As a concession 
to ease of replacement, pretensioning is omitted on the second 
chain, which would normally not be used. 

The Navy raised some question as to what the effect of back- 
lash would be on these chain drives, especially with regard to the 
propeller system. Thus quite an effort was made to keep back- 
lash to a minimum throughout the life of the ship, which explains 
the special efforts to maintain a tight chain for prolonged periods 
of use. It is believed that after the chains ran for a year the 
stretch or pitch elongation could hardly be measured. 

A question was raised by Mr. Lanno regarding whipping of the 
lower strand. The author does not believe that this would create 
any problem even with a pitching ship, because there is quite a lot 
of guiding action of the teeth of the chain pinion into the side bars 
of the roller. His feeling is that there would be no trouble even 
with 3 or 4 in. of slope or backlash in the lower strand. We did 
not have much backlash on these installations so it is impossible 
to tell exactly what would happen. However, we have other 
drives in installations where the chain is at an angle, and roller 
chain seems to run quite successfully under these conditions. 
As a matter of fact, quite a number of roller chains are run ver- 
tically by providing sufficient tension. 

In connection with Mr. Robie’s question regarding replacing 
one of two chains, both chains should be replaced if they share a 
common load. It is theoretically possible to replace one of the 
two chains and match the remaining chain but it would be a dif- 
ficult assignment. 

The need for three series of chains arises out of the difficulty of 
grinding several hundred thousand assemblies to 0.0002 in. on 
hole spacing, which is almost a gage job. Use of three serie= 
slightly different in pitch permits using nearly all the parts pro- 
duced within naymal manufacturing tolerances and thus avoids 
exces sive scrapping of parts and high cost. 
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Supercharging and Internal Cooling Cycle 
for High Output 


By R. H. MILLER,' MILWAUKEE, WIS. 


It is now well known that reduction of the temperature 
of a charge before compression in an engine is far more 
effective as a means of increasing the output than is an in- 
crease of the pressure. By example and diagram the au- 
thor shows the gains which may be made by supercharg- 
ing with and without intercooling the charge in the inlet 
manifold. He then discusses the dual-pressure super- 
charging cycle, and high-pressure supercharging with high 
combustion pressures. It has been determined that by 
selection of blower-discharge pressure and proper timing 
of the inlet-valve closing, engines equipped with the dual- 
pressure supercharging system will carry full sea-level 
rating at all altitudes. 


N 1923, while engaged as experimental engineer on the de- 
| velopment of this country’s first engine for Diesel locomo- 

tives, the author in collaboration with Dr. Sanford Moss, 
applied an exhaust-gas turbocharger to a 6-cylinder 10 X 12-in. 
600-rpm Diesel engine. The results were most discouraging 
in that the engine would carry less load with the turbocharger 
than without it. 

As often happens in engineering, lack of determination and a 
failure to visualize the tremendous possibilities of our pioneer 
work caused the project to be dropped after this first attempt. 
Nothing was known about valve overlap or the effect of scaveng- 
ing. A test engineer who at that time suggested cooling the air 
before admitting it to the inlet manifold was 20 years ahead of 
the time, and the idea was rejected with the “obvious” ex- 
planation that a heat engine could not be improved by removing 
heat from the charge. 

Theoretical analysis, verified by actual engine tests, shows that 
reduction of the temperature of the charge before compression in 
the engine is far more effective as a means of increasing the out- 
put than is an increase of the pressure. 

The conception that excess air is required to sustain combus- 
tion is based upon false premises. The excess air serves only to 
dilute the products of combustion and so limit the temperature 
of the mixture. This is proved in the gas turbine where the ex- 
cess air is added after combustion. 

t is obvious that the lower the temperature of the excess air 
the less is needed to hold the mixture of combustion product and 
excess air to a given limiting temperature. 

In Fig. 1 are shown two P-V diagrams superimposed. For the 
sake of simplicity, the combustion is assumed to take place at 
constant volume. The compression and expansion exponents 
are assumed to be 1.33 and 1.3, respectively, and the compres- 
sion volume ratio 13. The pressures and temperatures are shown 
in the table. Diagram A has an initial compression pressure and 
temperature of 6 psig and 605 deg R, and diagram B 20 psig 
and 815 deg R. 


* Chief Engineer, Four Cycle Diesel Division, Nordberg Manufac- 
turing Company. Mem. A.S.M.E. 

Presented at the National Meeting of the Oil and Gas Power 
Division, Milwaukee, Wis., June 12-15, 1946, of Tae AMERICAN 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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The combustion-pressure rise in diagram A is chosen to give 
134 mip which has a maximum combustion temperature of 3250 
deg R. The combustion rise in diagram B has been selected to 
give the same maximum temperature of 3250 deg R. This gives 
a mip of 129.5'psi for diagram B. 

The weight of the air in the cylinder for diagram B is 1.24 
times greater than in diagram A, due to the higher pressure. 

Thus in this example, when increasing the weight of air 24 
per cent the mip decreases 3.5 per cent for the same maximum 
combustion temperature, and diagram A operates with less 
excess air than B. On the basis of equal cycle mean temperature 
the load on diagram B would actually be reduced 25 per cent: 
instead of 3.5 per cent. 

In Fig. 2 three diagrams have been superimposed as follows: 


Diagram A (solid lines), nonsupercharged....... Mip = 94.5 psi 
Diagram B (dash lines), supercharged to 4 psig 


Mip 18.7 


04.5 Xx —— 


14.7 
120 psi 
Diagram C (dot-and-dash lines), nonsuper- 


charged 156 psi 
These diagrams are plotted with the following 


Compression exponent k; = 1.33 
Expansion exponent k,; = 1.45 


The mip may be calculated from the following formula 


Mi 1 ie — P,) 
Whi = 


+ (Pi X C X R— Ps) 


P:,—P,XR 


where = compression volume ratio 
volume at cutoff divided by total volume 
pressure at begining of compression, psia 
compression pressure, psia 

= combustion pressure, psia 
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CYLINDER VOLUME 


Fig. 2 


P; 
Mip 


pressure at end of expansion, psia 
indicated mean effective pressure, psi 


1 
In diagram B all pressures are 147 


times greater than in the 


nonsupercharged diagram A. Equation [1] shows that with the 
same cutoff C = 0.112, the mip is increased in the same ratio as 
P, or from 94.5 to 120 psi. 

It also follows from this equation 


....... 


that the temperatures in any piston position are the same in 
diagrams A and B if both start with the same initial compres- 
sion temperature 7). 

The cycle mean temperatures of diagrams A and B are there- 
fore identical. 

Diagram C is plotted with cutoff 0.15 which is selected to 
give the same cycle mean temperature as in A and B when the 
initial compression temperature is lowered to produce the same 


18.7 
air-density increase as from A to B (= = 1,27 }, that is 
14.7 


If we assume 
695 deg R (235 deg F) 


then 


Tic = 546 deg R (86 deg F) 


By using the constant-mean-temperature chart in Fig. 3 we 
read on the zero-pressure line for diagram A 


T,,,/T; ratio for 94.5 mip = 1.815 


then 


T,, = 695 X 1.815 = 1260 deg R 


and diagram C with initial compression temperature 7, = 546 


deg R. 
1260 
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Ratio 2.3 on zero gage pressure reads 156 mip. This shows that 
on the basis of equal internal temperatures, increasing density by 
cooling more than doubles the output obtained at the same den- 
sity by increased pressure. 

The temperature selected in this example is lower than is prac- 
tical in engines with conventional compression ratios, but has 
been used to show the relative effect of pressure and temperature 
on engine output. 

An example applicable to present-day designs with compres- 
sion ratios of about 13 to 1 might be as follows: 

Example 1. An engine operating supercharged at 4 psig with- 
out intercooling at 130 psi mip shows a 7’,,/7 ratio of 1.935 on 
the 4-psi line in Fig. 3. 

The initial compression temperature 7; may be set up as 
follows: 


Atmospheric temperature (assumed) = 90 F 
Heating in blower = 55 F 
Cylinder heating = 65 F 


Then 


T, = 670 deg R 


and 


T,, = 670 X 1.935 = 1296 deg R 


If now the air is intercooled to 90 deg F in the inlet manifold, 
we have 


T, = 670 — 55 = 615 deg R 


and 


b+ + 


ARITHMETICAL MEAN 
> TEMPERATURE OF THE CYCLE 

ABSOLUTE) 
ABSOLUTE TEMPERATURE 


MIP- TEMPERATURE CORRECTION LINES FOR SUPERCHARGED 
T{IPRESSURES UP TO 20 LBS GAUGE 
MAXIMUM COMBUSTION PRESSURE LINES 0-9* 765 PS! ABS 
MAXIMUM COMBUSTION PRESSURE 
LINES 10-20 P,x31.8 PSIABS 


a COMPRESSION RATIO Vv, /V2 135 
COMPRESSION EXPONENT 133 
145 


EXPANSION EXPONENT 


Fig. 3 
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This increases the mip to 155.5 psi. 

Had the manifold temperature been cooled to 65 F, bringing 
T, to 590 deg R, the T,,/7T; ratio would increase to 2.2 and the 
mip to 169, Fig. 3. 

Cooling air to 65 or even 90 F is practical only where cold 
water is available, and in the transportation field where atmos- 
pheric air is the only cooling medium, such low temperatures 
cannot be obtained in the conventional supercharging system 
without the use of refrigerating equipment. 


DvuaL-PRESSURE SUPERCHARGING CYCLE 


This cycle is designed to produce internal cooling by expansion 
from a high pressure to a lower pressure and temperature. In 
this system the initial compression temperature will be 


where T¢, = temperature of air leaving intercooler, deg R 

t., = heating of air in cylinder during full down stroke of 
piston 

t., = adiabatic temperature drop for expansion from 
manifold pressure (P,,) to pressure at end of 
down stroke (P,) 


A diagram has been drawn in Fig. 4 to show the pressure and 
temperature path of the air up to the beginning of the compres- 
sion stroke. For comparison, the conventional supercharging 
system is shown in dotted lines. In the latter 7, is equal to the 
manifold temperature plus cylinder heating or 


Expansion cooling therefore accomplishes lower initial com- 
pression temperatures (7',) with the same manifold temperatures, 
Equation [4]. 

Thus in Example 1, where the manifold temperature was 
cooled to 90 F to obtain a rating of 155.5 mip, the same initial 
compression temperature (7; = 615 deg R) could be obtained by 
cooling the manifold to only 130 F by so selecting the expansion 
ratio that ¢,, = (130 — 90) = 40 F. With a required super- 


PRESSURE 
LBS GAUGE! 


TEMPERATUR 


NTER COMPRESSION 
BLOWER COOLER STROKE [STROKE 


charging pressure of 4 psig, the blower discharge or manifold 
pressure would then be 8.65 psig. 


P_ \0.283 
= = 615 
a 40 = 615 X | P, ] 


where P,, = manifold pressure = 23.35 psia 
P, = supercharging pressure = 18.7 psia 
t,. = adiabatic temperature drop = 40 F 


With the assumed cylinder heating of 65 deg F during the com- 
bined 180-deg crank angle of the combined suction and ex- 
pansion, the exponent for the latter function would be n = 1.15. 
The inlet valve would therefore be timed to close about 60 deg 
before bottom dead center to expand from 8.65 to 4 psig. 

Pressures, temperatures, and expansion ratios other than those 
shown in the examples can obviously be used. 

Increasing the expansion ratio lowers the initial compression 
temperature with any given manifold temperature. Higher 
supercharging pressures P;, may be selected either by increasing 
the manifold pressure or reducing the expansion ratio. 

The pressure lines in Fig. 3 show the output in mip for all con- 
ditions of 7; and P;. 

An engine is now being built to operate with a blower pressure 
of 18 psig and an expansion ratio of 1.65 giving a supercharging 
pressure of 5 psig. The preturbine exhaust-gas pressure will be 
about 143/, psig. This pressure difference between inlet and 
exhaust manifold will induce complete scavenging at high engine 
speed with valve overlaps smaller than are now required. 

The dual-pressure supercharging cycle can be operated without 
intercooling. The initial compression temperature 7, with the 
pressures in the foregoing paragraphs would then be 


T, = tatm + toy + ben — bee 
where, using values in Example 1 


term = 550 deg R (90 deg F) 


sso x | 
14.7 


= 103 F 


1 
(23.35 
18.7, 


T, = 550 + 103 + 65 — 42 = 676 deg R 


This temperature is 9 deg higher than obtained with super- 
charging to 4 psig by the conventional method without inter- 
cooling, where 


= Tom + tin + tern 


| 


0.75 + 65 = 667 deg R 


Had the blower efficiency been 82 per cent instead of 75 per 
cent, then the two T, temperatures would be equal at these pres- 
sure conditions. 

Thus it is seen that without intercooling the dual-pressure 
cycle and the conventional turbocharging system carry the same 
rating at equal supercharging pressures. 

The advantage of the former is that the scavenging pressure 
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is higher than the supercharging pressure so that the exhaust from 
a multiplé-cylinder engine can be carried to the turbocharger in 
a single pipe without loss of scavenging efficiency. 

Scavenging of the clearance volume is a function of time and 
the pressure difference between inlet and exhaust manifolds 
during the scavenging period. But since the scavenging time 
decreases with engine speed, it follows that the pressure dif- 
ference.must be increased with engine speed. This is a feature 
of the dual-pressure cycle. 

With constant over-all turboblower efficiency the pressure 
difference between blower discharge and preturbine pressures 
increases with blower-discharge pressure. This is shown in Fig. 
5 in which is plotted blower pressure versus blower minus pre- 
turbine pressures at 950 F gas temperature and 90 F blower- 
intake temperature for an over-all efficiency of 50 per cent. 

For high-speed engines requiring 3!/2 psi differential pressure, 
a blower-discharge pressure between 20 and 25 psig would be 
selected. 

In a slow-speed engine, where more time is available per cycle 
for scavenging, a differential pressure of 2 to 2!/2 psi is sufficient 
and a blower discharge pressure of 8 to 11 psig would be selected. 


+ + 


Tu 
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1 GAS TEMP TO TURBINE 950 F ‘ 
Tl AIR TEMP TO BLOWER 90 F 
Tt CpB= SPECIFIC HEAT AIR AT 90 F CONSTANT PRESS 


it CpG= SPECIFIC HEAT GAS AT 950 F CONSTANT PRESS 
ATg=ADIABATIC TEMP RISE IN BLOWER 
} BTg=ADIABATIC TEMP DROP IN TURBINE 


MINUS PRE-TURBINE PRESS PSI 
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The inlet valve is then timed to close between 50 and 75 deg BBC 
on the intake stroke to expand to a supercharging pressure of 4 
psig. 

Effective intercooling and internal-expansion cooling may re- 
quire operating an engine with a blower pressure higher than 
needed for scavenging, in which case the valve-overlap angle 
may be reduced, or the engine can be operated with excessive 
scavenging if the turbine efficiency permits. 

Cooling before compression is limited to the minimum compres- 
sion temperature required to ignite the fuel spray. With 
Diesel fuel of 45-cetane rating, this temperature will be about 
1000 F which is obtained with an initial compression temperature 
of 615 deg R at 14 to 1 compression ratio. 

Lines 1, 2, and 3 in Fig. 6 are plotted with a constant-cycle 
mean temperature equal to the mean temperature in the non- 
supercharged engine at 100 mip and 7; = 680 deg R. 

Line 3 shows mip versus P; with 7; = 615 and i. = 14. The 

2 
compression pressure P2 versus P; is shown on line 4. The maxi- 
mum combustion pressure is not plotted but will be 1.6 times the 
compression pressure for ratings on lines 2 and 3. 

Line 1 shows mip versus P; when maximum combustion pres- 
sure is kept constant. 

Engines of conventional design in which combustion pres- 
sures cannot exceed those existing when operating nonsuper- 
charged are limited to an output of about 170 mip with maximum 
cooling of 7; to 615 deg R. This is about 75 per cent increase in 
bhp over nonsupercharged rating. 


SuPERCHARGING Compustion 
PRESSURES 


H1GH-PRESSURE 


Mean indicated pressure (mip) versus P;, line 3 in Fig. 6, 
shows the high outputs which can be obtained in an engine de- 
signed to carry high combustion pressures. This line is plotted 
for internal temperatures equal to those existing in the nonsuper- 
charged engine at 100 mip and 765 psi combustion pressure. The 
initial compression temperature is 615 deg R and the combustion 
pressure on this line is 53.6 times P; abs. 

As an example, an engine may be operated with a supercharg- 
ing pressure P; = 12 psig. The compression pressure would then 
be 895 psi and the combustion pressure 1430 psi (line 4). The 
mip would be 225 psi with 7’ = 615. 

With the inlet air cooled to 175 F in the manifold, a blower 
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be 57 F by expansion to 12 psig. Cooling the blower-discharge 
air from 300 to 175 F corresponds to a heat removal of 260 Btu 
per bhp-hr. The combined heat removal from jacket water and 
supercharging air would then be 800 Btu per bhp-hr, or about 11 
per cent of the total heat in the fuel. The high mechanical 
efficiency with high mep will give a fuel consumption of about 
0.35 Ib per bhp-hr. 


ALTITUDE RATINGS 


By selection of blower-discharge pressure and proper timing 
of the inlet-valve closing, engines equipped with the dual-pressure 
supercharging system will carry full sea-level rating at all al- 
titudes. Engines permanently located at a fixed altitude are 
equipped with inlet cams timed to give the supercharging pres- 
sure (initial compression pressure) normally used at sea level. 
For high altitudes the blower may have a compression ratio of 
2.5 to 1 which at 14,000-ft altitude would give a manifold pres- 
sure of 21.55 psia. The internal expansion would be from 21.55 
to 18.7 (normal sea-level supercharging pressure 4 psig). 

Due to the lower internal-expansion ratio at altitude, the ex- 
ternal cooling in the intercooler must be carried lower by the 
amount lost in internal cooling. Thus in the foregoing example 
internal cooling would be only 25 deg F, and the manifold air 
must be cooled to 105 F to carry a rating of 130 bmep with a super- 
charging pressure of 18.7 psia at 14,000 ft altitude. 

To maintain sea-level horsepower in an engine operating, for 
instance, in a Diesel locomotive over mountain ranges or varying 
altitudes, one of the following methods is used: 

1 A mechanism which varies the closing of the inlet valve 
with respect to piston position by automatic or manual control 
in such @ manner that the initial compression pressure is main- 
tained substantially constant. This system requires increased 
intercooling to decrease the manifold temperature with increas- 
ing altitude. 

2 In another method the inlet-valve closing angle remains 
fixed, and the blower-discharge pressure is decreased with de- 
creasing altitude by throttling the intake or by-passing the 
blower or turbine. 

Either of these methods may also be used to improve part- 
load operation, part load being treated as an increase in altitude. 


SuMMARY 


The dual-pressure superchargigg system may be classified in 
accordance with temperature and pressure conditions in three 
groups, as follows: 


1 Operating without intercooling between blower and inlet 
manifold. Combustion pressures limited to the same as in the 
nonsupercharged engine. 

Bmep in per cent of nonsupercharged rating = 140 

2 Operating with intercooling to give minimum permissible 
initial compression temperature. Combustion pressure limited 
to the pressure in the nonsupercharged engine. 

Bmep in per cent of nonsupercharged rating = 175 

3 Operating with intercooling to give minimum permissible 
initial compression temperature. Ratio of combustion pressure 
to compression pressure same as in nonsupercharged engine. 

Bmep in per cent of nonsupercharged rating = 200 


By selecting high manifold pressures and large expansion 
ratios on the intake stroke, the minimum permissible initial com- 
pression temperature for operation under 2 and 3 may be ob- 
tained with a manifold air temperature as high as 200 F, which 
permits using the engine cooling water in series through the air 
interdooler, 

Dual-pressure supercharging ‘of spark-ignition Otto-cycle 
engines increases the power output considerably more than in the 
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compression-ignition engine because the initial compression tem- 
perature can be carried to lower levels. Scavenging adds a 
greater percentage to the air retained in the cylinder. The com- 
pression ratio may be increased. 


Discussion 


S. N. Hepman.? The paper shows attractive increases in en- 
gine output when using intercooling and the dual-pressure system 
of supercharging. If these results can be realized in practice, it 
would appear to be well worth while. 

Results to date have shown that with constant-pressure super- 
charging, gains in engine rating in the order of 100 per cent are 
being realized. Without intercooling, this results in manifold 
temperatures in excess of 950 F used in the paper. We would ex- 
pect that with a supercharger pressure higher than 18.7 psia and 
a manifold temperature higher than 950 F, more efficient per- 
formance would result. In other words, gains of more than 100 
per cent in engine rating by supercharging would be realized with 
lower supercharger pressure and manifold temperature than are 
now being realized in the intercooled constant-pressure system. 
A test to substantiate this expectation is in order. Tests are in- 
dicated on both high-speed and low-speed engines as there may 
be a marked difference in the results, especially regarding differ- 
ential pressure necessary. 


E. S. Dennison.* The proposal to close the intake valve be- 
fore completion of the suction stroke, in order to cool the cylinder 
air charge, has the effect of decreasing materially the weight of 
air available for combustion. The case of the engine now under 
construction, mentioned by the author, may be taken as an ex- 
‘ample. The intake air is to be expanded within the cylinder from 
32.7 psia to 19.7 psia, by early closure of the valve. Assuming 
adiabatic expansion, this pressure ratio corresponds to a loss of 
some 30 per cent of the available air per cycle. The weight of 
fuel which may be burned efficiently, and hence the power out- 
put, will consequently be diminished by similar percentages. 
These effects are the familiar result of operating an engine with 
severe intake throttling. 

The author’s purpose is to decrease the air temperature at the 
starting point of compression and hence to decrease the arith- 
metic-mean temperature of the cycle. The mean temperature is 
important only from the standpoint of cylinder cooling. The ex- 
perience of engine designers is that cooling can be intensified by 
suitable design, and by vigorous circulation of the coolant, to per- 
mit extremely high rates of heat release in the cylinder. This 
trend is exemplified by aircraft-engine design. Hence engine 
builders now seek to attain high supercharge and combustion 
rates and are able to meet the cooling requirements as they 
arise. A deliberate cut of 30 per cent in air nem. under 
these conditions, is not easy to justify. 

In Fig. 4 of the paper it is implied by the oe that 
suction may proceed at 18 psig without throttling, to the point 
of cutoff, whereupon an adiabatic expansion begins instantly. 
Actually, valve closing is always gradual, and progressive throt- 
tling occurs through the valve. A throttling expansion produces 
no cooling. For this reason, the early cutoff will not affect cool- 
ing of the air to the extent estimated by the author. 

A supercharge pressure of 18 psig, mentioned in the paper, is 
about the upper limit obtainable practically with a single-stage 
centrifugal compressor. A supercharge of this character will en- 
able an increase of engine rating in the ratio of 2 to 1 or somewhat 


2 Designing Engineer, Auxiliary Turbine Engineering Division, 
General Electric Company, Fitchburg, Mass. Mem. A.S.M.E. 

3 Director of Research and Development, Elliott Company, Jean- 
nette, Pa. Mem. A.S.M.E. 
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more. This type of unit offers great possibilities for engine de- 
velopments in the future. . 

Cooling the air after compression, as advocated by the author, 
is a most effective means of increasing the air charge and hence 
the load capacity of the engine. 


A. J. Diaxorr.‘ In regard to Fig. 1, the author has tried to il- 
lustrate that in two cycles with the same maximum temperature, 
the cycle with higher air density at the beginning of the compres- 
sion has lower mean indicated pressure (mip). For this purpose 
he selected two constant-volume cycles with values of P; and 7,, 
as shown in the table of Fig. 1, and computed their mean indi- 
cated pressure on the condition of the equal maximum tempera- 
ture in both of them, presenting the values given in lines A and B. 
Actually, the mean indicated pressure and other values in line B 
were computed (with slight correction by the writer) for the con- 
dition of equal heat supply to the cycles, as shown in Fig. 7 of 
this discussion. The values for the condition of equal maximum 
temperature were computed by the writer and presented in line 
C. Therefore comparison of cycles on the basis of the author’s 
specified condition, that is, maximum temperature, should be 
done between A and C and not A and B as he has done in his pa- 
per. Anyway, this still proves that for the same maximum cycle 
temperature, the supercharged cycle will have lower mean indi- 
cated pressure as should be expected, because less fuel i8 intro- 
duced in this case to obtain the maximum temperature and 
hence less mean indicated pressure. 

Formula for computation of mean indicated pressure given in 
the author’s Fig. 1 is incorrect and should be of a form shown in 
the writer’s revised Fig. 7. F 

In Fig. 2 of the paper the cycle C gives much higher mean indi- 
cated pressure only because 51.5 per cent more heat (hence fuel) 
was put in it in comparison with cycle A. 

Further, in his paper, the author compares cycles without 
clear and consistent assumptions of the conditions in these cycles. 
Some of them are computed with 13 to 1 compression ratio, some 
with 13.5 to 1. In one case, he used a blower efficiency of 75 per 
cent and in another of 85 per cent. 

In a few cases he compares cycles on the basis of mean cycle 
temperature, using Fig. 3. 

Not being sure of where and how the author obtained the 
curves in Fig. 3, and having had experience with Fig. 1, the 
writer was not sure as to whether or not it would be safe to use 
Fig. 3 in his computation; therefore, for quick comparison of a 


TABLE 1 COMPUTATION OF MEAN INDICATED PRESSURE 


Blower 

Cy- pressure, 
cles psia P, T; Ts 
23.35 706 57.50 718 1673 3520 1768 
23.35 566 49.80 675 1576 3520 1800 
23.35 706 62.15 675 1576 3520 1735 
18.70 566 50.63 667 1558 3520 1808 
aie 445 53.0 530 1237 3520 1910 


Den- Cut- 

sity off 

ratio ratio 
0.162 
0.172 
0.172 
0.174 
0.219 


Cutoff = (author’s definition) 


Blower efficiency = 75 percent 


R=13:1 


Regular supercharged cycle. 
Author’s cycle. 


Regular supercharged cycle with blower pressure and 7) same as in author's cycle. 
Regular supercharged cycle with initial compression pressure same as in author’s cycle. 


Naturally aspirated engine cycle. 


4 Consulting Engineer, American Locomotive Company, Schenectady, N. Y. 


Mem. A.S.M.E. 
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Fic. 7 


Den- 
gram P, P, P, Ti T: Te Ts sity 


A- - 20.7 625 °1440 51.4 605 1410 3250 1500 
B —— 34.7 1050 1880 67 815 1900 3300 1530 1.2 
Cc 34.7 1050 1800 64.3 815 1900 3250 1500 1.2 
V2 
Same heat supplied as in A 
Same max. temperature as in A 
Compression exponent = K; = 1.33 
Expansion exponent = K = 1.3 
K:—1 Ki— 1 


R = = 13 


Mip = 


1 
few cycles with the author’s supercharging cycle and also to re- 
duce the number of the assumptions, the writer decided to use for 
comparison the simple constant-pressure cycle keeping close to 
the fundamental values given by the author. Using his methods 
of computation (although with not all of them agreeing), the 
writer computed the mean indicated pressure on this basis and 
the results are presented in Table 1 of this discussion. 

This table clearly shows that mean indicated pressure of cycle 4 
is higher than the author’s cycle 2 in spite of the fact that in the 
latter, blower pressure is only 18.7 psia against his cycle with 23.35 
psia., Cycle 3 definitely shows the advantage of the cooling of the 
air between blower and engine. Cycle 5 gives practically the 
same mean indicated pressure as the author’s cycle without using 
any blower at all. 

At one point, the author admits that his cycle needs special 
arrangements for altitude performance and, taking into considera- 
tion the fact that the cycle does not give any bene- 
fits in mean indicated pressure, it is questionable 


woe whether or not it is worth using. 
ue 


It should be understood that all computations 
were made for, the ideal cycle, as the author as 
sumed in his derivations of necessary values. For 
actual cycles, the mean indicated pressure certainly 
will be different but the trend of the values will pre- 
vail just the same. 


L. B. Jackson. What the customer is int- 
terested in is the maximum horsepower at the 
minimum cost with satisfactory reliability. 

With reference to the figures given in this discus- 
sion, it may be stated that our current production 
railroad Diesel engine is operating at continuous 
duty rating of 148 bmep and has been tested 
over long periods of time at higher bmep’s, with 


5 Director of Engineering, Diesel Division, American 
Locomotive Company, Schenectady, N. Y. Mem. 
A.S.M.E. 
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fuel consumption at 0.365 to 0.369. Air temperature entering 
is around 295 to 320 F. There is no cooling of the air, and the 
exhaust gas to the turbine is about 1140 F. 

In other words, we are working in much higher temperature 
ranges. We are getting very high output and a high degree of 
reliability. Really, what the customer wants is the most for his 
money, and the manufacturer wants the greatest output at the 
least expense in manufacturing. In Diesel-engine work, we can- 
not overlook theory and research; we must go ahead with 
research even more than we have in the past. We must not set 
up theories and try to prove them. It is much better to get the 
results and then find out how they were reached. 


J. W. Anperson.® - The author states that the theoretical 
analysis has been verified by actual engine tests. The author 
should present evidences of such tests, and in such complete detail 
that the data can be readily analyzed and his statements proved. 

Further, it is stated that excess air is not needed to sustain 
combustion in a Diesel engine, and the author cites the case of the 
turbine to prove his contention. It is natural to ask whether the 
author is talking about turbines or engines, because there is a 
difference. Also if the statement is true, then all engines long 
operated unsupercharged have not been delivering the power that 
was available. 

Another obvious question: Is the author discussing a limited 
phase of engine operation or the over-all problem of increasing 
engine output? The engine owner judges the engine by its over- 
all performance and power output, and many factors add up to 
account for the over-all output besides simple supercharging. 
It is not clear how the author’s proposals enter into this final over- 
all picture and further comment should be included. 


All present-day engines are based upon certain accepted con- 


ceptions and practices which have grown up over the years as 
the results of much development work and the experiences of 
many engineers. The author mentions these but apparently dis- 
misses them. He apparently discards all present conceptions, yet 
he offers no rigid proof nor any test data to prove his method 
superior. Instead he offers calculations and charts in an effort 
to prove certain theories. He sets up certain exhaust tempera- 
tures and certain rates of heat rejection to the cooling water 
which apparently he regards as limiting factors. It is well known 
that in themselves and by themselves neither of these factors 
determines the critical limit of engine output. 

In summary, the author seems confused in what he is trying to 
prove and he fails to give the necessary facts and data to support 
his controversial statements. 


P. H. Scuwerrzer.?. The author’s advocacy of keeping the 
mean cycle temperature down by intercooling and other practical 
means deserves sympathetic understanding. 
point there, especially where cooling water or cooling air is abun- 
dant. But he overshoots his mark when he states: 

“The conception that excess air is required to sustain combus- 
tion is based upon false premises. The excess air serves only to 
dilute the products of combustion and so limits the temperature 
of the mixture. This is proved in the gas turbine where the excess 
air is added after combustion.” 

This is an amazing statement, no matter which way you look 
at it. 


He has,a good 


It is also questioned that internal cooling by expansion after a 
part-stroke filling of the cylinder can increase the power output in 
4 practical manner. The cycle proposed reminds me of Hershey’s 


* Executive Engineer, Atlas Imperial Diesel Engine Company, 
Oakland, Calif. Mem. A.S.M.E. 
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State College, Pa. Mem. A.S.M.E. 


459 


“More Complete Expansion Cycle.’ Hershey shows a considera- 
ble advantage in thermal efficiency but at the cost of decreased 
power output. The addition of a turboblower can hardly change 
his general conclusions. 


Saut Be.iove.’ It is gratifying to find such an interesting 
piece of work, which shows such considerable ingenuity in devising 
a method for obtaining internal cooling within a Diesel engine. 
The value contributed to the art in emphasizing temperature con- 
siderations within Diesel engines is enormous. , 

We believe it only fair that the dual-pressure system be com- 
pared to the Buchi system of supercharging, as a means of evalu- 
ation. The Buchi system has had considerable success and is 
now fully accepted by the Diesel-engine industry and its custom- 
ers. From the author’s present work, it appears that the ad- 
vantages of the dual-pressure system of turbocharging are con- 
fined to the following: 


1 The divided exhaust manifold of the Buchi system is elimi- 
nated. This is some advantage in first cost but is not a major 
factor. 

2 Where a coolant of sufficiently low temperature is not availa- 
ble, the dual-pressure system offers a means of cooling within the 
engine. For the Buchi system cooling is possible only by external 
means. 

3 There will be some reduction in cost for the exhaust mani- 
fold, but it appears that the possibility of lowering turbocharger 
cost will depend probably more upon the factor of competition 
than from design itself. There is also the strong possibility of 
reduction in royalties, licensing, and engineering fees. 


It is interesting to observe, however, that where a source of 
coolant such as sea water is available there is no particular ad- 
vantage over the Buchi system. This is based on the minimum 
T, of 615 R which the author discusses. The possibility of very 
high-pressure supercharging is limited by allowable peak cylinder 
pressures, and any system as well as the dual-pressure system 
can benefit from higher allowable peak pressures. Where there 
is no source of coolant, however, we may expect there will be a 
slight advantage in the dual-pressure supercharging system. 

The entire premise of the dual-pressure system and the use of 
internal cooling is based on the fact that temperature is the pres- 
ent limitation on engine output. This of course is only partially 
true. It is probably true in a great many cases for supercharged 
Diesel engines. But it is also true that there are many super- 
charged engines where peak pressure is considered the limitation 
in loading. Moreover, where the engines are normally aspir- 
ated, the availability of a suitable amount of air to obtain effi- 
cient combustion is believed to be at least as important in a great 
number of instances as the maintenance of peak and mean tem- 
peratures down to reasonable operating levels. The point to be 
made is that we can go to extremes if we are not careful; tem- 
perature is the limitation in some cases, in other cases efficient 
combustion and smoke, and in still others peak pressures. 

Moreover, design itself is not standing still. Piston cooling, 
valve materials, new ring design, and new surface developments 
for both liners and piston rings, all are contributing to raising the 
allowable limitation of cycle mean temperature. And with 
higher mean indicated pressures, and possibly higher rotating 
speeds, we may find that the mixing of fuel and air and combus- 
tion problems will take us back in our memories 20 or 30 years 
(although at a much higher level). 

It should also not be forgotten that cycle mean temperature is 
not to be considered an absolute criterion of the heat loading on 


5 University of Illinois, Bulletin No. 21, pp. 52-67. 
* Chief Application Engineer, Enterprise Engine & Foundry 
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the working parts of the engine. Cycle mean temperature is 
merely air temperature. To obtain the temperature of the work- 
ing parts, the amount of heat liberated in any given time must 
also be considered. Thus where speed alone is increased, with no 
increase in mean indicated pressure, we should expect that the 
temperature of the working parts is increased. Likewise, even 
where speed is constant, when mean indicated pressure is in- 
creased we should expect higher temperatures of the working 
parts. The entire paper must be regarded with this limitation in 
mind. Cycle mean temperature is a valuable concept but not an 
infallible one. 

The author’s suggestion regarding use of the engine cooling 
water for air intercooling is a highly practical suggestion. How- 
ever, its feasibility will depend upon results of tests indicating 
the amount of internal expansion cooling which can be achieved 
without disturbing the other aspects of engine operation. 

We have three questions. The first is the source of the data on 
which the predictions of blower and preturbine exhaust-gas 
pressures are based. It will be interesting to learn the origin 
of the data on which the curve shown in Fig. 5 of the paper is 
based. The second question also relates to Fig. 5, and we ask if 
it is proper to use gas temperature to turbine of 950 F. It is be- 
lieved that very few engines operate at such temperatures at the 
present time, and we were wondering what effect a lower gas 
temperature to turbine, for example 800 F, would have on the 
values in Fig. 5. The third question refers to the author’s com- 
ments regarding operation of the turbocharger itself. There has 
been much discussion regarding relative efficiencies of the turbine 
operating per the Buchi cycle where the major portion of the en- 
ergy used to drive the turbine is obtained from velocity impulses, 
and of the turbine operating from a constant gas-pressure source. 
The author’s comments on the contemplated operation and ef- 
ficiency of the turbine used with the dual-pressure system, with a 
single-pipe exhaust manifold, will be appreciated. 

It was amusing to note from this paper that developments in 
four-stroke engines are revising the old concept of the four-stroke- 
cycle engine. The four-stroke-cycle engine has always been faced 
in the past with some contempt and ridicule from proponents of 
the two-stroke cycle on the basis of its “loafing” one revolution 
out of two. But now we have the intake stroke of the four-stroke- 
cycle engine doing many things besides drawing in air. With the 
advent of the Buchi system, we found that an appreciable pro- 
portion of the intake stroke was used for scavenging purposes. 
Now, the author suggests that another portjon of the intake 
stroke be used for another purpose, namely, cooling the intake 
charge. So now we have three functions instead of just one. 
The two-stroke-cycle men will have lots of thinking to do to dup- 
licate the internal cooling obtainable from the four-stroke-cycle 
engine, per the author’s ingenious arrangement. 

Another point which we must remember is that internal cooling 
is not the only way to cool. There is every reason to believe that 
other methods of cooling, while perhaps not so economical to ap- 
ply in many cases, will give the same results in performance as 
internal cooling. The cost of cooling by direct means should be 
given every consideration; in almost every case dividends should 
be obtainable by use of additional cooling. All engines must have 
some special cooling device for jacket water and often for lubri- 
cating oil as well. The addition of an air-cooling device should not 
be considered as a radical innovation or an expensive one. For 
example, for a supercharged engirie developing 1000 hp, removing 
55 F from the intake air is less than 3000 Btu per min, or consid- 
erably less than 10 per cent of the heat that must be removed 
from the-jacket-water cooling system. 

Finally, we must keep in mind the significance of Fig. 6 of the 
paper, which indicates how a slight increase in allowable peak 
combustion pressure can affect the allowable mean effective 
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pressure, if intercooling or expansion cooling, or both, are used, 
Limitations on engine loadings will necessarily sway from one 
factor to another in an oscillatory manner, as the emphasis of 
research on one problem or another tends to remove the immediate 
limitation. It is believed that bearing research, as one present 
limitation which needs considerable work, cannot be overempha- 
sized. 


J. L. Mansa.’© The writer has reviewed and read this paper 
with great interest. The author’s original idea to cool the charge 
between the blower and the cylinder is very sound and will un- 
doubtedly lead to a higher mip. 

Remembering the difficulties we had with the 143/4 & 16 loco- 
motive Diesel engine, the point is fully appreciated that mean or 
maximum temperature during the cycle is a decisive point which 
limits the mip. As far as the writer can see, heat stresses are also 
the reason for not building Diesel engine cylinders with larger 
diameters than 750-840 m/m. / 

On the other hand, he does not believe that the air - fuel ratio is 
without significance. When a conventional four-cycle engine of 
good design and in good order is forced to yield a bigger load than 
that corresponding to about 100 mip, it starts to smoke. Is that 
not a sign that there is too little oxygen present in the cylinder? 

It is believed that there are two limits: temperature and air- 
fuel ratio. 

In small cylinders the temperature is of less significance be- 
cause cooling surface is large compared with the volume of hot 
gas. 

The air-fuel ratio is a limiting factor because the available 
time for combustion is short. In large cylinders, time for com- 
bustion is more abundant while area-volume ratio is small- 
Therefore in large cylinders air-fuel ratio is of little importance 
while temperature is dominating. 

In other words, it is thought that the system of dual-pressure 
intercooled supercharging would have its best possibilities in 
connection with large cylinders where heat stresses, valve tem- 
peratures, and lubrication of piston rings are giving the most 
trouble. 

The writer wishes to congratulate the author on developing 
this new point of view. His thorough analysis of the thermo- 
dynamics of the internal-combustion-engine cycle has given us 
intercooled supercharging (British Motor: Ship, July, 1946) 
and now the new dual-pressure-supercharging system which will 
certainly bring about improved performance and increased out- 
put in four-cycle engines. r 

It is to be hoped that engine builders will take advantage of this 
development by adopting this new supercharging system which 
can readily be incorporated in present-day engine designs. 


‘ AuTuor’s CLOSURE 


Mr. Hedman states that with constant-pressure supercharging, 
gains of 100 per cent are being realized without intercooling. 

This paper compares engine ratings on the basis of tempera- 
tures of the internal surfaces or cycle mean temperatures. 

Engines built today with the best commercial materials cannot 
be operated in continuous full-load service above a load giving 
about 800 F exhaust temperature at the valves. Possibly Mr. 
Hedman is speaking of momentary maximum loads, but unlike 
gasoline engines, Diesel engines are rated on the basis of continu- 
ous full load. Nonsupercharged Diesel engines with good com- 
bustion chambers and large fuel pumps will carry well over 100 
psi bmep momentarily and in intermittent service, but they are 
being rated and sold at 75 to 80 psi. 


10 Professor of Machine Design, University of Copenhagen, Den- 
mark. 
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It is perfectly obvious that when the output of a supercharged 
engine is expressed in per cent of the nonsupercharged engine, the 
comparison must be based either upon continuous or maximum 
ratings; we cannot compare the maximum output of the super- 
charged engine with the continuous full-load rating of the non- 
supercharged engine. 

A nonintercooled supercharged engine at 200 per cent or double 
the nonsupercharged rating will operate at a very much higher 
temperature level. Therefore the load increase should be based 
upon the load carried by the nonsupercharged engine at this high 
temperature level. 

Let us assume that the nonsupercharged engine is rated at 100 
mip. The 7',,/7; ratio is then 1.86, which with 7; of 680 R, 
gives a T’,, of 1265 R. 

Increasing the bhp 100 per cent, as suggested by Mr. Hed- 
man, would call for a rating of about 185 mip. With 16 psig su- 
percharging pressure and no intercooling, 7 would be 775 R. 

Reading in Fig. 3 of the paper, we see that the 7’,,/7; ratio on 
the 16-psi line is 1.91 for 185 mip; 7’, is therefore 1.91 775 = 
1480 R. 

Obviously, if the supercharged engine will operate with this 
high temperature, so will the nonsupercharged engine. 

We then increase the 7',,/7'; ratio to 1480/680 = 2.18 and read 
141 mip on the zero line in Fig. 3 for the nonsupercharged engine. 

The increase in ihp is therefore 31 per cent and not 100 per 
cent. 

The curves in Fig. 3 are plotted for a maximum combustion 
pressure of 970 psia on the 16-psi line. 

The zero gage pressure line has a combustion pressure of 765 
psi, that is, the ratio of maximum to initial pressure is 52. If 
this ratio were maintained when supercharging, the mean indi- 
cated pressure for any pressure on any 7',,/7; ratio would simply 
increase with the absolute initial compression pressure. This is 
explained in the paper where it is shown that the cycle mean tem- 

perature of diagrams A and B are identical when they start with 
the same 7’. 

Therefore, if we permit the combustion pressure to increase to 
52 X (16 — 14.7) = 1600 psi, we get a rating line for 16 psig 


which will read ———— 4 = 2.09 times the mip on the zero line. 


14.7 
Coming back to Mr. Hedman’s 100 per cent increase in load, 
we find that 185 mip has a 7’,,/7 ratio of 1.77 (on 16-psi line, 
drawn as just explained). 
Since 7’; is 775, the cycle mean temperature will be 1.77 775 
= 1372 R. 
The nonsupercharged engine at 1372 R will have a ratio of 


1372 


$80 = 2.017 which reads 120 mip. 


185 
129" 54 per cent on indicated and about 62 per cent on brake 


The increase is therefore 


horsepower but not 100 per cent. 
By intercooling and expanding the pressure to 6 psig and 620 


1265 
R, the 7',,/T; ratio would be = = 2.04 and the mip 171 psi 


with a combustion pressure of 52 X 20.7 = 1075 psia. 

This is an increase of 98 per cent on the brake horsepower of the 
honsupercharged engine compared with 62 per cent obtained with 
16-psi supercharging and 1600 psi combustion pressure. 

Mr. Hedman is, undoubtedly, thinking of the gas turbine when 
he says that “more efficient performance would result” with ex- 
haust-gas temperatures higher than 950 F. Increasing the load 
on the engine to get higher exhaust temperature will decrease the 
efficiency, Exhaust temperature is a measure of cycle mean 
temperature, and we cannot arbitrarily increase it above the 
temperature limit of the engine. 
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In connection with Mr. Dennison’s comments, the author does 
not attempt to establish definite maximum cycle mean tempera- 
tures, above which engines cannot be operated. Every engine 
builder has his own standard and no two designers agree upon 
mean-effective-pressure (mep) ratings. The paper deals with a 
method of supercharging which permits increasing the mean in- 
dicated pressure without increasing the cycle mean temperature. 

Hence when the maximum permissible cycle mean tempera- 
ture, whatever it may be, is reached in any engine supercharged 
with the conventional systems, a substantial increase in power 
output can be obtained with the dual-pressure internally cooled 
supercharging system without increasing the cycle mean tem- 
perature. 

Developments in design, cooling systems, or materials go on to 
raise the permissible temperature level, but this is not a subject 
of this paper. 

Let us assume that Mr. Dennison’s very efficiently cooled en- 
gine will carry 100 bmep (120 mip) nonsupercharged and that the 
initial compression temperature is 680 R. We then read a T,,,/7T; 
ratio of 2.015 on the zero (atm pressure) line in Fig. 3. T,,, is 
then 2.015 X 680 = 1370 R. This, we agree, is the highest tem- 
perature the engine will stand. 

Mr. Dennison now maintains that due to the greater weight of 
air trapped in the cylinder with 18 psia supercharging pressure 
than with 6 psia intercooled pressure, more load can be carried 
at the higher pressure. 

In Fig. 4 we see that the initial compression temperature at 18 
psia supercharging pressure is 790 R. Since we must not exceed 
1370 R cycle mean temperature, the ratio 7,,,/T; will be 1.735 
and the mip 156 psi (Fig. 3). 

However, if we intercool and expand to 5 psi supercharging 
pressure and a 7’; of 620 R, the 7,,,/7; ratio is 2.21 and the mip 
177 psi. 

This represents an increase of 16 per cent in the brake-horse- 
power output of the engine even though the weight of air has 
been reduced by 23 per cent. 

The effect of temperature becomes evident if we extrapolate 
T, and P; to what may be called absurd values, such as 1370 R 
and 42 psig, respectively. The weight of air will then be the 
same as when the pressure and temperature is 18 psig and 790 R. 

According to Mr. Dennison, the weight of fuel which may be 
burned, hence the power output, is proportional to the weight of 
air in the cylinder. However, with P; and 7; at 18 psig and 790 
R, we can carry 156 mip at 1370 cycle mean temperature. 

But with P; and 7; at 42 psig and 1370 R, the ratio of T,,,/7T; is 
1 and no fuel can be burned because the permissible cycle tem- 
perature is reached without adding heat. The mean indicated 
pressure is therefore zero. 

Regardless of pressure (P;), an initial compression temperature 
(T;) so high that the limiting cycle mean temperature (or in- 
ternal surface temperature) is reached without burning fuel, re- 
sults in zero mean indicated pressure. 

Zero weight of air, regardless of temperature (7) results in 
zero mean indicated pressure. 

Load-carrying capacity is therefore a function of both charge 
pressure and charge temperature. 

Mr. Dennison states, ‘‘The mean temperature is important 
only from the standpoint of cylinder cooling.”” No matter how 
intensified the cooling and vigorous the circulation, as the load 
is increased, a cycle mean temperature (or internal surface tem- 
perature) is finally reached, which cannot be exceeded for con- 
tinuous, dependable operation. This is a very definite and real 
limit as designers well know. For most of our present-day en- 
gines, this limit is reached with nonsupercharged engines at some 
10 per cent above the full-load ratings of 75 to 80 bmep. 

The pressure lines in Fig. 4 of the paper are schematic. Actual 
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diagrams will of course show a drop below manifold pressure. 
This loss is simply made up by increasing the blower-like dis- 
charge pressure. Thus if it is desired to expand from 15 to 4 psig, 
the blower-discharge pressure is selected to give 15 psi pressure at 
the point of valve closing. This may require 16.5 psi blower-dis- 
charge pressure. The scavenging differential pressure will then 
increase as will the work returned on the suction stroke. Both 
are beneficial effects. From the point of inlet-valve closing, the 
cooling of the charge is equal to the adiabatic temperature drop. 
Supercharging to 18 psig without intercooling does not increase 
engine ratings in the ratio of 2 to 1 as predicted by Mr. Dennison. 
It has just been shown that on the basis of equal temperature 
conditions, an engine rated 120 mip nonsupercharged can be 
rated only 156 mip when supercharged to 18 psig; only 30 per cent 
increase. This is no more than is now obtained with the Buchi 
system at 4 psia. To make matters worse, the engine would oper- 
ate with combustion pressures in the neighborhood of 1500 psi. 
We have two ways of increasing the weight of the air charge: 


1 By increasing the pressure at the beginning of compres- 
sion (no change in temperature 7;). Equation [1] in the paper 
shows that this increases the mean indicated pressure directly as 
the pressure with identical temperatures throughout the entire 
cycle. 

2 By decreasing the temperature at the beginning of com- 
pression (no change in pressure P;). The weight of air increases 
inversely with the absolute temperature 7). 


If we now increase the fuel burned only in the ratio of the in- 
crease of weight of the charge, we will find that we do not reach 
the same cycle mean temperature because, while the air-fuel 
ratio and therefore the temperature rise is the Same, combustion 
starts at a lower temperature. Therefore more fuel can be 
burned and the air-fuel ratio decreases with constant cycle mean 
temperature with decreasing initial compression temperature 7). 

This is readily seen in Fig. 3. Assume an engine operating at 
100 mip, nonsupercharged, with 7; = 680 R. The ratio 7’,,/7) is 
then 1.86 and 7, = 1.86 K 680 = 1265 R. 

Decreasing 7’; to 620 increases / 7 to 2.04 and this reads 123 
mip on the zero gage-pressure line. 

The load has been increased 23 per cent for equal cycle mean 
temperature, but the weight of air has been increased only in the 
ratio of 680/670 or 10 per cent. 


The author thanks Mr. Diakoff for calling attention to the 


typographical error in the mip formula in Fig. 1. However, the 
formula appears correctly on the same page for the dual-pressure 
cycle. 

The misconception that the internal temperature in a Diesel 
engine is a function of air-fuel ratio alone is firmly fixed in the 
minds of most engineers. 

Fig. 1 is shown only to drive home the point that the initial 
compression temperature 7; also controls the internal tempera- 
tures. 

For the benefit of those who have difficulty following the cycle- 
mean-temperature theory, the author substituted maximum 
temperature 7; in Fig. 1. 

P, and T, are arbitrary values selected to give 24 per cent more 
air weight in diagram B than in diagram A. The load was then 
adjusted to produce the same maximum temperature 7;. The 
diagrams then show that at equal maximum temperature the en- 
gine with 24 per cent greater air weight pulls less horsepower 
than the engine with the lower initial compression temperature 
T,;. Thus the method of rating by constant air-fuel ratio without 
considering the temperature of the charge is proved wrong. 

T; has been corrected for the fuel added during combustion and 
the values shown are correct within slide-rule error. Mr. Dia- 
koff’s diagrams are plotted without fuel-weight correction and 


JULY, 1947 


show a reduction of load of 6 per cent against the author’s 4 per 
cent when the air weight is increased 24 per cent. 

If the 7 and P; values of diagrams A and B in Fig. 1 of the pa- 
per were referred to Fig. 3, with an assumed cycle mean tempera- 
ture of 1265 R, the 7',,/7; ratios would be 2.09 and 1.55, respec- 
tively, and we would read 165 and 120 mip or a loss of 27 per cent 
on the basis of equal cycle mean temperature instead of the 4 or 
6 per cent shown by loading to equal maximum temperatures 7’,. 

Mr. Diakoff states that cycle C in Fig. 2 gives high mean indi- 
cated pressure only because more heat is put in. The author 
has never claimed that the dual-pressure cycle or intercooling will 
produce more horsepower without increasing the total fuel. There 
is some improvement in thermal efficiency but certainly not at a 
rate’that will permit increase in horsepower of 50 per cent or more 
without increasing the total fuel. 

Diagram C simply shows that by reducing the initial com- 
pression temperature 7’; from 695 to 546 F without changing the 
pressure P;, the horsepower is increased at the same cycle mean 
temperature and maximum combustion pressure from 94.5 to 
155.5 mip. This is 75 to 80 per cent increase in brake horsepower 
with an increase in air weight of only 27 per cent. 

The effect of lowering the initial compression temperature is 
well established by theory and confirmed by actual tests. A 
16 X 22 Nordberg engine is now operating intercooled in the 
municipal power plant in Menasha, Wis., at a load 20 per cent 
above normal nonintercooled rating but with the same total heat 
flow to cooling water which indicates that internal surface tem- 
peratures are the same. In this case the air weight is increased 
less than 10 per cent by cooling the air between the blower and 
the inlet manifold, but the load is increased 20 per cent without 
increasing internal temperatures. 

The author purposely used examples with different compression 
ratios and exponent to show that intercooling is not influenced 
thereby. 

The curves in Fig. 3 are plotted for the exponents and _ pressures 
shown. An analysis of this curve by Mr. Diakoff would have 
been more interesting than his rejection on the grounds of a 
typographical error in an unrelated formula. 

The curve has been combined from Figs. 6 and 7 in a previous 
paper,!! and is the result of original work and considerable study 
by the author. Changes in load for actual diagrams or other ex- 
ponents with change in P; and 7’; may be read on this curve with 
fair accuracy. For example, the Nordberg engine mentioned 
shows a load increase of 20 per cent when the supercharging air is 
cooled from 145 to 90 F, that is, 7 is reduced by 55 F. 7; may 
then be assumed (or calculated) to be 680 R and 625 R for the 
noncooled and intercooled engine, respectively. The brake mean 
effective pressure at points of equal heat flow to cooling water by 
test is 109 and 131 psi. Allowing 20 and 21 psi for fmep, we get 
129 and 152 mip. On the 4-psig line in Fig. 3 we then read 
T,,,/T ratios 1.938 and 2.083. Multiplying these ratios with their 
respective 7')’s gives cycle mean temperatures 1305 and 1310 R. 
The error, when calculating the horsepower for intercooling from 
Fig. 3, is only 1.5 psi on mean indicated pressure compared with 
actual test. 

It will be noted that the pressure lines in Fig. 3 are plotted for 
constant maximum combustion pressure. These lines would 
move to the right if combustion pressures were permitted to in 
crease directly with P;. For example, if an engine rated 100 mip 
nonsupercharged with 765 psia combustion pressure is super 


22.7 
charged to 8 psig, but 765 x 47" 975 psi combustion pressure, 


11 “Rating of Supercharged Engines on the Basis of the Mesa 
Temperature of the Cycle,” by Ralph Miller, Trans. A.S.M.E., ¥° 
65, 1943, pp. 685-696. 
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the rating point for the same cycle mean temperature, would be 
= Lad = 154 psi, whereas the 8-psig line in Fig. 3 shows 
137.5 for 765 psi combustion pressure. 

’ The ratings in Mr. Diakoff’s Table 1 have been calculated for 
equal maximum temperature which is meaningless as just ex- 
plained. Cycle mean temperatures should be used. 

In Mr. Diakoff’s cycle 2, the 7 temperature should be about 
600 R since it is intercooled. Cycle 5 will have a 7; of about 680 
R. Mr. Diakoff assumes 530 R. This seems to be based on 70 F 
ambient and neglects entirely residual gas heating (about 30 F) 
and cylinder heating. 

On the basis of equal cycle mean temperature (assume 7’,, = 
1265 and read on Fig. 3) cycle 2 then shows 100 mip and cycle 
5, 156 mip. This is an increase in brake horsepower of about 70 
per cent for the author’s cycle. 

High-output supercharging requires complete scavenging and 
control of the initial compression temperature. The dual-pres- 
sure system simply provides better methods of accomplishing 
these results. 

The same high output can be obtained from the conventional 
Buchi system. But, to use the example in the paper, the air 
would have to be cooled to 65 F whereas in the dual-pressure sys- 
tem the manifold temperature can be as high as 145 F to get the 
same 7’. Scavenging is carried out with high differential pres- 
sure in the dual-pressure system, making it more effective and 
avoiding the complications of divided exhaust-pipe systems. 

No special arrangement is required to maintain sea-level ratings 
at altitudes. The inlet cam is simply timed to close later at alti- 
tude. This involves no extra cost. A nonsupercharged engine at 
14,000-ft altitude would be rated about 50 per cent of sea-level 
rating (DEMA curve), whereas when supercharged with the 
dual-pressure system, the rating may be as high as 200 per cent 
of nonsupercharged sea-level horsepower. 

Few engineers® will accept Mr. Jackson's thesis that practical 
results must be produced in advance of the theory. 

Theoretical calculations and analysis must precede the actual 
construction of the machine. Where theory and practice appear 
to conflict, the true theory has not been found. 

Since the paper was presented in Milwaukee, actual tests with 
a% X 11'/, in. six-cylinder engine have produced data that verify 
the theoretical work in every respect. Mep’s in the order of 
those mentioned by Mr. Jackson are obtained with fuel consump- 
tion of 0.34 lb per bhp-hr at 140 bmep with 1000 psi maximum 
combustion pressure and 675 F exhaust temperature at valves. 

Given the choice of the high-pressure noncooled or the dual- 
pressure system, the customer who understands the effect of 
abnormal pressures and temperatures would have little trouble 
in selecting the supercharging system likely to give the best 
and most reliable service. The performance curve in Fig. 1 
tells the story. Note the low exhaust temperature. When the 
fuel timing is adjusted to 840 psi combustion pressure, the con- 
sumption increases to 0.35 1b per bhp-hr and the exhaust tempera- 
ture goes to 700 F at 140 bmep. The total heat flow to water 
jackets is 5500 Btu per min or 10.5 per cent of the total heat. 
The same engine operating nonsupercharged has a heat flow of 
5500 Btu at 81.3 bmep. A gain of 72 per cent in hp is obtained 
without increasing the heat load. 

With the high-pressure nonintereooled system described by 
Mr. Jackson, the engine carries only 110 bmep at this rate of 
heat flow and the exhaust temperatures exceed the endurance 
limit of the gas turbine long before the load of 190 bmep is 
reached. 

In answer to Mr. Anderson’s comments, the author would like 
to point out that the statement in the third paragraph is amply 
Proved by actual engine tests showing the relations between cal- 
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culafed cycle mean temperature, initial compression temperature, 
and heat flow to water jackets. He would suggest studying 
“An Analysis of Intercooled Supercharging,” by this author. 

Mr. Anderson’s question calls for a simple answer. The au- 
thor’s efforts have been aimed toward the development of a 
simpler, cheaper, higher-output, and more efficient  all- 
American supercharging system. This has been accom- 
plished. Tests show more than 10 per cent lower fuel con- 
sumption and 25 per cent more power than obtainable with 
-hitherto known systems. 

If we will forget some of the old concepts, especially the one 
that taught that Diesel engines had to operate with almost 100 
per cent excess air without analyzing the reasons, then much of 
the confusion, of which Mr. Anderson complains, will disappear. 

The author does not believe Professor Schweitzer means to deny 
the possibility of combustion without excess air or the fact that 
the more excess air and the lower its temperature, the lower the 
combustion temperature. 

The author wishes to thank Mr. Belilove for his clear, simple, 
analysis of the dual-pressure system. However, he cannot agree 
with Mr. Belilove when he states that it is only partially true 
that temperature is the limitation on output. 

For heavy-duty service, the nonsupercharged engine today is 
being rated at 75 to 80 bmep. The new Nordberg 9 X 11'/2-in. 
engine has a smoke limit of 95 bmep. It cannot be said then that 
poor combustion or smoky exhaust is the limit. Nor does peak 
pressure impose any limitation because it increases but slightly 
from 80 to 95 bmep, and this increase can be prevented by re- 
tarding the fuel timing. 

The only load that increases with mip is the mean load on pis- 
ton rings and bearings and this may have some significance. 
However, it is generally accepted that it is the maximum and not 
the mean load which causes wear and failures and, as shown, the 
former does not have to be increased to obtain higher mip. 

Mr. Belilove commiis the same error as other discussers, when 
he writes that cooling systems and materials will be improved 
and so permit higher cycle mean temperatures. Certainly, and 
as that happens, the load on the nonsupercharged engine can also 
be increased and so the percentage increase obtained by super- 
charging, dual-pressure, or any other system will remain precisely 
as it is today. We may then again someday meet our old friend, 
the smoky exhaust, and as we clear that up by better combustion 
methods, we finally will reach the load where we can truly say, air 
is the limit, because we have reached the point where excess air is 
zero. 

The turboblower performance curve in Fig. 5 is plotted from 
the formula shown in the upper right-hand corner from which 
preturbine pressures are calculated for any combined efficiency, 
exhaust temperature, and blower discharge pressure. The curve 
is based on 50 per cent efficiency and 950 F exhaust temperature 
which are normal conditions for noncooled exhaust manifolds. 

In answer to the third question asked by Mr. Belilove, the 
author quotes Mr. Larrecq of General Engineering & Research 
Corporation, “‘In the dual-pressure system, one manifold is em- 
ployed and therefore a reaction turbine can be used. A reaction 
turbine of the radial type can be made more efficient than the 
blowdown impulse type employed in the Buchi system.” 

In connection with Professor Mansa’s discussion, the author 
wishes to say that efficient combustion does not require the great 
excess of air which is normally available at full-load Diesel opera- 
tion. What engineers mean when saying that a certain engine 
cannot be operated with less than 25 or 30 lb of air per Ib of fuel 
is that when the excess air is reduced, that is, the load is increased, 
the temperatures of internal surfaces exceed safe limits. Years 
ago before injection equipment and combustion chambers had 
reached present-day perfection, exhaust would get smoky when 
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the excess air was reduced below 100 per cent but it was poor 
combustion efficiency and not lack of air which limited the output. 
We need not be concerned about excess air until we reach a point 
where the last molecule of oxygen is used up. Our limit is 
exhaust smoke and temperature and in modern designs the 
latter is reached before the former. This applies to cylinders 
of all sizes. 

The author now has on the test stand a 9 X 11'/; 720-rpm en- 
gine which operates with clear exhaust up to 95 bmep but it can- 
not be operated for continuous loading at this rating because the 
exhaust temperatures show that the cycle mean temperature and‘ 
internal surface temperatures are too high. 

Failure to understand that cycle temperatures can be lowered 
by reducing the initial compression temperature and that this is 
even more effective than increasing the excess air is leading to 
designs requiring engines to operate at temperatures and pressures 
far above established practical limits. 

Thus we see announced a new locomotive engine operating 
with supercharging air at 20 lb gage and 300 F. While this mani- 
fold condition charges the cylinder with 85 to 90 per cent greater 
weight of air and so should double the bhp of the nonsuper- 
charged rating, if excess air were the only criterion, the output is 
actually increased only 10 per cent above nonsupercharged rating 
on the basis of internal surface temperatures. To make matters 
worse, the combustion pressure must be increased to about 1500 
lb per sq in. 

Asupercharging pressure of only 6 lb gage intercooled and inter- 
nally cooled by the dual pressure system would increase the rating 
to 180 per cent of nonsupercharged rating without change in 
internal surface temperatures as increasing the total heat flow 
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to the water jackets and the combustion pressure would be about 
1000 Ib. 

Diagram A in Fig. 2 has the same cycle mean temperature at 
94.5 mip and 695 R initial compression temperature as diagram C 
at 155.5 mip with 546 R. Increasing the air density 27 per cent 
by cooling increases the mip 65 per cent. 

Entropies of these two diagrams plotted in Fig. 8 plainly show 
that most of the heat is added at the lower temperature levels 
when 7’; is reduced and mip increased to give equal cycle mean. 
temperatures. 
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Diesel Combustion Temperatures—The 
Influence of Operating Variables 


By O. A. UYEHARA,! P. S. MYERS,? K. M. WATSON,? ano L. A. WILSON‘ 


Flame-temperature data obtained with the electro- 
optical pyrometer developed at the University of Wiscon- 
sin, and performance curves showing the influence of oper- 
ating variables are presented. Unique contour graphs 
show combustion characteristics in a form that facilitates 
visualization of the existing relationships. Observed com- 
bustion trends are pointed out and discussed. 


paratively untouched field was recently pointed out by 

Commanders Griep and Goddin (1),5 who declared that 
our present knowledge of Diesel combustion is at about the same 
stage of progress as was our knowledge of spark-ignition com- 
bustion in the 1920’s. Dwindling fuel reserves and increasing 
use of Diesel engines emphasize the need for a more fundamental 
understanding of the combustion process and the manner in 
which it is affected by fuel composition. The short period of 
time in which combustion occurs and the many variables involved 
complicate combustion studies of this nature. 

In 1942 the chemical engineering and the mechanical engi- 
neering departments at the University of Wisconsin initiated a 
co-operative fuel-combustion research program, the main ob- 
jective of which was to make a comprehensive investigation of 
the Diesel combustion process as it is affected by fuel composi- 
tion, with the expectation that some rational correlation could be 
found. As a part of the program and a necessary preliminary to 
the main study of different fuels, the effects on the combustion 
process of the operating variables, i.e., point of injection, load, 
speed, jacket-water temperature, inlet-air pressure, and inlet-air 
temperature, have been determined by laboratory tests on a 
single reference fuel. With the trends thus established, the 
effects of changes in operating conditions during future fuel 
studies may be estimated and the effects of fuel composition can 
be evaluated. The information gained from this preliminary in- 
vestigation is reported herein. 


‘7 SHAT Diesel combustion research is a broad and com- 


APPARATUS AND PROCEDURE 


The engine used in this investigation is a commercial model 
precombustion-chamber type, and is equipped with complete in- 
strumentation to measure the variable combustion pressures and 
temperatures, beginning and duration of injection and com- 
bustion, exhaust-gas temperature and composition, and air 
and fuel consumption. A complete description of the engine and 
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instrumentation has been given in a previous report (2). The 
compression ratio, with all special equipment installed, is 14.9. 

Since the purpose of this preliminary study was to evaluate 
the effects of operating variables, a single fuel was used in 
all the experimental runs. This fuel and the fuel data given 
in Table 1 were furnished by the Sinclair Refining Company. 


TABLE 1 


Identification. ... 
A.P.I. gravity at 60 F 
Flash point, deg F 
Viscosity at 100 F, Saybolt 
Cloud point, deg F 
Pour point, deg F 
200 ce distillation: 
Initial, deg F 


LABORATORY INSPECTION DATA 
Fuel No. 1 
3. 


—30 
Below —30 


End point.... 
Aniline point, deg F 
Cetane no 


TABLE 2 


Run 
numbers 
21-25 incl. 
26-29 incl. 
40-44 incl. 
43, 45, 46 
71-75 incl. 
76-80 incl. 


SCHEDULE OF TEST RUNS 


Variable 
Point of injection —22 
Speed of engine 300 
Brake horsepower 0 toll.9b 
Inlet-water temp 79 to 180 deg 
Inlet-air pressure 29.5 to 21.3in. Hg abs 
Inlet-air temp 74 to 200 deg F 


Series no. Range 


to +1 deg 
to 1200 rpm 


Six series of runs were made, indicated in Table 2. Although 
only one variable is indicated for each series of runs, actually it 
was necessary to change the dynamometer load for different runs 
in order to maintain the rated speed. In general, the point of 
injection was set for minimum fuel consumption at rated horse- 
power and speed and locked in that position (except in series No. 
1, where the point of injection was the variable.) Then the in- 
jector rack was adjusted to provide the amount of fuel required 
to produce rated horsepower at rated speed, and remained locked 
in that position so the amount of fuel injected per cycle would 
be constant (except in series No. 3 where brake horsepower was 
the variable.) This procedure was adopted in order to keep the 
air-fuel ratio substantially constant, thereby eliminating it as 
a variable. On the assumptions that the pump injects a con- 
stant amount of fuel per cycle, and that the volumetric efficiency 
of the engine remains constant, there should be no change in 
air-fuel ratio except with brake horsepower or inlet-air pressure 
as the variable. 

Test conditions were maintained at the values given in Table 3, 
excepting the particular variable under investigation. 


TABLE 3 TEST CONDITIONS 


Rated speed, rpm 

Point of injection, deg BTC 

Inlet-water temperature, deg F 

Inlet-air pressure, in. Hg....... ewer 
Inlet-air temperature, deg F 

Rated bhp......: 


The inclusion of rated bhp in Table 3 calls for an explanation 
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4 
6 
130 +2 
29.5 
96 +10 
10 
: 
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Actually, rated horsepower could not be maintained in most 
cases. With speed as the variable and the amount of fuel per 
cycle kept constant, the horsepower naturally decreased with a 
reduction in speed. Reduction in inlet-air pressure reduced the 
weight of air inducted, thereby decreasing the air-fuel ratio to 
such an extent that the brake horsepower approached zero. In 
all other tests slight adjustments in load were necessary to main- 
tain rated speed. 

For the purposes of this paper volumetric efficiency is defined 
as the ratio of the weight of air actually inducted to that which 
would occupy the piston-displacement volume at the con- 
ditions of pressure and temperature existing in the intake pipe 
adjacent to the engine. 

A throttling valve was installed in the air-intake pipe near the 
engine for the purpose of adjusting the inlet-air pressure for 
the runs in series No. 5. This, admittedly, was a makeshift ar- 
rangement which included no provision for smoothing out pul- 
sations between the throttling valve and the engine. Since the 
manometer used to measure inlet-air pressure was connected to 
this region of pulsating flow, accurate measurement of pressure 
was difficult in the runs of this one series, and the readings re- 
corded may be somewhat in error for that reason. Nevertheless, 
it is believed that the data obtained serve to establish trends 
‘with reasonable accuracy. 

The cooling water was circulated through the cylinder jacket 
by a positive-displacement pump integral with the engine. The 
temperature of the water entering the jacket was regulated, 
which in effect also regulated the outlet-water temperature. In 
nearly all runs the outlet-cooling-water temperature was 11 + 1 
deg F higher than the inlet temperature. 


RESUwULTs oF TESTS 


The data obtained are presented graphically by two sets of 
curves for each of the six main variables. The curves in the first 
set, representing variations in pressure, temperature, point of 
injection, and KL factor, are all based upon average values for 
15 cycles, using data scaled from oscillograms at intervals not ex- 
ceeding 3 crank deg. The curves in the second set include the 
usual engine parameters, i.e., fuel rate, per cent smoke, volu- 
metric efficiency, ignition lag, brake mean effective pressure 
(bmep), per cent CO:, brake horsepower, exhaust pressure, ex- 
haust temperature, fuel delivered per cycle, and air-fuel ratio. 

Variable Point of Injection. Data from runs with different 
points of injection are presented in Figs. 1 and 2. Within the 
limits of these tests later injection resulted in higher combustion 
temperatures and a shorter period of radiation. The termination 
of visible radiation occurred at nearly the same point in the cycle 
for all points of injection; therefore with later beginning of in- 
jection, higher rates of burning were indicated. Essentially the 
same results were forecast from earlier results (2), although 
the temperature curves reproduced in that report were obtained 
with the governor in control and maintaining rated brake horse- 
power and speed. Rothrock (3), determining rate of combustion 
by a method proposed by Schweitzer (4), also found higher rates 
of combustion with later injection, particularly when the engine 
was supercharged. Ignition lag reached a minimum value with 
the point of injection occurring an appreciable time before top 
center. The same characteristic was noted by Rothrock and 
Waldron (5) and by Robertson (6). The decrease in smoke 
intensity as the point of injection approached top center fur- 
nishes convincing evidence that combustion was more complete 
with later injection. This is in agreement with observations re- 
ported by Miller (7) but contrary to, those reported by Landen 
(8). 

Speed of Engine Varied. The results of varying the speed of 
the engine without altering the point of injection are shown in 
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est at about 900 rpm, indicating that combustion was most 
efficient at that speed for the particular conditions under which 
this series of tests was run. Pressure waves occurring in the in- 
jection system at lower speeds are clearly in evidence in Fig. 3, 
but an examination of the pressure and temperature oscillograms 
revealed no visible effect of these waves on the combustion 
process. The decrease in ignition lag with increase in speed is in 
agreement with results reported by Robertson (6). 

Variable Brake Horsepower. Varying the power output of the 
engine but maintaining rated speed produced the effects sum- 
marized in Figs. 5 and 6. Apparently, reducing the horsepower 
by reducing the amount of fuel injected per cycle did not reduce 
combustion temperatures as much as might be expected from the 
accompanying increase in air-fuel ratio. This independence of 
flame temperature from the influence of varying air-fuel ratio has 
been reported by Schroder (9). With the higher horsepower out- 
puts the radiation was visible for a longer period of time and 
coincidentally, the pressure remained high for a longer period of 
time. Ignition delay was affected only slightly by variation in 
load, probably because, as expressed by Selden (10), “Optimum 
conditions for ignition always exist somewhere in the spray 
envelope.”’ Volumetric efficiency decreased slightly as the 
horsepower was increased, due no doubt to higher wall tempera- 
ture. 

Variable Jacket-Water Temperature. Data from the series of 
runs using different irlet-water temperatures are presented 
graphically in Figs. 7 and 8. Increasing the cooling-water tem- 
perature resulted in slightly higher flame temperatures as would 
be expected from heat-transfer considerations. The reason for 
the abnormal rise in temperature near the end of combustion in 
run No. 45 is not known. Ignition delay decreased slightly with 
an increase in inlet-water temperature, confirming results previ- 
ously found by Rothrock and Waldron (5) and by Foster (11). 
Volumetric efficiency was less with higher jacket-water tempera- 
ture, which is in agreement with results reported by Foster (11). 
In general, the effects of varying the cooling-water temperature 
were not pronounced. 

Variable Inlet-Air Pressure. The data obtained in this series 
of runs are plotted in Figs. 9 and 10. Assuming perfect gas be- 
havior and no difference in heat transfer to the walls, compression 
temperature should not be affected by changing the inlet-air 
pressure. However, combustion conditions are altered by 
changes in compression pressure, air-fuel ratio, and exhaust-gas 
dilution which accompany changes in inlet-air pressure. 

Inspection of Fig. 9 indicates that if flame temperatures were 
plotted as a function of time from the start of radiation, the lines 
would diverge more and show progressively decreasing tempera- 
ture with decrease in absolute pressure. As the inlet-air pressure 
was lowered from run to run the detonation knock became more 
pronounced, finally reaching a maximum, both in the amplitude 
of the detonation waves as recorded by the pressure pickup, 
and in the intensity of sound as judged by several observers. 
Similar pressure curves were obtained by Schweitzer (12). It is 
interesting to observe that the exhaust-gas temperature, the per 
cent CO:, and the smoke intensity all increased to a maximum 
and then decreased as the inlet-air pressure was reduced. 

In connection with run No. 75 in which the inlet-air pressure 
was the lowest, it was noted while cleaning the quartz window 
that the deposited soot appeared damp, indicating the presence 
of unvaporized fuel even though partial combustion occurred. 
It was noted also that the quartz window sooted over very 
rapidly under these conditions. The engine ran quite irregularly 
during this run, as indicated by the double exposure shown in 
Fig. 11. The trend of the bmep data agreed with that shown by 
Collins and Moore (13). An interesting correlation between the 
detonation pressure waves and the corresponding temperature 
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measurements is shown in Fig. 12. This illustration is typical 
of the oscillograms taken when heavy detonation was occurring. 
Pressure and temperature values determined from this oscillo- 
gram are shown in Fig. 13. 

Variable Inlet-Air Temperature. Curves for this series of runs 
are shown in Figs. 14 and 15. With reference to the flame- 
temperature curves, it will be noted that the trend is toward 
higher flame temperatures with higher inlet-air temperatures, ex- 
cept for run No. 78. If all other factors remained constant this 
trend would be expected. However, the flame-temperature data 
could equally well be interpreted as reaching a maximum value in 
run No. 78, and then decreasing with further increase in inlet-air 
temperature, except in this case run No. 79 is not consistent with 
the trend. In this connection it is worth while to note that the 
actual weight of air inducted decreased with an increase in inlet- 
air temperature, although the volumetric efficiency increased due 
to the decreased temperature difference between the inlet air and 
the combustion-chamber walls. 

In addition, inspection of Fig. 15 will show that more smoke 
was present in the exhaust at the highest inlet-air temperature. 
These factors would indicate that the flame temperature could 
be expected to reach a maximum value and then decrease. Addi- 
tional data will need to be taken in order to establish more ac- 
curately the relation between flame temperature and inlet air 
temperature. 


Contour GRAPHS 


Contour graphs which show lines of constant secondary condi- 
tions as functions of the primary operating variables, permit cor- 
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relation of the changes occurring in an entire series of runs. 
Fig. 16 shows a contour graph for the case in which the point of 
injection was varied and the speed held constant. With the un- 
equal co-ordinate scales used, the line representing point of in- 
jection is, in this case, a straight 22'/,-deg line, the vertical dis- 
tance from which measures the crank angle or relative time lapse 
from the point of injection to other plotted events. For ex- 
ample, the time corresponding to the number of degrees measured 
vertically between the point-of-injection line and the curve for 
beginning of radiation is the ignition delay. 

The same type of graph is shown in Fig. 17 for variable speed 
with fixed point of injection. In this case, with time as ordinates 
the line representing point of injection is not straight, but curved. 
Nevertheless, vertical distances from this line to the line repre- 
senting any other event correspond to elapsed time. 

Contoumgraphs for other operating variables are shown in 
Figs. 18, 19, 20, and 21. In these, constant point of injection 
plots as a straight horizontal line. 
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Fig. 17 Conrour WITH VARIABLE ENGINE SPEED 


As an aid to visualization of the effects of certain operating 
Variables, contour lines of constant pressure have been plotted in 
Figs. 16, 17, 18, and 20. With this addition, the cylinder pres- 
Sures at different crank angles, and the rate of pressure rise, are 
clearly indicated. Furthermore, if a vertical line is drawn in 
Fig. 16 for a certain point of injection, the point where this line 
intersects, for example, the curve marked “Radiation Ends”’ 
indicates the crank angle at which radiation ends for the particu- 
lat point of injection selected. Similarly, at other intersections 
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the angles at which other events occur are indicated. If desired, 
contour lines of constant temperature may also be drawn. 

Data for construction of the contour graphs were based upon 
the following considerations: 


1 Radiation was considered as beginning at the crank position 
indicated on the oscillograms of apparent temperatures where the 
traces started to rise above the base line. 

2 Radiation was considered as having ended at the crank 
angle where the apparent temperature traces again joined the 
base line. 

3 Beginning of heat release was determined from pressure 
data by plotting co-ordinate values of pressure and volume on 
log-log graph paper, as suggested by Gregory (14). For this 
purpose volumes were considered as including the total clear- 
ance, inclusive of the precombustion chamber. The compression 
line plotted as a straight line up to the point where heat release 
began. The start of heat release based on pressure was con- 
sidered to be the crank angle at which the compression line started 
to deviate from the straight-line path. The determination of 
start of combustion by this method is at best uncertain and was 
the more so in this case because pressure data were taken only at 
crank positions near top center, since the primary object was to 
study the combustion process. eq 

4 The end of heat release based on pressure was taken’ as 
the crank angle at which the pressure-volume graph merged into 
a straight polytropic expansion line, plotted as in determining the 
beginning of heat release. This, too, is subject to some uncer- 
tainty but is considered to be more accurate than the determina- 
tion of start of heat release. 
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5 The end of heat release based on temperature was ob- 
tained by plotting temperature versus volume on logarithmic co- 
ordinates and noting the crank angle at which the curve merged 
into a straight line. 

6 In studying the apparent temperature oscillograms it was 
noticed that they could be divided into three distinet portions. 
The first consists of a period of gradual rise in apparent tempera- 
ture with increasing slope until a maximum value is abruptly 
reached. The second consists of a period of high apparent tem- 
peratures with some fluctuations. In the third period the 
apparent temperature progressively drops with only minor 
fluctuations. 

A typical oscillogram is shown in Fig. 22. In general, the three 
portions are fairly well defined. A study of a great many oscil- 
lograms led to the conclusion that the first portion may represent 
the time during which the combustion chamber becomes filled 
with flame, the second portion the time during which additional 
heat is being released by combustion of the fuel, and the third 
portion the expansion of the hot gases. Radiation begins at the 
start of the first portion, as previously noted. The beginning of 
the second portion marks the beginning of peak radiation, and the 
beginning of the third portion marks the point where peak ra- 
diation ends. 

7 The maximum-pressure line is drawn through the points 
representing peak combustion pressures. 


In nearly all cases it appears that heat release is indicated by 
the pressure diagrams before radiation begins. This same con- 
clusion was reached by Spanogle (15). It has also been ob- 
served that the peak pressure is reached, in general, at approxi- 
mately the same time as the beginning of peak radiation, again 
suggesting that at this point the whole combustion chamber has 
become inflamed. Another significant observation is that, re- 
gardless of the method used to determine the end of heat release, 
this event is indicated as occurring well in advance of the end of 
visible radiation. It may be concluded that visible radiation 
ceases only when the radiating carbon particles have been cooled 
sufficiently by the expansion of the gases. 


Discussion OF RESULTS 


The data presented, and the many combustion observations 
made during the procurement and analysis of the data, have indi- 
cated to the authors some trends believed to be significant in the 
combustion process. These observations are for one fuel only; 
hence the following comments are only tentative conclusions which 
may possibly be modified on the basis of further experimental 
data. 

In considering these observations, the inherent limitations of 
the electrooptical pyrometer in its present form must be recog- 
nized. For example, with extremely low deflections such as 
occur near the beginning and the end of radiation, the possible 
percentage error in scaling is quite large. Also, where extremely 
rapid vertical deflections occur the steep slope increases the 
Possibility of inaccuracies in measurement. . In addition, when 
the steep slopes are present. small horizontal misalignments be- 
come a source of serious errors. The relative effect of these 
factors can be minimized by increasing the horizontal scale. 

The present apparatus (2) was designed to facilitate magnifica- 

tion in the horizontal direction for maximum accuracy and a 
vigorous research program is being pursued in an effort both to 
— and improve the accuracy of temperature measure- 
ments. 

It should also be understood that each temperature and pres- 
sure curve shown is the result of averaging 15 cycles, the oscillo- 
grams for which were taken at random many cycles apart. The 
probability of reproducing such curves if another method of 
averaging were used, or if another set of 15 oscillograms was 
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Fig. 22 ILLUSTRATING THREE STAGES or RADIATION 
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taken under the same operating conditions, is a matter that 
might properly be questioned. Undoubtedly minor differences 
would be found, but it is believed that the values and trends pre- 
sented are reasonably accurate. 

In almost all cases the beginning of visible radiation was accom- 
panied by high temperatures, as may be seen in Figs. 1, 3, 5, 7, 9, 
and 14. These high initial temperatures were determined from 
measurements of small deflections, hence some values might be 
appreciably in error, but the occurrence of high temperatures at 
the beginning of combustion has been repeatedly indicated on 
many different days, and under different operating conditions, 
and with several different observers making measurements. 

Landen (8) has recently discussed his use of an electrooptical 
pyrometer in studying Diesel combustion. Although his py- — 
rometer had not yet been calibrated, two oscillograms taken with 
it were included in his paper. For purposes of comparison de- 
flections at the two wave lengths have been scaled from these 
curves at a number of positions and the ratios, which are func- 
tionally related to the true temperatures, have been plotted 
against distance along the horizontal axis of the oscillogram, 
which is proportional to crank position. The resulting graph is 
shown in Fig. 23. Of particular interest is the high initial ratio, 
since it confirms the trend found toward high temperatures in the 
early stages of visible radiation. Landen states that with ex- 
tremely small fuel quantities, ‘the temperature ‘of the burning 
droplets is high, although there is little effect on the average 
pressure within the chamber.” Thus the data now available 
seem to indicate that high initial temperatures actually occur. 

In considering this indicated trend it may be postulated that 
oxidation starts in places where the fuel and oxygen supply are 
present in the most favorable proportions. As a result of the en- 
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suing oxidation, or perhaps as a result of concurrent cracking re- 
actions, carbon particles are formed in these gases which reach 
high temperatures as a result of the heat of the oxidation process. 
These highly luminescent carbon particles then provide the first 
visible radiation. Confirmation of this may be found in the con- 
tour graphs, Figs. 16, 17, 18, 19, 20, and 21, and in the data of 
Spanogle (15), which indicate that a pressure increase, pre- 
sumably as a result of oxidation reactions, precedes visible radia- 
tion. After these first carbon particles are formed they un- 
doubtedly lose heat quite rapidly to the surrounding air-fuel 
mixture and thus help to start combustion at other points. 

In addition, turbulence, particularly in a precombustion- 
chamber engine, might sweep them from view of the electro- 
optical pyrometer. The rapid drop from the high initial tem- 
peratures which was usually found (Figs. 1, 3, 5, 7, 9, and 14) 
could be explained by either of the foregoing suppositions. 
Following and as a result of this initial ignition, combustion 
would spread over the entire chamber, the rapidity of the spread 
and the energy released during the spread being determined by 
the prevailing conditions which are determined by the ignition 
delay and operating conditions. 

In this connection it is interesting to note that the data indi- 
cate that the duration of the period in which energy is released is a 
minimum under operating conditions which give detonation or 
Diesel “knock.” The data in Figs. 24, 25, 26, 27, and 28 are 
presented to illustrate this trend. These data were taken with 
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decreasing inlet-air pressure and, consequently, with increasilg 
ignition delay and knock intensity. The intensity of the knock 
was maximum in runs Nos. 73 and 74, and decreased for run No. 
75, during which run the engine would carry no load. ; 
The correlation between the duration of energy release and it- 
let-Air pressure is also indicated in the contour graph, Fig. 2. 
Although data at early crank angles are not available and the be 
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ginning of energy release as indicated by the pressure, cannot be 
determined with high accuracy, it will be noted that the duration 
of energy release, as indicated by both the temperature and 
pressure, decreases with the increased ignition delay. 

The same trend was found by Drinkwater and Egerton (16) 
who investigated the Diesel combustion process by means of a 
sampling valve and analyses of the gases taken from the com- 
bustion chamber during the combustion process. Their data 
show that as injection is made earlier, giving longer ignition de- 
lay, the rate of disappearance of O, is increased, and the rate of 
appearance of CO, is increased. This is further confirmed by 
the well-known fact that the best fuel rate is obtained with the 
maximum ignition delay that will not cause objectionable 
“knock.” 

In the logarithmic graphs referred to, the slope of the com- 
pression line increases as the inlet air pressure decreases. The 
magnitude of the slope suggests that heat was being released 
although combustion is not indicated by radiation or departure 
from a straight line until later in the cycle. No reason for this is 
known but the following is offered as one possible explanation. 
The valve timing of the engine is such that the intake and exhaust 
valves were open simultaneously for approximately 40 deg of 
crank travel. With low inlet-air pressure some exhaust gas may 
have expanded into the air-intake system during this period, in- 
creasing considerably the exhaust-gas dilution of the charge. 
Unburned combustibles in the exhaust residual in admixture with 
the air charge during the compression process could have ignited 
prior to the main combustion. Unfortunately, data were not 
taken early enough in the compression process to verify or dis- 
prove this proffered explanation of the steep slopes of the logarith- 
mic compression lines. 

In general, in the literature, the terms “end of visible radia- 
tion,” and “end of combustion,” have been used interchangeably, 
but Figs. 16, 17, 18, 19, 20, and 21 suggest that the presence of 
visible radiation from the Diesel-combustion process does not 
necessarily indicate that appreciable energy is being released, 
since both the temperature and pressure curves become straight 
lines before visible radiation ceases. If the point of transition is 
taken as an indication of the termination of energy release, then 
visible radiation persists for some time after energy release has 
ended. As was previously pointed out, it may be that the radia- 
tion visible during the later portion of the expansion stroke was 
merely the radiation of the heated carbon particles whose tem- 
peratures, along with the gas temperature, were being decreased 
by expansion of the gases. 

Studies of the Diesel-combustion process and improvement of 
the instrumentation and technique are continuing, and more 
complete information may eventually lead to a better under- 
standing of combustion phenomena and help to clarify the ob- 
servations presented herein. In the meantime these data and 
observations are presented for discussion and comment. 
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Discussion 


G. C. Witson.6 The authors deserve considerable praise for 
this outstanding piece of research and it is hoped that the writer's 
few comments will not detract in any measure from the credit due 
them. 

The paper applies the word “dwindling” to oil reserves. It 
should be pointed out that there is an abundance of factual data 
to prove that our reserves are not dwindling. The reserve on 
December 31, 1944, was nearly 20.5 billion bbl, which is the larg- 
est in the nation’s history. (A more recent figure of 21.3 billion 
bbl is given in Oil and Gas Journal, Jan. 25, 1947, page 155). 
Contrary to common publicity that our oil reserve was being ex- 
hausted by military demands, this 1944 reserve was two billion 
bbl more than at the start of the war. Rather than go into detail 
on this matter, it is suggested that reference be made to The Pro- 
ceedings of the American Petroleum Institute, November, 1945, 
Section II—Marketing. 

In general, the refiners do not anticipate any petroleum short- 
age in the near future. Of all the groups that study this problem 
and are concerned about the future supply, their stake probably 
is the greatest. The fact that they continue to set up expensive 
refinery equipment is tangible evidence that the future looks good 
to them. 


€ Research and Development Laboratories, Universal Oil Products 
Company, Riverside, Ill. 
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The trend in petroleum-product demand toward a condition 
of unbalance is the problem which is causing some concern at the 
present time. It relates to that portion which might be termed 
the middle of the barrel. In fact there are two opposing trends. 
Refinery practice tends toward taking a larger portion of the 
crude for gasoline while demands for the heavier components are 
coming in from a variety of directions. Within the next few years 
it looks as if we can anticipate a much greater increase in demand 
for midrange distillates than the corresponding increase in de- 
mand for gasoline. However, the refiners will work toward bring- 
ing the supply of fuels into balance, and the engine men can help. 

The estimate of gasoline demand allows for an increase in the 
number of automobiles on the road and according to the present 
rate of production this appears to be an optimistic view. There 
are four competing demands for the middle of the barrel: (1) oil 
for burner fuel; (2) distillate fuel for Diesels ; (3) cracking stock 
for gasoline; and (4) fuel for gas turbines, a factor which is just 
coming into the picture. The three demands for fuel require 
about the same type of fuel, a straight-run distillate. While 
cracking stock also includes the heavy distillates, restriction to 
them may become a serious limitation on the quantity required 
for high-quality gasoline. Thus it looks as if the Diesel industry 
should attempt to find use for more of the cracked distillate in a 
blend with the straight-run stocks. The burner industry has ac- 
complished a great deal by studying the possibilities of effectively 
using fuels which in the past have beer considered to be unsatis- 
factory 

Straight-run distillate will be increasingly in demand in the 
near future, and this fact is a very good reason for continuing 
combustion studies with renewed vigor to the end that engines 
can burn successfully fuels that have been considered inferior in 
the past. The writer believes that if the engine builders know the 
kind of fuel that will be available as nonpremium material they 
can adapt their engines to use it effectively. 

To get back to the subject of the paper, the fact that on some 
occasions, pressure seems to occur before radiation was one of the 
things that started Prof. R. A. Rose and his group working on 
this project in the early days of electronic equipment. We were 
curious about this point. Granted that there are reactions that 
precede the intense combustion, it is believed we know all too 
little about them, and it is hoped that everyone will keep an open 
mind as to what happens before the fuel really starts to burn. 
To build up pressure, considerable energy is required and the 
writer thinks that we must first be absolutely sure of our instru- 
mentation at that extremely critical point, that is, the small 
fraction of a millisecond during which the fuel is in the chamber 
and before it starts to burn. Even now it seems to be a debatable 
question which event comes first, and it would require thorough 
checking of all instrumentation before any definite conclusion 
should be drawn. 

The establishment of the instant at which combustion is com- 
pleted is another point which is thought debatable. It is recalled 
when work was being done on this same engine that the data indi- 
cated that radiation was continuing even to the time of exhaust- 
valve opening. During the taking of the data the exhaust line 
did not permit visual inspection. Upon investigation, we found 
that under the abnormal operating conditions in which the 
data were taken, there was flame coming out of the exhaust. 
Whether or not the slope of lines furnishes a reliable determina- 
tion for the end of radiation is a subject for careful study. It is 
possible that the threshold of the instrumentation leads to a 
misleading conclusion. This is another point on which we must 
retain open minds and it is well that the authors gave it from that 
point of view. 

Of all the attempts to measure instantaneous combustion tem- 
peratures, this one has the greatest possibilities and the authors 
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have gone a long way in the direction of furnishing data that can 
be viewed in the light of other studies and that will add greatly 
to our knowledge of combustion in Diesel engines. 


Ernest W. LANpDEN.” The authors are to be congratulated on 
their ability in carrying out this piece of work on the fundamental 
nature of Diesel combustion. Additional research on Diesel 
combustion will assist us in understanding how we can influence 
the combustion process. Additional measurements on the com- 
bustion process by new techniques will assist us in evaluating 
combustion. 

Upon throttling the intake of a Diesel engine the normal Diesel 
knock increases in intensity, reaching a maximum, and then de- 
creases sharply until misfiring occurs. The authors point this out 
and it has also been observed in some experiments which we have 
done at Caterpillar Tractor Co. This knocking occurs in spite of 
the fact that the compression temperature remains essentially 
constant when throttling the intake. 

Some of the variables in the Diesel engine are: (1) air tempera- 
ture, (2) air pressure, (3) air density, (4) time (ignition delay), 
(5) turbulence, (6) fuel-spray characteristics, (7) cleanliness of 
chamber air, and (8) characteristics of the fuel. 

With so many variable factors in the engine a change in any 
one causes others to be also influenced. For example, throttling 
the intake will reduce the compression pressure. This also re- 
duces the air density, fuel spray characteristics, ignition delay, 
etc. The fuel spray advances farther into the air and thus mixing 
is different with throttling than with normal air. The knock isa 
function of the reaction of the fuel with the oxygen at the outset 
of combustion which explains to some extent the severity of the 
knock, 

There is one question the writer would like to ask the authors. 
If one condition is called quiet operation and another is called 
detonation, where is the point of differentiation between quietness 
and detonation? The writer believes that detonation in a Diesel 
is a serious matter and that detonation as such does not occur 
very often. A knocking sound in the Diesel is probably one of 
reaction rates and if the authors can enlighten us on this point it 
would be very helpful. 

A correlation between the pressure and temperature in the com- 
bustion is extremely interesting. There would probably be some 
surging between the two chambers so that the pressure would rise 
and fall in the one chamber. The change in pressure would 
probably change the rate of reaction and this would in turn indi- 
cate an increase in the temperature. 

Division of the flame into distinct parts is interesting and 8 
plausible explanation for this is given. Observations on a direct 
injection engine leads the writer to believe that the flame is di- 
vided into two parts; ane of high intensity and one of low 
intensity. 


Martin A. Exuiorr.’ The interest of the U. S. Bureau of 
Mines has been chiefly in the exhaust gases produced by Diesel 
engines and the question of resulting hazards from the use of 
Diesels underground. In connection with this work, some in- 
formation on the combustion process has been obtained from the 
precise determination of products of incomplete combustion thst 
are present in low concentration. Information obtained in this 
way is more qualitative and therefore not as conclusive as thst 
presented in this paper. Some of the questions that the writet 
would like to ask the authors are based on the qualitative results 
that we have obtained. 


7 Staff Physicist, Research Department, Caterpillar Tractor Co. 
Peoria, Ill. 

* Assistant Chief, Synthetic Liquid Fuels Research and Develop 
ment Division, Bureau of Mines, Pittsburgh, Pa. 
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Why were intake pressures reduced without corresponding re- 
ductions in exhaust pressure? The point made in the paper about 
backflow of exhaust gas during the period of valve overlap is an 
important one. For example, in some of our tests, the concentra- 
tion of exhaust-gas constituents present in low concentration 
(aldehydes, carbon monoxide, and oxides of nitrogen) observed 
with absolute intake and exhaust pressure of 20 in. of mercury 
was substantially different from that observed with atmosphere 
exhaust and 20 in. of mercury absolute intake pressure. The dif- 
ferences probably were due to backflow of exhaust gas during the 
period of valve overlap. In view of this, would the authors’ 
results not be more representative of practical operating condi- 
tions if equal pressures were maintained at the inlet and exhaust 
through the use of surge tanks and an exhauster connected to 
the exhaust system? 

Further information in the backflow of exhaust gas during the 
period of valve overlap was obtained in an analysis’ of data of 
the N.A.C.A." This analysis showed that with a pressure differ- 
ential of about 10 in. of mercury approximately 15 to 20 per cent 
of the exhaust gas flowed back into the cylinder during the pe- 
riod of valve overlap which amounted to 68 deg crank angle. 

The writer would also like to ask if it is possible to compute or 
estimate the fraction of the fuel burned from the temperature 
and pressure curves. 

How extensively do the authors plan to study the chemical 
products of the combustion process? In the present paper, carbon 
dioxide and oxygen were the only chemical products determined. 
We have found that a great deal of additional information on com- 
bustion can be developed by determining the products of incom- 
plete combustion present in low concentrations. This is an im- 
portant point in studying combustion in the Diesel engine be- 
cause combustion is substantially complete and therefore differ- 
ences in the completeness of combustion show up as small dif- 


ferences in carbon dioxide and oxygen at a given fuel-air ratio. 
However, differences in the completeness of combustion show up 
as relatively large differences in the concentration of the prod- 
ucts of incomplete combustion such as carbon monoxide, alde- 
hydes, smoke, and oxides of nitrogen. 
lieved that more emphasis might be placed on the chemical as- 
pects of the combustion process, 


For this reason, it is be- 


*“Compression-Ignition Engine Performance at Different Intake 
and Exhaust Conditions’, by Martin A. Elliott, S.A.E. Journal, vol. 
49, no. 6, December, 1941, pp. 532-543. 

© “Compression-Ignition Engine Performance at Altitudes,”’ by C. 
8. Moore and J. H. Collins, Jr., S.A.E£. Journal, vol. 40, no. 6, June, 
1937, pp. 263-272. . 


AvuTHOR’s CLOSURE 

The question of which occurs first—the appearance of visible 
radiation or pressure rise due to combustion—has not been con- 
clusively determined by the present studies. Other fuels and 
other engines may show different results. It may be of interest to 
cite the results of other similar tests conducted at the University 
of Wisconsin using a conventional CFR Diesel fuel-testing engine. 
The head of the engine was modified by the addition of a quartz 
window and the instrumentation was so arranged that the con- 
ventional neon lights could be actuated either by the bouncing 
pins or by the radiation passing through the quartz window. 
Tests on this engine have shown that the beginning of combustion 
is indicated at approximately the same time by either method. 
However, it is the opinion of the authors that the bouncing pins 
do not indicate the first small increase in pressure, and that a 
small pressure rise occurs before radiation begins. 

Whether combustion ends before radiation ceases probably de- 
pends upon how combustion is defined. Slow combustion un- 
doubtedly occurs as long as radiation persists since both carbon 
and oxygen are present. In speaking of combustion the authors 
had in mind not this slow reaction but the very rapid energy re- 
lease that is indicated on the contour graphs between the curves 
labeled ‘‘Heat Release Begins’’ and ‘‘Heat Release Ends.”’ 

In reply to Dr. Landen’s question concerning the distinction 
between quiet operation and detonation, these terms were used in 
a relative sense, much the same as one uses the words hot and 
cold, without reference to a definite line of demarkation. Perhaps 
Diesel knock, rather than detonation, should have been used to 
identify the severe, low-frequency pressure waves observed under 
certain extreme conditions. 

Dr. Elliott is quite correct in suggesting the desirability of re- 
ducing the exhaust pressure along with the air intake pressure. 
Unfortunately, the equipment required to do this was not availa- 
ble at the time of these tests. 

Computation of the amount of fuel burned in a specified time 
has not vet been attempted but some thought has been given to 
the question. To do this would require some assumptions to be 
made concerning heat transfer. 

The authors agree with Dr. Elliott’s suggestion that additional 
valuable information may be obtained from a more detailed 
analysis of the exhaust gases. The procedure which must be 
used to obtain these data is laborious, but within the limits of the 
personnel and equipment available, steps are being taken to ob- 
tain these additional data. 

The authors wish to express their appreciation to those who 
contributed to the discussion of the paper. 
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Corrosion and Embrittlement of Boiler 


Metal at 1350 Pounds Operating Pressure 


By L. E. HANKISON! anv M. D. BAKER,? PITTSBURGH, PA. 


During the winter of 1944-1945, after 7 years of opera- 
tion, three 1350-psi boilers at the Springdale Station of 
the West Penn Power Company developed a type of bar- 
nacle corrosion and metal embrittlement which caused 
considerable apprehension regarding the safety and con- 
tinuous operating ability of these boilers. This paper 
outlines the investigation made of the trouble and the 
steps taken to correct it. 


HIS paper describes a type of barnacle corrosion and metal 
embrittlement under the corrosion that was experienced in 
the three 1350-psi boilers at the Springdale Station of the 

West Penn Power Company during the winter of 1944-1945. 

The boilers had been in operation for about 7 years when this 

trouble developed. Various other troubles, such as circulation 

and contamination, have previously been experienced and have 
been described by Partridge and Hall (1)* and the authors (2) in 
earlier papers, but the type of corrosion found when a piece of 
tube metal about 1 in. in diam was blown from a boiler tube of 

No. 2 furnace was new to Springdale experience. 

Fig. 1 shows a section of this tube with the hole. It was loca- 
ted in the side wall of the primary furnace, and was at a point 
where the studded wall tubes were somewhat thinned due to 
flame impingement. This may be of importance but barnacles, 
which are an important factor in this type of tube-metal embrit- 
tlement, were found in other areas that were not subjected to high 
heat input such as the tube-end rolls in the sectional headers. 
They were also found in the generating and slag-screen tubes, and 
in the curtain-sereen and roof tubes of the primary furnace, as 
evidenced by the loose barnacles which were found in the headers 
after the tubes were turbined. 

Fig. 2 shows a 6-ft section of tube that was located in the wall 
near the tube that ruptured. This section contains 12 large 
barnacles scattered throughoué its length. It will be observed 
that all of the barnacles are not in a straight line, although they 
are found only on the side of the tube that is subject to heat in- 
put. The areas not attacked by barnacles are in their normal 
clean condition. Fig. 3 shows a close-up view of barnacle 
number 7 shown in Fig. 2. 

Fig. 4 shows the barnacles removed from No. 2 boiler by tur- 
bining after the initial failure. They are predominantly magne- 
tic iron oxide interspersed with small amounts of boiler-water 
constituents including copper. Most of them are magnetic, 
and some of them have permanent-magnet properties. Figs. 5 
and 6 show these characteristics. 

The furnace was carefully examined for any further evidence 


‘Superintendent of Efficiency Department, West Penn Power Com- 
pany.. Mem. A.S.M.E. 

* Chief Chemist, West Penn Power Company. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint Research Committee on Boiler Feed- 
Water Studies and presented at the Annual Meeting, New York, 
N. Y., December 2-6, 1946, of Tae AMERICAN SocteTy or MECHANI- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 
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of distress after the boiler failure caused by the blowout. A tube, 
second from the one that had ruptured, was found to have a dis- 
tinct bulge about 2 in. long and 1 in. wide on the fire side. This 
tube was removed and sectioned through the bulge, and it was 
found that a deep open fracture of the metal existed entirely 
around the bulge where it had first begun to swell. This fracture 
or crack penetrated all but about !/,. in. of the metal, and this 
thin skin of remaining good metal was all that had held the 1350- 
lb boiler pressure, presumably for quite some period of time. 
Fig. 7 shows the section across the long axis of the bulge and dis- 
tinctly shows the penetration of the crack. 

Fig. 8 is a view of the crack in the lower section containing the 
bulge. It not only shows that the crack is continuous, but it 
also shows that the crack is entirely under the barnacle that had 
previously caused the bulge. 

Fig. 9 is an enlarged section of the fractured metal at the blow- 
out shown in Fig. 1 It shows that fully 90 per cent of the re- 
maining metal was embrittled and that the !/32 in. of ductile 
metal was all that had held the boiler pressure for some time pre- 
vious to the rupture. It is evident that the embrittled metal has 
very low ductility and presumably its tensile strength is greatly 
impaired. Its heat-conducting properties may be much less 
than that of the original metal and, if so, this would mean added 
heat retardation and cause higher skin temperature on the fire 
side of the tube. It is hoped that complete determinations of 
the physical properties of this embrittled metal can soon be made. 
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Fic.10 ENp View or ButGep TuBEe SHOWING REDUCTION IN WALL 
THICKNESS 


Fig.’ 10 gives a sectional view of the bulged boiler tube about 
3in. from the bulge and shows the extent that the wall thickness 
had been reduced in this tube by external sulphur corrosion or 
other causes. It is shown in order that all the facts concerning 
the failure may be available. The reduced section, however, is 
not over an extended area of the furnace and the remaining metal 
is certainly ample for the pressure and temperature conditions 
imposed. Inasmuch as this reduced wall thickness is at the 
location of the greatest heat input in the tube, it can be assumed 
that thinned wall tubes are capable of giving continuous satisfac- 
tory operating service with proper feedwater conditioning. 


INVESTIGATION OF BARNACLED TUBES 


There was real apprehension regarding the safety and continu- 
ous operating ability of these boilers, so it was decided to investi- 


gate some of the badly barnacled tubes. A section of tube that 
was thinned externally and had heavy barnacle corrosion in- 
side was capped at each end and was given a hydrostatic pressure 
test to failure. The tube ruptured at 7400 psi. It was then 
sectioned through the rupture and pickled to remove the barnacle, 
after which it was flat-ground to show the section. Fig. 11 shows 
this section which apparently is still about one half of its original 
thickness. The section was then deep-etched to show the area 
of embrittled metal and the thickness of the remaining ductile 
metal. Fig. 12 shows this sectionrafter deep-etching and light 
Polishing which leaves the embrittled metal in relief. 


Fig. 11 SectTion or Fracrurep TusBe; Fracturep at 7400 Ls 


Fie. 12 Derp-Ercuine or 11, SHowinc AREA 


Examination, by deep-etching, of a section of tube where a 
barnacle had been shows that the metal immediately under 
the barnacle was of a porous nature and embrittled. Partridge and 
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Deep-Ercnep Rings SHowinG HypROGEN-EMBRITTLEMENT 
PENETRATION 


Fic. 14 Rina In. SHowina HyproGen to BE UNDER 
BARNACLE ONLY 


Soderberg (3) called attention to this tvpe of embrittlement in 
boiler tubes in 1942. Boetcher (4) in 1944 described this type 
of attack as resembling hydrogen embrittlement. Kaufman. 
Marcy, and Troutman (5) refer to this type of attack as bein: 
caused by bonded oxygen. Corey (6), in discussing the paper 
just cited, suggests an initial pit as the start of corrosion. The em- 
brittled metal is quite susceptible to attack by hot acid and deep- 
etching plainly shows the difference between the original and the 
embrittled metal. Figs. 13 and 14 illustrate this condition quite 
clearly. It is seen in Fig. 13 that the hydrogen-weakened metal 
is fully three-quarters of the thickness of the metal that remained 
under the barnacle. The ring shown in Fig. 14 was cut from 
the one shown in Fig. 13 and is used principally to bring out the 
fact that where barnacles had not developed hydrogen attack 
was not found. It will be seen that hydrogen attack had pro- 
gressed more than halfway through the tube under the bar- 
nacle, while only '/, in. away the metal that was not under the 
barnacle was ductile and presumably in its original condition. 


How Barnacies ARE FoRMED 


Fig. 15 pictures a barnacle found in a header and gives an idea 
of how barnacles are probably formed. It will be seen that this 
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PyrRAMID BARNACLE SHOWING FORMATION 
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Fic. 19 Fievp oF BaRNACLES SHOWING SPREAD OR GROWTH FROM 


ORIGINAL Spots 


Fic. 20 LarGe Barnac_e From Roor Tuse 


Fig. 21 Section SHow1nG CRATER 


barnacle has a pyramid or conical top. When it was originally 
found, the apex was a small dot about '/j. in. diam. This small 
apex has fallen out and was lost but the crater is shown. It 
seems that from a very small beginning or “‘seed,” a series of 
growths develop, probably in cycles due to change in rating or 
possibly to heat input, and that this cancerous growth feeds upon 
the boiler metal. This is evidenced by the height of the barnacle 
above the original metal surface and the diminishing thickness of 
the good boiler metal. This hypothesis is supported by analysis 
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of the barnacle which shows it to be predominantly magnetic 
iron oxide. However, in order that the boiler iron be changed 
into iron oxide, the element oxygen must be supplied, and this can 
readily be furnished to the metal by reaction with the boiler 
water that penetrates the barnacle already formed, or by seepage 
of water between the existing barnacle and the metal. It is proba 
ble that both of these conditions prevail as the sectional view 
of this barnacle shows cracks in the barnacle layers as well as in 
the strata of iron-oxide compound next to the good metal. Fig. 
16 gives a sectional view of this barnacle taken through the apex 
of the cone that formerly was in place. Fig. 17 is an enlarged 
view of the cone in Fig. 16. Fig. 18 shows a thin shell or layer 
of a barnacle which was also found in one of the headers and gives 
an idea of the thickness of some layers. 

Fig. 19 shows a field of barnacles, or at least a field with one 
complete barnacle and several craters where barnacles had been 
before they dropped out: This breaking loose of the individ- 
ual barnacle is evidently the same as the breaking loose of the 
barnacle field from the tube metal and was probably for the same 
reason of changing conditions. It is readily seen that the small 
barnacle still in place started from the small rust spot or seed at 
the center of the cone; and, as the base spread with the barnacle’s 
growth, it finally covered the space between it and its neighbor 
and helped to form the field. This specimen gives the picture of 
barnacle formation and growth better than any other specimen 
that has been found to date. 

Old barnacles still exist in the boiler tubes. At each boiler in- 
spection one or more barnacles are found to have broken loose 
and fallen into the header. A recent inspection, some 1!/2 years 
after the original tube blowout, produced (in the roof-tube header) 
the thickest barnacle that has yet come to light. This barnacle 
is shown in Fig. 20. It is about 2'/, in. long, 1'/2 in. wide and 
over ?/,in. thick. It had evidently escaped the turbine and had 
remained in place during this time, but had finally parted from 
the tube metal and had fallen into the header. It had been formed 
by the juncture of two small barnacles which had left the field. 
The crater of one of these barnacles is shown in the sectional view 
of Fig. 21. 


CHARACTERISTICS OF BARNACLES 


A study of some of the smaller barnacles shows that hydrogen 
attack or embrittlement had not developed under them. This 
is supposed to be due to their small area and the ease by which 
the hydrogen evolved was able to escape with the steam that was 
generated. A study of the juncture of one of these small barna- 
cles to the tube metal throws light on their formation and proc- 
ess of development. Fig. 22 shows a section of the barnacle 
and tube under study. This specimen was prepared for micro- 
graphic study by dry polishing‘ and is given in order that the 
micrographs shown in the next illustrations might be better ori- 
ented. Even this small barnacle shows laminar structure with 
characteristic fractures and a dense contact zone where it joins 
the tube metal. This is better pictured in Fig. 23 which shows 
a section of this juncture at 25 diam. 

Fig. 24 is a micrograph of a part of the contact zone at a mag- 
nification of 100. It shows small penetrations progressing into 
the tube metal. It indicates that the water not only attacks 
at the contact zone but finds its way, possibly via weakened 
grain boundaries, to spots in the parent metal. Attention is 


‘ Preparing the barnacle that adhered to the tube metal for micro- 
graphic study was found impossible when using the conventional wet- 
grinding and polishing technique, but this preparation was nicely 
accomplished by J. F. Walker of the West Penn Power Company, 
who developed a system of dry-grinding that allows the hard, brittle, 
magnetic iron oxide and the intermediate strata of dissociated crys- 
tals and amorphous material to be ground level with the softer tube 
metal. 
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Fic. 23. Same as Fia. 22, at X25 


Fic. 24 Same as Fic. 22, at X100 


Fic. 25 Same as Fia. 22, ar X500 


(Spot showing metal and corrosion penetration.) 


Fic. 26 ANoTHER View aT X500 SHOWING STRATIFIED STRUCTURE 


called to the structure of the barnacle which shows the layers 
and their make-up at this magnification. It seems as though 
the products of the corrosive action are always being pushed 
away from the parent metal and this action under the conditions 
of temperature and pressure allows the development of the crys 
talline structure. The disintegration at the layer boundaries 
allows the barnacle to separate from the tube metal or from other 
layers of the barnacle. 

Fig. 25 shows a spot of penetration and the corrosion product 
within the boundary of the penetrated zone at 500. It is 
hoped that further study of this contact zone will produce infor- 
mation of much value in determining the phenomena of barnacle 
formation and the ensuing embrittlement. Fig. 26 gives another 
view at 500 and shows the crystal structure in the strata. 


Fig. 22 Contract Area or SMALL BarNacLe To METAL boi 
in. 
tior 


Fic. 27. Barnac ie at Tuspe Rupture or Jury 1, 1946 


FAILURES INFREQUENT 


When the deteriorated condition of the boilers was fully ap- 
preciated there were visions of a long series of boiler outages 
until all of the tubes that had developed barnacles had been re- 
placed. It was also feared that other good tubes might develop 
this disease before the cause of their formation could be deter- 
mined and the proper preventive remedy applied. However, 
since the original tube blowout, there has been but one forced 
boiler outage because of tube rupture, and only four other cases 
of tube leakage on hydrostatic tests. The last tube failure was 
in July, 1946, and examination of this failure, which was a mere 
seep found on hydrostatic test, shows that the barnacle was 
isolated and of large size with the remaining ductile metal quite 
thin. It is believed that this barnacle remained inactive for a 
long time, or since corrective remedies were first applied. Fig. 
27 shows that this barnacle is the same as those found 11/2 years 
previously. 


BorLer CONDITIONS ALLOWING BARNACLE FORMATION 


It is believed that the foregoing will cause conjecture as to the 
cause of this phenomenon as well as surprise that the barnacle 
formations did not cause many more boiler outages. This is 
really quite a mystery and warrants a description of the boiler- 
tube and feedwater conditions that existed prior to the rupture, 
as well as some of the determinations that have been made. 

The boilers were put in operation in 1937 and 1938 with so- 
dium phosphate, sodium hydroxide, and sodium sulphite as the 
boiler-water-conditioning chemicals and this treatment was con- 
tinued until August, 1942, when potassium salts were substituted 
for the sodium salts. Hall (7) has amply described the reason 
for this substitution and the authors gave a history of this treat- 
ment (2), in 1944. 

Potassium chloride was added to the treatment about 8 months 
after the change from sodium to potassium salts to control the 
caustic attack on the interior surfaces of the tubes in areas of in- 
tense heat input. Five months later, potassium sulphite, which 
during the war was extremely hard to secure, was discontinued. 
It was thought that the sulphite might be unnecessary because 
of the satisfactory deaeration of the feedwater being obtained at 
that time, and also that corrosion control could be obtained by 
observing the economizer surfaces of the low-pressure boilers. 

The potassium chemicals have been in continuous use since 
1942, except for a period of 44 days in the winter of 1944-1945, 
when sodium salts were again used in an effort to stop a siege of 
tube-roll and gasket-leakage troubles which developed and which 
have alse been described (8). With the use of the sodium treat- 
ment, silica scale, such as was described in an earlier paper (2), 
reappeared and the use of the potassium salts was resumed. 

ey are now considered standard for boiler-water conditioning 
at Springdale, 

The authors (2) have previously described the oil contamina- 
tion of the feedwater that combined with the sludge to form a 


HANKISON, BAKER—CORROSION AND EMBRITTLEMENT OF BOILER METAL 485 


gummy deposit in the tubes. These deposits caused burnouts 
and acid-cleaning was resorted to in an effort to remove them. 
It is definitely known that no barnacles were found in any of the 
tubes that were removed, or on any of the surfaces that could be 
inspected prior to or immediately after the acid-cleaning. 

It seems quite certain that the acid-cleaning removed a protec- 
tive coating that had been built up during the years of chemical 
treatment and which was and is very desirable and beneficial in 
protecting the boiler metal from corrosion. This belief was ex- 
pressed recently by one of the authors in discussing Powell’s 
paper (8) on acid-cleaning of boilers. The film is thought to be 
an iron sulphite-phosphate compound, as sulphite and phosphate 
can always be determined by analysis of the interior surface of 
the tube metal. The barnacles developed after the boilers were 
acid-cleaned and, it is believed, while sulphite was not being used 
for boiler-water conditioning. 

Another condition that without doubt contributed to barnacle 
development was the malfunctioning of the deaerating equipment 
due to changed operating conditions during the war. There was 
a period of about 2 months when relatively large amounts of 
oxygen entered the boilers entrained in the feedwater and this 
contamination also coincides with the period between acid- 
cleaning and the discovery of the barnacles. After the resump- 
tion of the use of sulphite, it appears that this type of corrosion 
had been stopped. Sulphite treatment was restored in Decem- 
ber, 1944, when the sodium treatment was temporarily resumed, 
and it was continued as potassium sulphite when potassium 
salts were again made the standard for our feedwater con- 
ditioning,. 


Some THEORIES 


1 It is believed that a protective coating, built up over the 
years of chemical conditioning of feedwater, was removed at the 
time of acid-cleaning of the boilers. With this protective coating 
removed and while the surfaces were moist from draining the 
boilers, they were exposed to the atmosphere and rusting resulted. 
As is familiarly known, small globules of condensed steam in 
contact with the boiler metal and in the presence of alkaline 
boiler water cause electrolytic action, with the result that an iron 
compound encases this globule to start a barnacle. This condi- 
tion was greatly exaggerated by the frequent boiler outages that 
were necessary because of trouble that developed with the copper 
gaskets on the newly cleaned surfaces. 

2 Small rust spots and also probably some remaining iron 
oxide or other scale that remained after acid-cleaning formed an 
insulating medium where a barnacle could start. After the start 
had been made its growth was supported by oxygen furnished 
by dissociation of the boiler water or by the oxygen entrained in 
the feedwater. 

3 Dissolved oxygen in the feedwater was not completely 
released until a point of high heat input was reached, or where a 
slight pressure drop occurred. This drop might occur at the 
inlet of the tubes carrying water from the sectional headers. The 
bare metal surfaces permitted an attack that occurred at boiler- 
operating temperatures and pressures and resulted in the bar- 
nacle-type corrosion “‘seed’’ being formed. 

4 The presence of chlorides, copper, and oxygen may be con- 
ducive to the attack of bare metal and formation of the corrosion 
“seed.” Corey (9) states that corrosion of copper-alloy steel 
is rapid in humid atmospheres high in chlorides. A similar con- 
dition may exist in boilers when the same elements are present 
and the pressures and temperatures are high. There is no posi- 
tive evidence that copper enters into or is a part to this type of 
corrosion, even though copper and/or copper oxides are fre- 
quently found in the barnacle strata. Any copper in solution in 
the boiler water must go into the barnacle with the other constitu- 
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ents of the boiler water if water is the source of oxygen in the 
formation of barnacles. 

5 Sulphite in the boiler water combines with the unprotected 
acid-cleaned metal (both the parent tube metal and the hydrogen- 
embrittled metal) to form an iron-sulphite compound that seals 
or inhibits the metal from further penetration of the boiler water 
or its dissociated elements. It is possible that some other stable 
deoxidizing agent would produce the same result. 


Known ConpitTions 


The abnormal conditions known to exist during the time of 
barnacle formation are as follows: 


1 Dissolved oxygen as high as 0.30 ppm and ammonia as 
high as 0.10 ppm were found in the feedwater at various times 
during this period. 

2 Sulphite was not being used for boiler-water conditioning. 

3 Acid-cleaning had removed the protective iron-compound 
film that was on the metal surfaces. 

4 Boilers were frequently opened after acid-cleaning which 
exposed the clean unprotected metal surface to atmospheric 
corrosion. 

5 The percentage of copper and copper oxide in the boiler 
deposits was relatively high. 

6 The alkalinity of the boiler water has at all times been 
maintained at a pH value of approximately 11.1. 


CorrECTIVE STEPS TAKEN 
1 The dissolved oxygen content of the feedwater has been 
reduced to 0.02 ppm or below. 
2 Sulphite is maintained at 3 to 10 ppm in the boiler water. 
3 The ammonia content of the feedwater has been reduced 
which has lowered the amount of copper and copper compounds 


in the boiler sludge. 
Barnacle development and metal embrittlement have now been 


stopped. - This is evidenced by 1'/2. years of continuous opera- 
tion of the deteriorated boiler metal without appreciable trouble. 


ConcLUSIONS 


The conclusions reached in studying the foregoing informa- 


tion are as follows: 
1 The boiler-metal surfaces prior to acid-cleaning were pro- 


tected by an iron sulphite-phosphate compound. 
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2 Acid-cleaning removed this protective coating. 
3 Barnacle “‘seed’’ developed on the unprotected surfaces 
during the frequent boiler outages. This probably was aided by 
the relatively large amounts of oxygen that were entrained in the 
feedwater at a time when no scavenging material was being used. 

4 Barnacles of a cancerous nature developed from the seed. 
These either formed into large individual penetrating barnacles 
or they united with adjacent small barnacles to form a corrosion 
field. In either case hydrogen-embrittled metal developed under 
these larger formations. 

5 The smaller barnacles do not have sufficient hydrogen em- 
brittlement under them to be detected by deep-etching. 

6 The barnacle growth and the embrittlement stopped when 
the feeding of sulphite was resumed. However, the reduction of 
oxygen in the feedwater at about the same time that the sulphite 
was resumed may be a factor in stopping this growth. 
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Experiences With Internal-Boiler-Surface 


Corrosion in 1450-Lb Open-Pass Boilers at 
West End Station of The Cincinnati Gas 


and Electric Company 


Three 1450-lb-pressure open-pass boilers designed for 
350,000 Ib per hr maximum capacity have been in opera- 
tion at the West End Station since April, 1937, for 5-1; 
November, 1937, for 5-2; and March, 1938, for 5-3. A pit 
type of corrosion in certain tubes of boiler 5-1 occurred 
in April, 1940, after 3 years of operation without difficulty 
from corrosion. In February, 1941, the first failure by 
corrosion at the rolled joints of tubes occurred on boiler 
5-3. This type of corrosion stopped being active at about 
the beginning of 1942 and had not recurred up to June, 
1946. The rolled-joint corrosion appeared to:occur during 
the period when the boilers were operated with continuous 
and rapid changes in steam demand. Conditions of 
operation, boiler-water concentrations, and other factors 
are described and compared in order to determine the 
cause for the corrosion or to determine what factors 
were responsible for arresting it. 


HREE Babcock and Wilcox Company continuous-slag- 
om open-pass boilers were put into operation at the West 

End Station of The Cincinnati Gas and Electric Company 
on the following dates: 


ree November, 1937 
Boiler 5-3 


The boilers are designed for 1450 lb pressure and for a continu- 
ous demand of 300,000 Ib of steam per hr at 900 F, with enter- 
ing feedwater at 350 F. The peak rating is 350,000 lb per hr. 
A boiler cross section is shown in Fig. 1. 

During the span of 9 years of operation, the operating condi- 
tions of the plant and therefore the operating conditions of the 
boilers were changed, making it possible to divide the time 
into three major periods. The conditions under which cor- 
rosion occurred and under which it did not occur can be com- 
pared, and the factors likely to be responsible for the corrosion 
might be determined. 


Periop OpreratTING ConDITIONS 


During this initial period of operation, which lasted from 
April, 1937, to January, 1940, the boilers for the most part de- 
livered the steam to a reducing and desuperheater station at a 


__ 


A oe Engineer, Cincinnati Gas and Electric Company. Mem. 


een Engineer, Cincinnati Gas and Electric Company. Jun. 
Contributed by the Joint Research Committee on Boiler Feed- 
1-4 Studies and presented at the Annual Meeting, New York, 
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By E. H. MITSCH! ano B. J. YEAGER,* CINCINNATI, OHIO 


Upper Drom 
A’ Drv 


‘Arch Tobes 


Lower 


Fic. 1 Continvous-Stac-Tap Open-Pass BorteER DESIGNED FOR 
300,000 Ls per Hr Capacity at 1450 Pst Workina PRESSURE 


rating of about ‘250,000 to 260,000 lb per hr, which is about 
30,000 to 40,000 Ib less than for the following periods. In general, 
the rate of demand was steady. The feedwater temperature 
was 300 F to the economizer inlet, which is about 85 to 90 F less 
than that for the subsequent periods. The inspections of the 
boilers during this period did not reveal any unusual conditions 
as related to boiler corrosion and it can be said that the tube ends 
and surfaces were very well inspected since these were new high- 
pressure boilers, and it was desired to watch them carefully. 

In'Tabie 1 are listed the data as to feedwater concentrations, 
presence of copper, and other factors which might be important 
for comparative study. 


Pir Corrosion IN 5-1 BOILeR 


During December, 1939, at the end of Period A, a period of 
high ammonia concentration in the boiler-water cycle was experi- 
enced. Since we were operating with a closed feedwater cycle 
under pressure from the hot-well pump discharge and were return- 
ing the drains from the vacuum jets to the condenser, the removal 
of ammonia was slight. Condensate reacted pink to phenol- 
phthalein indicator, and it was thought that we might be experi- 
encing carry-over from the boilers. An inspection of the cyclone 
separators and drum internals was made in December, 1939. 
One of the cyclones when removed from the 5-3 boiler had a cor- 
roded area which is shown in Fig. 2. 

In April, 1940, a side-wall tube in the first open pass of boiler 
5-1 failed due to several corrosion pits on the furnace side of the 
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TABLE 1 BOILER-WATER CONDITIONS 


Period A Th 
April, 1937, to Period B — ss -——— Period C lar 
Jan., 1940 Jan., 1940 to Oct., 1941 Oct., 1941 to Feb., 1946 fue 
Sub period are Bi. Bi Be Bs Bs Cr 
Sub period date Jan.—April '40 For 5-1 in Apr. '40-Jan.'41  Jan.-Mar. Mar.-Oct.’41 Oct. '41-Apr.'42 Apr. '42—Feb. '46 
5-1—5-2 Feb.-—Mar. '40 
Boiler water: 
H—ppm; 35-40 35-40 18 35-40 35 17 35 55-60 
POw—ppm; 50-60 50-60 37 50-60 45 20 20 20 
Cl —ppm; 25-7 25-70 ll 25-70 18 15 20 20 
SO.—ppm; 250-500 250-500 205 250-500 400-1000 250 350 350 
Na2SOs— 
ppm None None None 20 2 20 25 25 
Copper Very little Yes Yes Yes Yes Yes Yes Yes 
Oxygen, ppm Winkler0.10to Sameas A Same as A Winkler O Winkler O Winkler O Winkler O Winkler O 
ty 0.15 calculated 
Ammonia Little Much Much Some Some Little Little Little 
Corrosion Oné cyclone One side-wall Tube end Feb. Much tube Arrested 
separator tube, Apr. 40 "41 end corrosion 
Dec. 1939 
Type load Steady Continuous swinging load changes Mostly steady 
Steam rate M Average maxi- Average maximum 280 for period Average maximum 280 
Ib per hr mum 240-260 


stage drain pumps. The exhaust heater was 
made to operate with positive pressure by cramp- 
ing down the extraction valve. Sodium-sulphite 
feed to the boilers was also started at this time. 
With the exception of the side-wall tube no other 
tubes had to be replaced due to the pits. The 
barnacles in the 4-in. tubes were removed by 
boring the tubes. 

For the most part of Period A the boiler feed- 
water temperature was a maximum of 300 F, since 
the cycle was being operated without the final 
250-lb steam heater. Very little copper was noted 
on the boiler surfaces and in the loose deposits 
inside the drums. 


GENERAL OBSERVATIONS 


The pitting of surfaces was confined to boiler 
5-1. The other two boilers were inspected shortly 
after April, 1940, after the failure of the side-wall 
tube, and no pits were found in the 4-in. tubes, 
although the same tubes in 5-1 boiler had many 
Fic. 2. CorropEp AREA IN CYCLONE SEPARATOR of them. It is the opinion that this pitting and 

the corrosion of the cyclone separator, which is 

vertical tube. Inspection of the boiler indicated that other pits not subjected to any high temperature, was caused by the oxy- 
had formed in the 4-in. tubes connecting the mud drum and the’ gen. It is certain that oxygen was entering the system during 


(Per 


lower 22-in. drum, and also at the bends in the division-wall most of Period A, and got to all three boilers, but no damaging 
tubes entering the upper 22-in. drum. About a peck of various — effects resulted from it during this period. ‘ 
sized iron-oxide barnacles was found loose in the lower 22-in. One factor that may indicate why boiler 5-1 was pitted in April, ; 
drum. 1940, while the other two were not pitted, is that during several . 
: months prior to the tube failure the alkalinity of the water in 
OxyYGEN IN SysTEM 5-1 boiler was reduced,to about one half normal value. The 
The discovery of the pits resulted in a recheck of the cycle for alkalinity of the other two boilers remained at normal. These 
oxygen contamination and some was found entering the cycle at facts would indicate that oxygen, coupled with low alkalinity, 
several points. Oxygen tests were made daily at the discharges might create rapid corrosion. The presence of copper might act 
of the hot-well pumps since it was assumed that in a closed system _as an accelerating agent for corrosion. 
under pressure no oxygen could enter it. However, the unsealed Several other conditions of operation were changed during the 
packed glands of the 13th-stage-heater drain pumps were sucking _ period from January to April, 1940, which period is considered 8 
in air. Air was also being sucked into the exhaust gland of the part of Period B. The boilers were subjected to rapidly swinging Si 
turbine drive of the high-pressure boiler feed pumps duringlight- loads and the feedwater-inlet temperature was increased to 380 
load periods. These pumps operate with 250-lb steam and are to 400 F. The higher temperature caused considerable coppe! 
designed with an extraction bleed. An extraction and anexhaust deposits on the boiler surfaces. The loose barnacles from > 
heater are provided to condense the steam. With load changes, _ boiler had metallic-copper deposits on them. 
under certain load conditions, it was found that the exhaust- Ps 
heater steam pressure went to the vacuum side and sucked in Periop ConpIitions 
air through the turbine-exhaust gland. The heater had not been Period B, from January, 1940, to October, 1941, is the time 
° vented and the trapped air was absorbed in the heater drains and during which the boilers were subjected to rapidly swinging loads 4 


pumped directly into the water cycle. The necessary changes resulting from the load changes imposed by the automatic te 
were made to the heater venting and gland sealing of the 13th- _ line load controller put into operation at the start of this period. 
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The load changes caused pressure changes which were rather 
large, and these in turn caused the combustion control to feed 
fuel and air at maximum rates during the low-pressure periods. 


Fic. 3 


(Period A, steady load; period B. swinging load; | eriod C, steady 
load.) 
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Figs. 3 and 4 show the relative differences in the types of load 
carried and the resulting pressure changes during the three major 
periods of operation. 

The first failure by corrosion of tube rolled joints occurred in 
February, 1941, after a little more than a year of operation with 
swinging boiler loads. One half of the tube rolled joints of two 
tubes in the curtain wall drum of 5-3 boiler were badly corroded. 
The corrosion extended several inches beyond the rolled joints and 
failure was by cracking of the embrittled metal in this area. 
The failures were discovered during a hydrostatic test. It was of 
interest to note that the two protecting blocks which are provided 
for the tubes at this position were gone, allowing more heat nearer 
the tube joints. In a similar tube in another boiler, inspection 
indicated that. one tube had a heavy deposit of material at the 
rolled joint. The material was of a loose nature and was easily 
removed and indicated that corrosion had started beneath the 
area. Here again the protecting blocks were gone from this tube 
and as in the other two, the corrosion was on the hot side of the 
tube. 

Fig. 5 shows a corroded rolled joint of a tube in the bottom 
header of the front furnace wall. The tube is vertical and the 
view was made looking through a handhole cap. The mass of 
loose deposit was on the hot side of the tube. Fig. 6 shows the 
same tube with the material removed. In this case the corrosion 
had not progressed to the point of having to remove the tube, and 
it is still in operation. 

It is of interest to note that the mass of deposit was only on the 
tubes that were being attacked by the corrosion. Adjacent tube 
entrances were clean. On corroded rolled joints found in the 


upper 22-in. drum the heavy deposit of material was not present. 
The number of tubes found with rolled-end corrosion, the 
dates of inspection, and the tubes that were safe-ended are given 


in Table 2. Altogether, 12 tube ends had to be replaced. The 
other corroded ends were ground and painted with Apexior paint. 


Some BorLter-FEEDWATER CONDITIONS IN PERIOD B 

In Period B, which lasted for almost 2 years, several changes 
were made to the boiler-feedwater concentrations. 

During the year 1940, and up to the middle of March, 1941, 
the boiler-water concentrations were about the same as those 
held during Period A. Sodium-sulphite feed was started in April, 
1940, which resulted in increased sulphate concentrations. 


Kia. 4 
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Fic. 6 Tusr-Enp anp ROLLED-JoINT CoRROSION SHOWN IN Fia. 5 
Deposit REMOVED 


From the middle of March, 1941, to October, 1941, the concen- 
trations were reduced in an attempt to correct the rolled-joint 
corrosion. The values are given in Table 1. The inspection of 
the boilers in September, 1941, indicated that the rolled-joint 
corrosion was much more general and rather severe on more tubes. 
The reduced alkalinity had apparently resulted in increased cor- 
rosion, unless another factor was dominant. The boiler-water 
concentrations were again raised to the Period A values during 
October, 1941. 


Preriop C OperATING CONDITIONS 


Period C of the operating time extends from October, 1941, to 
February, 1946. During this period the boiler load was changed 
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TABLE 2 PITTING AND TUBE ROLLED-JOINT CORROSION; 
LOCATION OF CORROSION AND DATES OF DISCOVERY 


5-1 BorLer 

April, 1940... . . First open-pass side-wall tube failed by two consecutive pits, 
Scattered pits in upper row of 4-in. tubes. Nine division- 
wall tubes and two curtain-wall tubes had single pits of 
lens sizes at tube bends before entering upper 22-in, 

rum 

One division-wall tube in lower 22-in. drum started cor- 
roding at rolled joint. 


Feb. 1941...... Two additional division wall tubes with single pits at bends 
near upper 22-in. drum. 
Jan. 1942....... Most of tubes were bored after about 5 years of operation. 


One lower arch tube in arch drum slightly corroded at rolled 
joint. Two front-wall tubes with rolle -joint corrosion at 
lower wall header. The division-wall tube in lower 22-in 
drum with corrosion at rolled joint reported in April, 1940, 
showed no progression. 


5-2 BorLer 
March, 1941....One curtain-wall tube in curtain-wall header started cor- 
rosion. No other parts of boiler inspected at this time. 
Oct. 1941....... Twenty-eight upper arch tubes, 13 division-wall tubes 


1 lower arch tube corroded at rolled joint in upper 22-in, 
drum. Four lower arch tubes at rolled joint in arch drum 
with slight corrosion. Ten front-wall tubes with slight cor- 
rosion and 3 floor tubes with rolled-joint corrosion at lower 
wall header. Nineteen division-wall, 12 furnace-wall, | 
floor tube with rolled-joint corrosion in lower 22-in. drum 

April, 1942. . Some of the tubes in the upper 22-in. drum reported in 
October, ve gn indicated some progression of rolled-joint 
corrosion and had to be ground and painted. One lower 
arch tube was replaced due to rolled-joint corrosion in arch 
drum. Fourteen other arch tubes were found corroded, 
but this vee the first good inspection at this location and 
these could have been corroded at the October, 1941, in- 
spection which was not complete. 


5-3 BoILer 
Feb. 1041...... Two curtain-wall tubes safe-ended due to heavy corrosion 
at rolled joint in curtain-wall drum. Three division-wal! 


tubes badly corroded in lower 22-in. drum at rolled joints 
Two division-wall tube ends in upper 22-in. drum badly 
corroded at rolled 

eee Ten upper-arch, 2 division-wall, 2 curtain-wall, 1 lower 
arch tube pono MeN at rolled joints in upper 22-in. drum 
One arch tube and one curtain-wall tube were safe-ended 
One front-wall tube with rolled-joint corrosion in front 
wall header. Six division-wall tubes were safe-ended in 
lower 22-in. drum. Two division-wall tubes, 4 furnace- 
wall tubes, 2 floor tubes were slightly corroded at rolled 
joint in lower 22-in. drum. One second-pass side-wal! tube 
badly corroded at lower-end rolled joint. 

March, 1942....One second-pass side-wall tube reported in October, 1941, 
safe-ended. Corrosion on other tubes did not indicate pro- 
gression. 


to steady-load operation at the same average output as that of 
Period B, as indicated in Figs. 3 and 4. In April, 1942, the 
alkalinity of the boiler water was increased to the values as indi- 
cated in Table 1. During the 4 years of operation from April, 
1942, to February, 1946, no further rolled-joint corrosion or tube 
pitting occurred. 


ComPARISON OF Facrors BETWEEN Pertops B anp C 


During these two periods sodium sulphite was used to scavenge 
any oxygen entering the boilers. Occasional tests would indicate 
zero excess sulphite but this was the case over the 6 years of opera- 
tion in these two periods, 

The copper entering the boilers was about the same in the two 
periods. Failure of the arsenical-copper tubes in the 250-lb- 
pressure steam heater indicated that most of the copper in the 
system came from these tubes which dissolved on the water side. 
About 1500 lb of copper were dissolved throughout the two 
periods. 

The swinging load of Period B was changed to a steady-type 
load in Period C. 

Boiler-water alkalinity in Period C was higher than in Period 
B. 

Cleanliness of boiler surfaces was about the same in all boilers. 


Srress at TuBE ROLLED JOINTS 


In addition to the stresses in the rolled joints caused by rolling 
the tubes, it was found that additional stresses were probably 
being imposed on them during the periods of rapid load change 
Rough measurements taken on the upper 22-in. drum indicated 
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that this drum was continually moving in a slight twisting motion 
with each cycle of fairly large load swing. The changes in gas 
temperature with rapid changes in firing rate were probably re- 
sponsible for the drum movement, owing to changes in expansion 
of the tubes. If this added stress was the prime factor in causing 
the rolled-joint corrosion, it is difficult to imagine why many 
more of the tubes were not damaged by corrosion. Furthermore, 
certain tubes such as in the bottom front-wall header and bottom 
side-wall header in the second open-pass section were badly cor- 
roded, and it is difficult to imagine excessive expansion stresses at 
these points. 
DISTURBANCES 


It is also thought that the disturbances to circulation were 
caused during the periods of drops in boiler pressure. The boiler 
water would flash into some steam in all circuits due to the heat 
in the liquid compared to the pressure. It should also be re- 
alized that during these periods of low pressure the firing rate 
was at a maximum. 

GENERAL CONCLUSIONS 


1 Pitting occurred in only one of the three boilers. The same 
oxygen and copper content were present in the three boilers. 
However, in the boiler that pitted, the alkalinity of the boiler 
water was reduced by one half or more during a short period 
prior to the tube failure. 

2 Rolled-joint corrosion occurred during the period when the 
boilers were subjected to rapid and continuous load swings. 
During the period when the alkalinity was reduced in an attempt 
to correct the condition, inspections indicated that many more 
tube ends were affected. 

3 Four years of operating with the highest alkalinity in the 
boiler water were free from any corrosion. These years, however, 
were years of relatively steady steaming rates. 

4 Both pitting-type corrosion and rolled-joint corrosion 
produced an embrittlement of the metal beneath the corroding 
areas. This action was described in a paper by H. N. Boetcher.* 


*“Cracking and Embrittlement in Boilers,”” by H. N. Boetcher 
Mechanical Engineering, vol. 66, 1944, pp.'593-601. 
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5 Certain things were done in the cycle to improve conditions, 
as follows: 


(a) Heaters were vented; April, 1940. 

(b) Drips from first stage of vacuum jets discharged to waste 
to reduce ammonia; November, 1941. 

(c) Throttled extraction line on boiler-feed-pump turbine to 
increase exhaust pressure; April, 1940. 

(d) Improved seals on 13th-stage-heater drain pumps; April, 
1940. 

(e) Added extensions on discharge lines from distilled-water 
tanks to prevent excess iron-corrosion deposits from being carried 
into the discharge from the bottom of the tanks; January, 
1942. 

(f) Began feeding NaOH to distilled-water storage to in- 
crease alkalinity of feedwater to boilers and through piping sys- 
tem; August, 1942. 

(g) Installed manually operated make-up lines in the con- 
densers to feed 5000 lb per hr, each to a spray head installed in 
the steam space; August, 1942. Special internal-contact heaters 
had been installed in each condenser hot well since 1937. Make- 
up water enters these héaters through 4-in. float-operated control 
valves. 


6 Four similar boilers at the Columbia Station, operating at 
about 750 lb pressure, with steady-load operation at 280,000 per 
hr, have never experienced the corrosion that was had at West 
End Station. The alkalinity in the Columbia boilers is about one 
half that at West End and practically no copper is present. 

7 The fact that rolled-joint corrosion was found on tubes, 
where the tube-end protecting blocks were gone, indicates the 
importance of keeping such areas protected. The added heat at 
the unprotected ends is apparently a factor in the corrosion of 
rolled joints. 

8 These experiences are recorded for the purpose of adding 
information to the pool of facts which may lead to a more positive 
answer to the corrosion problems in boilers. 

Norte: [Discussion of this paper appears on pages 500 to 503 of 
this issue. | 
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Wall-Tube Corrosion in Steam-Generating 
Equipment Operating Around 1300 Psi 


By F. G. STRAUB,' URBANA, ILL. 


The author describes several instances of boiler-tube water problem would be simplified and make-up practically 
failures of the “brittle type” and the nonbrittle. Inthe eliminated. The make-up was around 2 per cent and was origi- 
brittle type the metal is decarburized under the corrosion nally planned to be condensed steam from the evaporator furnish- 
products on the water side. Intercrystalline cracks occur 
in the decarburized areas. The author’s experience in- 
dicates that this type of failure may be due to the presence 
of dissolved oxygen in the feedwater in the absence of a 
suitable oxygen scavenger in the boiler water. The non- rr. 
brittle type of corrosion described was due to caustic 
attack on the tube metal. The grain structure was 
normal in this type of corrosion and no intercrystalline 
cracking occurred. These types of failures have been 
stopped by proper water treatment. 


HE cause of the so-called “brittle boiler tube’’ or ‘‘plug- 
type corrosion,” which has occurred in the higher-pressure 
steam generators (around 1300 psi) has been explained by 

many theories. These theories have not been in agreement in 

accounting for this type of metal attack. One theory involves the 
reaction of copper with the steel, another assumes that the so- 
called embrittlement results from the action of concentrated 
sodium hydroxide resulting from film boiling at the tube surface, 
while a third explains the action on the basis that dissolved oxygen 

in the feedwater is the offending agent. . J 

The author’s experience with this type of failure leads to the Is : 
conclusion that dissolved oxygen in the absence of an oxygen | nr = 

scavenger is the main cause of this type of failure. The informa- : SS = —t 

tion which he has been able to assemble indicates that copper and . SS = 

film boiling are not the causes of this type of failure. One case of - eS 
tube failures which were not brittle but which were caused by con- |: | 
centrated boiler water and particularly sodium hydroxide will be ait 

discussed so as to illustrate the difference between caustic attack 4 

and the brittle-tube attack. = 

The author’s experience with the brittle type of tube attack in- al 
volves two plants operating at steam pressures in the range of 

1250 to 1400 psi. These plants are the Firestone Tire and Rubber 

Company’s, Akron, Ohio, plant and the Fisk Station of the Com- 

monwealth Edison Company, Chicago, III. 


Tue AKRON PLANT 


The Akron plant has been described previously.?. The boiler, a 
cross-drum sectional-header three-pass type, generates steam at 


1400 psi and 300,000 Ib per hr with a slagging type of furnace. aay 


Fig. 1 shows a section through the boiler. 

The steam goes to a 10,000-kw turbine at 1250 psi throttle —}f 
pressure and 750 F, and is exhausted at 235 psi to evaporators an 
which in turn supply process steam. By providing a closed steam =‘ 
cireuit for the high-pressure boiler, it was believed that the boiler- 


Engineering Experiment Station, University of Lllinois. 
1400-Lb Installation at the Firestone Tire and Rubber Com- ‘ 
pany,"’ Combustion, vol. 6, February 1935, pp. 9-12. 


Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting, New York, 
N.Y., December 2-6, 1946, of Tae American Society oF MECHANI- 
CaL ENGINEERS. 

OTE: Statements and opinions advanced in papers are to be Je 
understood as individual expressions of their authors and not those 
of the Society. . Fie. 1 Cross Secrion Taroven Akron BoILer 
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ing process steam. Shortly after the plant started in operation 
this was changed so that steam from the low-pressure boilers (250 
psi) was used for make-up. This furnished a steam of good 
quality and almost free from oxygen, since the low-pressure 
boilers were sulphite-treated. 

The boiler started in operation in December, 1934, with water 
treatment to conform with the consulting laboratory’s recom- 
mendation wherein the “‘B” reading was to be maintained at 
above 5 ml, the sulphate-to-alkalinity ratio to be 3 to 1 or greater, 
the PO, to be 50 to 100 ppm, and a sodium-sulphite excess was to 
be maintained. 

Operation of the unit during 1935 disclosed a condition of 
‘“thideout”’ of solids and it was found that addition of chemicals, 
in an effort to maintain the desired concentration, exceeded 
reasonable amounts. It was also noted that after the unit was 
shut down the salts reappeared to a certain extent and caused 
carry-over of solids in the steam going to the turbine during 
subsequent start-up. 

Examination of generating tubes disclosed attack of the top of 
the upper-bank generating tube at the upper end on the water 
side. This attack was attributed to steam-blanketing. 

Additional uptake tubes were installed in November, 1935, in 
an effort to relieve the burden on the uptake sectional header and 
to separate the front and rear waterwall output from the gen- 
erator-section output. Noimprovement was noted. 

During January, 1936, the water treatment was changed so as 
to consist of adding sodium hydroxide to keep the pH of the 
boiler water 10.5 to 10.9. The only other chemical used was 


“Akon,” which was added continuously to the make-up water so 


as to maintain a positive ferrous-iron content. 

In July, 1936, two rear wall tubes failed at a point about 2 ft 
above the slag level due to internal deterioration. In October, 
1936, two tubes in the front wall also failed due to internal de- 
terioration. 

During this time the boiler was opened frequently for inspec- 
tion and was filled after inspection with cold water from a con- 
densate storage tank. In the fall of 1936 the storage tank was 
heated with steam and vented, and sodium hydroxide added to 
the storage tank in order to raise the pH value. This was done to 
reduce the attack of oxygen during the filling and starting of the 
boiler. 

At the same time an increase in fineness of coal supplied to the 
furnace was made along with an increase in excess air, in order to 
get better slag control in the furnace and prevent the probability 
of slag falling off the wall tubes and causing excessive localized 
heat transfer. 

During the period from early 1937, to April, 1943, no addi- 
tional wall tubes failed. During the period from January, 1937, 
through May, 1937, various tube-core arrangements were tried, 
until finally all tubes in the upper generator tube bank were 
equipped with tube cores. During this period of operation, con- 
siderable iron oxide - copper sludge was found in headers, and 
there were appreciable deposits of hard scale in the generating 
bank. These deposits generally occurred between the tube cores 
and the tubes. Some tube cores had to be driven out due to this 
scale. The scale was partially removed by turbining. 

Early in 1940 about 1 per cent of the high-pressure steam was 
taken for process. In order to obtain additional water for make- 
up, the gland leak-off steam from the high-pressure turbine was 
reclaimed by condensing and pumping back to the system. Con- 
densate from the low-pressure turbines was also used after passing 
through the heated storage tank. Since the storage tank was 
now used for make-up during operation, the addition of sodium 
hydroxide to the storage tank was stopped so as to prevent the 
increase of solids in the boiler. Consequently, subsequent to this 
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time, the water fed to the boiler after boiler outages had a low 
pH. 

The boiler operation was quite satisfactory until late in 1941, 
when it was noted that there was a loss of tube metal on the fur- 
nace side of the waterwall tubes. During September, 1942, 
about 85 wall tubes were replaced. Changes were made in burner 
tips, tertiary-air blankets were installed, and the target firing 
circle was reduced from 8 ft to 4 ft diam. Several of the tubes 
which were removed were examined, and while there was some 
evidence of attack, it was very spotty, and in general the internal 
tube surfaces looked very good. 

In April, 1943, several wall tubes were found to be bagged, with 
one leaking. During June, 1943, three more wall tubes showed 
evidence of hot spots. These tubes were turbined and heavy 
magnetic-oxide scale was knocked loose. It was thought that 
impingement had initiated the action, with Akon possibly ad- 
hering to the tube surface when “hot spots” occurred. 

During the annual inspection in September, 1943, three gener- 
ator tubes in the upper bank were removed for inspection. It 
was found that some slight pitting had taken place in these tubes 
under the iron oxide - copper sludge that formed on the bottom 
of the tubes. There were some very hard patches of scales which 
on analysis showed the presence of acmite and analcite scale. 

Five wall tubes were replaced at this time. These tubes had 
some external bulges and definite internal corrosion with exten- 
sive deposits of magnetic iron oxide at the points where the 
bulges occurred. Due to the presence of excessive iron oxide 
copper sludge, it was decided to discontinue the use of Akon. 

In order to reduce the silicate scales and to have better water 
conditions in the system, the water treatment was changed to 
the potassium treatment in March, 1944. In June, 144, a 
leaking tube was found and temporary repairs made. At this 
time the pH of the boiler water was held about 9.5 to 10 asa 
means of keeping total solids low and to reduce the tendency of 
the hydroxide to concentrate and produce intererystalline attack 
on the tube metal. 

On November 4, 1944, a wall tube ruptured. A large section 
of the tube was completely blown out and could not be located. 
The tube had been flash-welded and the failure occurred quite 
near the flash weld. On November 15, 1944, another wall tube 
ruptured at the flash weld. Again a section of the tube had 
blown out and disappeared. At this time 33 wall tubes were 
replaced due to indication of internal attack. All the tubes 
removed were flash-welded tubes that had been installed during 
1942 or later. All tubes replaced at this time were thoroughly 
brushed and Apexior applied before installing. The boiler was 
returned to service with slightly higher KC1 addition, with the 
pH of the boiler water quite low during the first few hours of the 
starting-up period. Dering subsequent operation the dissolved 
oxygen in the feedwater increased slightly, occasionally going to 
0.05 ppm. 

After the boiler had operated 17 days, another tube ruptured. 
At this time 34 wall tubes were replaced. The replacement 
tubes were pickled in sulphuric acid (inhibited) with one half 
of the tubes being Apexiorized. 

In January, 1945, two wall tubes were replaced due to evidence 
of attack. One of these tubes had been in service only 37 days. 

On March 3, 1945, the boiler was taken off the line due to tube 
leakage and 35 wall tubes were replaced because of internal 
corrosion. 

During the March 3, 1945, shutdown, the author was called 
as a consultant to aid in determining the cause of the tube failures 
and to help in planning the future operation of the boiler. 

Because of the amount of silica scale in the generating tube 
and the possibility of magnetic oxide remaining in the undi* 
covered pits in waterwall tubes, it was decided to acid-clea? 
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the boiler. Dowell, Inc. was called in to handle the acid-cleaning 
operation. After acid-cleaning and boiling out the boiler with a 
1 per cent soda-ash solution, it was noted that a large amount of 
copper had been loosened from metal surfaces (probably tube 
cores) and was distributed throughout the boiler in the form of 
strips or ribbons. This copper was removed mechanically and 
the boiler returned to service on March 24, 1945. 

A survey of the boiler operation, Fig. 2, showed that during 
the period from 1937 to 1943 no wall-tube failures had occurred. 
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During this period the water treatment had consisted of sodium 
hydroxide, phosphate, and a small continuous feed of Akon. 
The pH of the boiler water had been around 10.5 ppm. Even 
though some sludge had formed around the cores in the gener- 
ating tube, no tube failures had occurred. 

The reclaiming of the gland leak-off steam with some oxygen 
present may have introduced oxygen into the system. However, 
as long as the Akon was being added continuously it was pro- 
tecting the boiler. When the continuous addition of Akon was 
stopped the oxygen was allowed to enter the boiler. Parallel 
with this, the reduction of the pH of the boiler water may have 
had an accelerating action on the oxygen attack. During this 
period the boiler was being filled with condensate with no caustic 
added so the pH at time of filling was low. The effect of boiler- 
water circulation received much attention, and at the time of the 
outage in March, 1945, Pitot tubes were put in and thermocouples 
welded to the fire side of some of the wall tubes in order to study 
the circulation and metal temperatures. There have been no 
indications, judged from measurements of tube-metal tempera- 
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tures and fluid velocities, that circulation in the wall circuits has 
been deficient, nor have excessive metal temperatures been found. 

At the time of starting the boiler back in service in April, 1945, 
the following recommendations were observed: 


1 Fill the boiler after each outage with water having a pH 
of at least 10.5, adding NaOH to the storage tank to obtain the 
desired pH. 

2 Maintain a pH of at least 10.5 in the boiler water, using 
NaOH. 

3 Remove source of oxygen contamination in the feedwater. 

4 Maintain an oxygen scavenger in the system, such as 
Akon. 

5 Keep the PO, under 10 ppm and preferably below 5 ppm. 

6 Make routine analyses of the steam and feedwater for 
SiO. and NHs3. 


Illustrative of the schedule that has been followed, the follow- 
ing average water analyses for April, May, and June, 1945, were 
reported: 


Feedwater dissolved oxygen (occasional traces)..... 0.0 


Since the boiler was put back in service it has been inspected: 
May 5, 1945; June 29, 1945; November 7, 1945; and April 7, 
1946. At each of these inspections the wall tubes showed no 


Fic. Tunes rrom AKRON BoILer . 


indications of the rapid and severe internal corrosion previously 
noted. 

At the last examination, April 7, 1946, the following was re- 
ported: 

‘The generating tubes and headers were in excellent condi- 
tion, with very little accumulation of deposit between cores and 
tubes in the downtake end, and the headers unusually clean. 

“The internal condition of the furnace wall tubes was good.” 

Microeramination of Steel Corrosion Area. Fig. 3 shows sec- 
tions of the two corroded tubes as removed from the boiler after 
17 and 37 days’ service. 

Fig. 4 shows a section of one of the corroded tubes. The 
hard black-oxide core in the corroded area has been removed. 
One section shows the tube after removing this deposit; the 
adjacent section has been deep-etched with boiling HCl (1:1). 
This reveals a porous area of appreciable thickness. This area 
has no appreciable strength. 

Fig. 5 shows a section of a tube with a very small area of 
attack. This section was from a tube in service for 67 days. 
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Fie. 4 Section or Tuspe From Akron BoILer; BEFORE AND 


Arter Deep Acip EtcH 


Fig. 5 Sgcrion or Tuse From Akron BoILer 


Fie. 6 MicroGrarpH SHOWING DECARBURIZATION AND INTER- 
CRYSTALLINE Cracks; 


The tube was acid-cleaned and Apexiorized before being put 
in service. 

Fig. 6 shows a micrograph of the steel in the area of the attack. 
This shows the decarburization and intercrystalline attack in 
this area. 
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Fisk STATION 

The second instance of brittle-tube failure occurred in Unit 17 
at the Fisk Station of the Commonwealth Edison Company, 
Chicago, Ill. This unit consists of two steam-generating units, 
each designed to deliver 750,000 Ib of steam per hr at 1325 psi 
and 935 F. A description of the unit has been given previously.’ 
Fig. 7 shows a cross section through the generating unit. This 
unit operated with evaporated make-up of Chicago city water 
with phosphate treatment being added directly to the drums of 
the boilers. 

The two boilers started operating in September and October, 
1942, respectively, at a reduced rating of 250,000 Ib per hr. 
They operated at this reduced rating until December, 1943, 
when the turbine was started in operation. They have operated 
at rated capacity since this time. 

In March, 1944, after about 1 year and 6 months of operation, 
the boilers were acid-cleaned. 

These boilers used the inner-tube type of steam attemperators, 
and early in 1945 the attemperators started to leak. The at- 
temperators were removed and a spray type of attemperator 
installed during the unit outage between September and No- 
vember, 1945. Each boiler was out of service about 6 weeks. 
The unit was returned to service in December, 1945. Since the 
boilers appeared to be clean, they were not acid-cleaned. 

In mid-January and early February, 1946, a number of wall- 


3“Unit 17 at Fisk Station,”” Power Plant Engineering. vol. 48, 
Oct., 1944, pp. 90-93, 136 and 138. 
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tube failures occurred in both units. Boiler No. 2 was taken out 
of service on January 18, 1946, and 5 leaky wall tubes were found 
in the secondary furnace. All failures and damaged areas oc- 
curred at shop weld about 35 ft from the floor. Boiler No. 1 
was taken out of service on February 1, 1946, and 23 damaged 
tubes, including 5 which were leaking, were found in the second- 
ary furnace in the same area as the failures found in Boiler No. 2. 

Description of Failures. The damaged areas were concretions 
on the water side about 3 in. diam. There was a reddish (ap- 
parently colored by red iron oxide) top layer about '/s in. thick. 
This layer was loose and could easily be removed. Beneath 
this was a thin layer about '/). in. thick of a hard whitish silicate- 
sulphate scale, and beneath this a thick layer */is to '/, in. of 
hard black magnetic oxide. Beneath the magnetic oxide was 
the tube metal, which had been reduced in thickness and which 
had become decarburized and contained intererystalline cracks. 
By striking this metal with a hammer or pointed tool, chunks 
of tube metal having a cubic fracture could be broken away. 
Deep acid-etching and microscopic examination showed the metal 
to be porous. In many of the attacked areas the carbon-con- 
taining grains (pearlite) had been completely decarburized, 
leaving voids between the grains. The pearlitic structure re- 
mained intact in the unaffected area near the fire side of the 
tube. Decarburization was found only on the water side under 
the deposits and where the tube had been thinned by the corrosive 
attack. 

The soft, loosely adherent, overlying reddish deposit consisted 
principally of Fe,O; and copper; the thin white scale appeared 
to be or 5(Na,Ca)O.3Al,03. 6Si02. - 
2S0;._ Microexamination revealed asbestos fibers in all of the 
concretions on the damaged tubes. It appears probable that the 
silicate scale (white deposit) is a secondary product resulting 
from higher temperatures in the damaged areas, as adjacent areas 
of the water side of all tubes were clean and free from scale. 

Boiler and Feedwater Conditions. This unit had operated sinée 
starting with boiler water of the following composition: 


Total dissolved solids, ppm (approx.)............... 500 


No oxygen scavenger 


The unit does not have a deaerating heater on the feedwater 
system but does have a reboiler on the evaporator condensate to 
remove dissolved gases. The system has been tight with very 
little condenser leakage as indicated by low phosphate demand. 

When the unit was out of service in the fall of 1945, the blading 
near the exhaust end of the high-pressure turbine was found 
fouled with a sodium-silicate deposit which was removed from 
the rotor blading by “vapor-blasting.” This deposit was the 
result of the leaking attemperators. It was necessary to remove 
the deposit from the stationary blading by scraping, which did 
not remove the deposit as completely as the vapor-blasting. 
When the unit was returned to service, the silica content of the 
boiler waters increased from the normal 5 ppm to 40 ppm. Within 
3 weeks the silica was brought back to normal by means of blow- 
downs. It appeared at that time that this abnormal silica 
content was the result of incomplete removal of the silica from 
the turbine during cleaning. After finding the asbestos fibers 
in the area of tube failures, examination of the boiler-water 
samples taken shortly after the fall start-up showed the presence 
of asbestos fibers. The silica increase may have been brought 
about by the presence of the asbestos. Investigation disclosed 
that the anticorrosive tank-lining cement which had been applied 
to water reservoirs had partially disintegrated and fallen to the 
bottom of the reservoirs. This cement was an asphalt-asbestos 
Preparation. It appears that the heavy draft of water from 
the reservoirs at the time of filling the boilers produced sufficient 
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agitation to suspend particles of the disintegrated lining or 
asbestos fibers therefrom in the filling water. 

In March, 1945, the drain cooler for a feedwater heater was 
found to be leaking. Oxygen tests at the outlet of the heater 
showed oxygen to be present at that time. 

Cause of Tube Failures. The failures and tube attack all 
occurred at shop welds. The metal burrs on the inside of the 
tubes may have acted as filters to collect sludge in suspension in 
the circulating boiler water. This accumulation could be suffi- 
cient to allow the boiler water to concentrate between it and the 
tube, resulting in deterioration of the tube metal. In most 
instances of tube-metal attack, occurring under sludge deposits, 
the metal is removed with the formation of black iron oxide but 
no decarburization or intercrystalline cracks occur. There was 
a possibility of the presence of dissolved oxygen in the absence 
of an oxygen scavenger contributing to the failures in Unit 17. 

Remedial Measures. The tank-lining cement was removed 
from one tank where it had loosened in order,to prevent the 
asbestos from entering the boiler water. Assuming that dis- 
solved oxygen in the feedwater in the absence of a suitable 
scavenger in the boiler water may have contributed to the 
attack, sodium-sulphite treatment was started. The sulphite solu- 
tion was fed directly to the drum with or without phosphate 
solution as required. Since the feedwater is being injected into 
the superheated steam to regulate steam temperature, it was 
considered undesirable to add the sulphite at the condenser hot- 
well. The sulphite residual in the boiler water is maintained in 
the range of 20 to 30 ppm. 

Operating Results Subsequent to Changing Treatment. The 
sodium-sulphite treatment was started on boiler No. 1 on Janu- 
ary 22, and on boiler No. 2 on January 29, 1946. On May 
23-25, 1946, examination of boiler No. 1 indicated the charac- 
teristic reddish spots on the outside of seven more wall tubes 
which on removal showed the typical internal attack. On 
August 24, 1946, a slight leak was found in one tube in boiler 
No. 2 when down for other work. This tube did not show the 
reddish exterior, and it was located in the wall but between the 
first and second bank of the secondary superheater. This is 
higher up in the furnace and in a cooler area, which may explain 
the absence of the reddish deposit on the outside of the tube. 
The presence of the asbestos fibers in all these additional tubes 
indicates that the attack may have started prior to the change 
in water treatment. It appears that the attack is being reduced 
and the boilers are being watched to see if the change of treatment 
will eventually eliminate the difficulty. 


Mystic SratTion 


To one attempting to explain the cause of the tube failures 
experienced in the boiler at the Mystic Station of the Boston 
Edison Company, it appeared for a while to tie in with the 
dictionary definition of “‘mystic,” ‘“‘. . . one initiated into a 
mystery.” 

Details of the Mystic Station have already been published.‘ 
The one steam-generating unit in operation at the time of the 
tube failures was a 3-drum bent-tube boiler with a water-cooled 
dry-bottom furnace designed to deliver 430,000 Ib of steam per 
hr at 1250 psi and 910 F total temperature. A cross section 
through the steam-generating unit is shown in Fig. 8. 

This plant operated with evaporated make-up. The boiler 
started operating in November, 1943, and since February, 1944, 
had operated at full capacity. In March, 1944, a corner water- 
wall tube failed. The tube was plugged solidly with iron oxide 
and construction debris. At that time all waterwall tubes 
and most downcomers were turbined. No heavy iron oxide was 


‘“New Power for Old Boston,” by G. A. Orrok, Jr., and W. P. 
Saunier, Combustion, vol. 15, April, 1944, pp. 32-38. 
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THROUGH STEAM-GENERATING UNIT OF 


Fig. 8 Cross SEcTION 
Mystic STaTIon 


discovered in any area except in the tube that failed. No further 
boiler-tube trouble was encountered until December 26, 1944, 
when a leak was discovered in a waterwall tube. Subsequent 
inspection showed a total of 5 tubes which failed through internal 
pitting. The failures showed no sign of burning or bulging and 
distortion. The pits occurred in a form of almost a grooving 
along the fire face (water side) for a considerable length of the 
tube. The deep pits were filled with a massive dense black oxide. 
The oxide was rather easily broken loose from the tube and when 
broken had almost the appearance of a piece of coke. Failures 
occurred in the south side wall, the east and west side walls, at 
elevations varying from 3 to 5 ft below the mud drum. In re- 
pairing the damage, a section of the tube about 6 ft in length 
was cut out and a new section welded in. The pitting occurred 
over the full length of the sections removed. There was some 
thought that this may not have covered the full extent of the 
damage. 

The boiler was returned to service on December 28, 1944. 
On January 2, 1945, more leaks were discovered in the water- 
wall tubes. At that time 13 wall tubes were replaced. The 
boiler was turbined but it was almost impossible to remove the 
corrosion products by this means. Consequently, the boiler 
was acid-cleaned by Dowell, Inc. 
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‘Microexamination of the tubes in the area of the corrosion 
showed the metal to be normal. No decarburization, inter- 
crystalline cracks, spheroidization, or indications of overheating 
could be detected. Examination of the deposits occurring in 
the tubes revealed them to be almost pure black iron oxide. 
X-ray examination showed the absence of calcium, magnesium, 
and phosphate. Chemical tests for oil and sulphide showed them 
to be absent. Chemical tests for silica showed it to be less than 
0.4 per cent. 

In addition to the massive black oxide occurring in the pits, 
a soft black oxide was found adhering rather tenaciously to the 
sides and front of the tubes. This had the same composition 
as that found in the pits. However, that found in the pits was 
harder and contained the iron oxide in crystalline form. 

The absence of calcium, magnesium, and phosphate was in 
agreement with calculations made on the phosphate balance 
which showed that practically all the phosphate being fed was 
being removed in the continuous blowdown. This was also 
shown indirectly by the absence of condenser leakage and low 
chlorides in the boiler water. There had been an appreciable 
loss of iron in the feedwater system, such as pumps, valves, ete. 

Water-Treatment History. At the start of operation in this 
station, the water treatment consisted of adding sodium hy- 
droxide and sulphite continuously to the storage section of the 
deaerating heater with sodium sulphate and phosphate being 
pumped directly to the boiler drum. The pH of the boiler water 
was around 10.5 ppm and the A.S.M.E. sulphate-alkalinity ratio 
of 3 was maintained. 

The feedwater cycle consisted of evaporated make-up made by 
distilling zeolite-treated Boston city water. The vapors from 
the evaporator were passed along with steam extracted from the 
turbine to the deaerating section of the deaerating heater. 
All the water going to the boiler passed through the deaerating 
heater. Tests conducted daily on the deaerated water taken 
before the point of adding the sulphite showed zero oxygen. An 
excess of sulphite was maintained in the boiler. 

In September, 1944, trouble was encountered with failure of 
superheaters. In order to reduce the effect of higher boiler- 
water solids, the addition of sulphate was stopped. At the same 
time, the sodium hydroxide being added at the deaerating heater 
was increased so as to raise the pH of the feedwater from 8.2 to 
around 9 ppm. This was done in attempting to reduce feed 
pump metal losses. These changes resulted in the pH of the 
boiler water increasing to around 11.0 to 11.5 ppm, with a de- 
crease in the sodium sulphate from around 500 ppm to 150 ppm. 

Causes of Corrosion at Mystic Station. This plant has had an 
appreciable loss of iron from the preboiler equipment such as 
pumps and valves. With the boiler feedwater all passing through 
a deaerating heater and with sodium sulphite being added in 
the storage of the deaerating heater, the iron lost from the boiler- 
feed system is undoubtedly as ferrous hydroxide Fe(OH): 
which on heating in the absence of dissolved oxygen is converted 
to magnetite Fe,O,. It is also possible for the iron to react 
with the water to form magnetite directly. The reactions 
involved might be as follows 


(1) Fe + 2H,O — Fe(OH): + 2H: 
(2) 3Fe(OH), Fe,O, + 2H,O + 
(3) 3Fe + 4H,0 — Fe,0, + 4H; 

The magnetite carried into the boiler appeared to adhere to 
the steaming area of the tubes to form a compact but porous 
layer. In most boilers having calcium or magnesium precip! 
tated in the system, the magnetite is undoubtedly precipitated 
with the phosphate sludge and distributed rather evenly through- 
out the boiler. In this case, in the absence of a phosphate pre- 
cipitate, the magnetite formed the layer on the steaming surface 
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which in turn prevented the boiler water from sweeping the metal 
surface and allowed the boiler-water salts to concentrate between 
the metal surface and the adhering magnetite. 

When iron and water react in the absence of dissolved oxygen 
to form magnetite (reaction 3) the magnetite usually forms a 
protective layer on the iron which readily protects it from further 
action with the water. However, if concentrated sodium- 
hydroxide solutions at boiler-water temperatures are brought in 
contact with the thin layer of magnetite, the magnetite is dis- 
solved. This removes the protective layer and more magnetite 
is formed by reaction 3. When the sodium hydroxide becomes 
saturated with magnetite the magnetite crystallizes out as 
crystalline magnetite which does not form a protective layer on 
the iron. This is illustrated by the crystalline deposits where 
boiler-water salts have concentrated. If the temperature of the 
iron in contact with the steam-water mixture goes above 700 
to 800 F, the magnetite fails to protect the surface and reaction 3 
continues with the formation of a crystalline form of magnetite. 
This is found in tubes where definite overheating failures occur. 

It appeared logical that this case of corrosion might be the 
result of the action of the concentrated boiler water forming 
under the layer of magnetite sludge. If so, the corrosion could 
be stopped by any one of the following procedures: 


1 Stop the magnetite sludge from adhering to the tubes. 
2 Add achemical to retard the action of the sodium hydroxide. 
3 Remove the sodium hydroxide. 


In this case, the third method, removal of the sodium hy- 
droxide, appeared to be the best one. In order to remove the 
free hydroxide, the co-ordinated phosphate pH control as de- 
scribed by 8. F. Whirl and T. E. Purcell® was used. This method 
of control is accomplished by maintaining the pH of the boiler 
water at a value which is equal to that corresponding to the pH 
of a solution of trisodium phosphate equivalent to the phosphate 
content. This means that all the phosphate present has suffi- 
cient alkalinity so that if it were concentrated to the point of 
depositing the salt, trisodium phosphate free of any hydroxide 
would be formed. Thus in a concentrated solution no free 
sodium hydroxide remains to act on the magnetite. 

In this case the pH of the boiler water was maintained around 
10.4 ppm and the phosphate content adjusted to fit the values 
of the curve (PO, 32 ppm). 

In order to study the circulation in the waterwall tubes, 
Pitot tubes and thermocouples were installed. The data col- 
lected indicated that there were no abnormal tube temperatures, 
and the velocity measurements indicated adequate circulation. 

The boiler was returned to service and its operation under 
this procedure of water treatment started January 15, 1945. 

The boiler was taken off the line for inspection on March 30, 
1945, and sections of tubes, both old and replacements made in 
January, were removed for examination. One section of the 
original tubing contained deep pits from the previous corrosion; 
however, the pits were free from any indications of fresh corro- 
sion. The surface was covered with a film of black powder 
which could be wiped off easily. The sections of the tubes, 
replaced in January also were coated with the black powder, 
but did not show any signs of corrosion. 

Similar inspection and tube removals made in September, 1945, 
failed to show any indication of active corrosion in the wall 
tubes. In January 1946, inspection failed to reveal any active 
corrosion, The boiler is being continued in operation with this 
method of water treatment in use. 


*“A Practical Way to Prevent Embrittlement Cracking,” by 
A. A. Berk and W. C. Schroeder, Trans. A.S.M.E., vol. 65, 1943, 
discussion by 8S. F. Whirl and T. E. Purcell, pp. 707-708. 


STRAUB—WALL-TUBE CORROSION IN STEAM-GENERATING EQUIPMENT 


GENERAL DISCUSSION 


From the data available from the Mystic-Station case of corro- 
sion, it appears that it occurred as the result of concentration of 
the boiler water under the iron-oxide sludge on the tube surface. 
The iron oxide which formed the sludge undoubtedly originated 
outside of the boiler. In the absence of any calcium or mag- 
nesium-phosphate deposits, the iron appears to adhere to the 
steam-generating surface and prevents the boiler water from 
sweeping away the concentrated boiler water which results at 
the point of steam release. As the sodium hydroxtde in the 
boiler water concentrates, it reacts with the iron to form Fe,O, 
and H,. The concentrated hydroxide dissolves the normal iron- 
oxide protective surface and continually exposes the iron to 
fresh attack. If the hydroxide content is kept at a very low 
value, this attack is eliminated. 

It is rather interesting that this caustic attack is free from any 
intercrystalline attack. 

The decarburization of the steel along with the intercrystalline 
attack in the Firestone boiler is interesting in that it occurred 
with boiler waters having very low free hydroxide. This would 
appear to indicate that sodium hydroxide was not the cause of 
the action. Steam-binding, film-boiling, or inadequate circula- 
tion do not appear to be predominant factors in any one of these 
instances, since without changing the circulation or heat input 
the difficulties were stopped. Copper and ammonia, while 
present in the Firestone and Fisk Station cycles, cannot be classed 
as the major cause, since they are still present and the corrosion 
has not recurred. The one major factor in brittle-tube corrosion 
appears to be free oxygen in the absence of an oxygen scavenger. 
When the oxygen was reduced and an oxygen scavenger main- 
tained in the boiler-water cycle, the attack stopped. 
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Discussion 


J. A. Hotmes.* This paper gives a logical explanation for the 
different types of tube failures due to corrosion or disintegration 
of the metal and the reasons therefor. His conclusions give us a 
workable basis upon which to attack these problems. 

In regard to the results at Firestone, the author points out the 
reduction of pH in the: boilerwater in 1940, and apparently this 
low pH continued until early in 1945. We notice that upon 
being called in, he immediately increased the pH as well as started 
the use of an oxygen scavenger. Does he not consider this in- 
crease in pH necessary and of some value? His paper indicates 
that when the potassium hydroxide was started the pH was 
reduced further, and after that there was a large increase in tube 
failures. Also did the use of potassium chloride, which increased 
the chlorides of the boiler water, have any effect upon accelerat- 
ing or decelerating intererystalline corrosion? In ordinary corro- 
sion work, it is a well-known fact that high chlorides tend to 
accelerate the corrosive tendencies of water at atmospheric tem- 
peratures, and we are wondering if the same condition occurs at 
the elevated temperatures of boiler operation. 

At the Mystic Station the author points out that the non- 
brittle type of corrosion is undoubtedly due to caustic concen- 
trating between the layers of crystalline magnetite and the 


* Assistant Vice-President, 


National Aluminate Corporation, 
Chicago, Ill. Mem. A.S.M.E. 
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metal. Apparently this same condition would occur with any 
material that would form a deposit. 

The use of properly processed organic material for condition- 
ing boiler sludge to prevent deposits should be of advantage for 
preventing both types of corrosion as mentioned in this paper 
because it tends to prevent deposits, and, at the high tempera- 
tures encountered, also acts as an oxygen scavenger and protector 
of the boiler metal through either film formation or sealing of 
minute pores or cracks in the metal. Most organic materials 
that have been used in the past for corrosion prevention have not 
withstood” the high temperatures encountered under modern 
boiler practice and therefore actually would not act as pro- 
tectors. Those that have used organic materials to prevent 
sludge deposits have noticed the gun-metal-type stain or protec- 
tive coating on the metal. 

Nore: Further discussion on this paper combined with others 
follows. 


Combined Discussion on Boiler 
Feedwater Studies’ 


C. E. Kaurman,? E. P. Parrrincs,? and R. E. Hat. The 
foregoing papers have vividly directed attention to an insidious 
form of corrosion which is at once most desirable to avoid and 
most interesting to study. This form of attack is luckily not 
universal, but enough examples have been discovered to make it 
a matter of concern. 

In Figs. 1 to 4 of this discussion are views from three cases 
comprising boilers in the 1200 to 1400-psirange. We know of at 
least ten plants where this damage has occurred, including those 
discussed in the papers just given and in a paper by Kaufman, 
Marcy, and Trautman.* Among them is a boiler operating at 
500 psi. It is noteworthy that the damage produced is essentially 
the same in all instances. 

Since it is a truism that natural phenomena can be duplicated 
under controlled conditions, it should be possible to reproduce 
the damage in the laboratory. The British investigators, Desch, 
et al,> working fundamentally on the related problem of classical 
caustic embrittlement, have indeed produced something that 
closely resembles this more recently recognized type of inter- 
granular damage. We also, using low-carbon-steel bombs, have 
obtained it. Fig. 5 of this discussion shows the latest-type bom!) 
employed, together with two macroetched slices taken from similar 
bombs. The ring which shows no damage, that is, a uniform 
surface on macroetching, is from a bomb which contained only 
water, whereas the ring which shows attacked metal at the inside 
surface is from a unit which held 40 per cent caustic solution at 
932 F for 18 hr. Incidentally, damage is produced in the presence 
or absence of copper and likewise in the presence or absence of an 
excess of sodium sulphite. We are continuing the laboratory 
work in order to obtain a better understanding of this form of 
corrosion. 


! This combined discussion covers papers by L. E. Hankison and 
M. D. Baker; E. H. Mitsch and B. J. Yeager; and F. G. Straub: 
appearing on pages 479-486, pages 487-492, and pages 493-499, 
respectively, of this issue of the TRANSACTIONS. 

? Hall Laboratories, Inc., Pittsburgh, Pa. 

3 Director, Hall Laboratories, Inc. Mem. A.S.M.E. 

‘The Behavior of Highly Concentrated Boiler Water,” by C. E. 
Kaufman, V. M. Marcy, and W. H. Trautman, Proceedings of the 
Sixth Annual Water Conference, Engineers Society of Western 
Pennsylvania, 1945, pp. 23-49. 

5 “Intercrystalline Cracking in Boiler Plates, a Report From the 
National Physical Laboratory,” by C. H. Desch, C. H. M. Jenkins, 
Frank Adcock, H. J. Gough, and H. V. Pollard, Journal of the Iron 
and Steel Institute, vol. 143, 1941, pp. 93-162. 
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Staa Screen Tvuse, 1250 Pst, MacroercHep, SHOWING 
DamaGE ALL AROUND TUBE 


Fie. 2) WaTeRWALL Tusg, 1400 Psi; NormaL STRUCTURE OveR- 
LYING DAMAGED AREA 


When a tube is damaged or fails"as a result of the attack de- 


scribed, what factors have been involved? Though this has 
been discussed in the papers, let us express the mechanism as we 
see it. For example, with boiler waters containing caustic of 
even alkaline-reacting salts, higher than normal temperatures 
can produce concentrated films before which the usually pro 
tective layer of iron oxide is but flimsy protection. Fig. 6, here- 
with, from the investigations of Davidson and associates,® illus- 

* “Studies of Heat Transmission Through Boiler Tubing at Pres- 
sures From 500 to 3300 Pounds,” by W. F. Davidson, P. H. Hardie, 


C.G. R. Humphreys, A. A. Markson, A. R. Mumford, and T. Ravese, 
Trans. A.S.M.E., vol. 65, 1943, pp. 553-591. 
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trates how a localized hot spot of high Aé (in this case defined as 
the temperature drop through tube wall and inside film) can 
exist. Furthermore, Fig. 7 shows the remarkably strong NaOH 
solutions which can be produced on a heat-transfer surface as 
saturation temperature is exceeded by the amount At. In brief, 
‘iP, _ the circumstances leading to damage can perhaps be represented 
limiting equilib- as involving one or more of the interacting factors of a vicious 
tion ph circle, Fig. 8. 
only NaOH; the When the originally protective iron oxide has been penetrated 
exact values de- 
pend somewhat or eliminated, the fundamental reaction between iron and water 
7 a pres- ean proceed to form more iron oxide and hydrogen. The hydro- 
gen can readily diffuse through steel at elevated temperatures 
and if present in sufficient quantity can react significantly with 
iron carbide in the steel, starting at the inside surface of the tube. 
Although the details are not thoroughly understood, the result is 
a brittle metal whose original structure has been completely 
4 ren eis 77 vr At a later date we plan to present additional information re- 
Fie. 7 Caustic Conrent ATTAINABLE IN CoNncEeNTRATING-Fim _ lating to this degeneration of metal and to supply case histories 
BorLer WATER of a number of examples. 


CONCENTRATION OF SODIUM HYDROXIDE (WT PERCENT) 
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Earlier bomb tests have shown negligible corrosion with con- 
centrated solutions of neutral sodium or potassium chloride. 
However, as caustic content is increased in chloride solutions (or 
for that matter in other salt solutions), wastage of the metal be- 
comes more pronounced. 

In connection with boiler operation, lowering of alkalinity after 
a barnacle or plug has been formed may have little effect on the 
material already in place. In fact such a cancer may weil de- 
velop further, partly as an outcome of its own interference with 
circulation. Thus acid cleaning to provide smooth surfaces and 
full fiow may be quite important in some instances. 


J. B. Romer.’ In reviewing the papers, one finds a great simi- 
larity in the experiences reported, as well as in the corrective 
steps taken by the different operators. 

The form and composition of the barnacles appears to vary 
somewhat, yet iron oxide, as well as copper and copper oxide are 
the major constituents, These materials are not normal to the 
raw-water supplies as used in the boiler industry; therefore we 
must look to some situation within these units for the source of 
these materials. 

The conditions beneath these barnacles appear to be progres- 
sive corrosion, decarburization, metal disintegration in the form 
of intergranular attack, and complete absence of any evidence of 
spheroidization of the remaining carbides. 

When these conditions have sufficiently weakened the metal 
so that it can no longer carry the pressure stress, the result is 
sudden rupture. 

It is fortunate that-the number of instances of this type have 
been few. These authors are to be congratulated on their willing- 
ness to give a forthright presentation of their experiences, and the 
corrective steps, in order that others may not suffer similar ex- 
periences and the consequential disruption of service. 

It is known that replacement tubes, from new stock, as well as 
tubes that have been in service for long periods without any acid- 
cleaning, have developed this trouble. Therefore, once the con- 
ditions become favorable the attack may take place at a high 
rate. Apparently, in one case, the conditions necessary for 


7 Chief Chemist, The Babcock & Wilcox Company, Barberton, 
Ohio. 
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this attack to occur developed shortly after the unit had been 
acid-cleaned, thus tending to overemphasize its importance. 

Whenever inadequacies in the designed circulation exist, they 
develop early and in a pattern that is characteristic for the type 
in question. They also affect all tubes in the group, and replace- 
ments are similarly affected in the same general pattern and time 
interval. The failures under discussion do not meet any of these 
requirements and these authors have recognized this situation 
quite fully. 

Many small features or items contribute to the selection of the 
location where this attack occurs. In certain instances the at- 
tack was at shop welds, while many similar welds in the same 
unit were free from this attack. By no means are these areas 
necessarily located in the zones of highest heat input. 

An adequate theory requires proper evaluation of the remedial 
measures reported by the authors. It would appear to the 
writer that the following features are involved: 


1 The role of ammonia is primarily that of a vehicle whieh 
transfers the copper from heat-exchanging equipment to the 
boiler. 

2 In the absence of dissolved oxygen, a film of iron oxide 
forms as a result of the iron-steam reaction. This film if not 
damaged stops further attack; if damaged it reforms, and con- 
siderable metal may be converted to the oxide. The structure of 
this oxide is such that the hydrogen, simultaneously formed, j 
able to escape into the water-steam mixture and intergranular’ 
attack does not occur. 

3 Dissolved oxygen creates pits filled with hard barnacles of 
black oxide of iron. This reaction 3Fe + 20, @ Fe;Q, does not 
liberate hydrogen. 

4 When the combination of ammonia, copper, and oxygen ex- 
ists, then we have at least one additional factor involved, namely, a 
galvanic couple which creates an anodic condition beneath the 
barnacles causing corrosion of the metal, and simultaneously 
the evolved atomie hydrogen penetrates the steel, causing de- 
carburization and intergranular disintegration. 


As we review the remedial measures employed in the instances 
that have been reported, the similarity in fundamentals is in- 
escapable; these can be summarized as follows: 


1 Eliminating or reducing as much as possible, the ammonia 
in the feedwater-steam system. 

2 Maintaining the boiler water at a satisfactory alkalinity or 
pH level. 

3 Reducing the dissolved oxygen in the feedwater to as near 
zero as possible. 

4 Maintaining a small but positive excess of sulphite in the 
boiler water. 


CLosurRE By L. E. HANKISON AND M. D. Baker 


The discussion presented by Kaufman, Partridge, and Hall 
reports boiler-tube failures due to corrosion and intergranular 
attack of the metal at 500 Ib. psi. This shows that the type 
of attack described in the paper is not confined to boilers operat 
ing at the so-called higher operating pressures. 

They also report this type of metal attack after 18 hours’ e% 
posure to a 40 per cent caustic solution at 932 F, both in the pre 
ence and in the absence of sulphite. This information may ° 
may not be pertinent to the problem that has been presented 4st 
is presumed that the bomb surfaces had not been conditioned by 
years of chemical boiler-water treatment. They also state tha! 
additional research is being done on the problem and that they 
expect to have more information at a later date. It is hoped 
that this information will soon be available and that it will fur 
nish the answers to some of the many questions raised in the pr 
entation of this paper. 
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COMBINED DISCUSSION ON BOILER FEEDWATER STUDIES 


Mr. Romer emphasizes the need for elimination of ammonia 
and oxygen from the feedwater system and the maintenance of a 
small but positive excess of sulphite in the boiler water. This in- 
formation is in line with the general practices that were main- 
tained at Springdale prior to acid cleaning and are continued at 
the present time. However, supposing the ammonia or the oxygen 
or both that were carried into the boiler after the acid cleaning 
were contributors to barnacle formation, the question naturally 
arises as to What prevented barnacle growth to a point of destrue- 
tion of the tubes. : 

- It is hoped that further investigation will answer two questions 
that present a real challenge to the engineering fraternity. The 
first question is: 

“What condition or mechanism started the hard, dense, mag- 
netic iron-oxide that developed into the cancerous 
growth with attendant metal destruction?” 


barnacle 


The second question is: 
“What stopped or arrested the attack?” 

It is positively known that there are many tubes in the boilers at 
Springdale that have spots where barnacle corrosion has occurred 
and failures certainly would have resulted at these points had the 
action not been arrested. The unanswered problem would make 
an ideal research program for the Joint Research Committee on 
Boiler Feedwater Studies. 


CLosurE By E. H. Mitscu anv B. J. YEAGER 


In view of the fact that Kaufman, Partridge, and Hall report 
knowing ten cases of the type of corrosion described in these 
papers, it is somewhat disappointing that more discussions were 
not presented by those who have experienced it. 
thank those who did present discussions. 


We want to 


Regardless of what the primary cause for this type of cor- 
rosion may be and regardless of the fact that there may be differ- 
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ences of opinion concerning the primary causes and the nature of 
its progression, to anyone plagued with such corrosion all the 
ideas concerning the cause and nature of it are important, since 
they suggest methods and ideas for overcoming it. 

As operators we are thankful to those who are doing work to 
solve this problem and to those who are giving time to think 
about it. 


CLoswureE By F. G. 


The answer to Mr. Holmes’s question is that low pH and high 
chlorides would increase the rates of attack. Mr. Kaufman’s 
reference to reproducing this metal attack in the labcratory 
should receive consideration. His statement that it 
occurred in the presence of a 40 per cent solution of sodium hy- 
droxide at 932 F in eighteen hours is interesting. Similar attack 
has taken place in steel in contact with gaseous hydrogen at this 
temperature. It is a well-known fact that concentrated sodium 
hydroxide at elevated temperatures attacks iron with the libera- 
tion of hydrogen. 


serious 


The hydroxide in this case may have merely 
been the source of the hydrogen necessary to act on the steel. 
Under such conditions the ptesence of a reducing material would 
not retard the action. Ina boiler tube the oxygen or the higher 
oxides of iron or copper in the absence of a suitable reducing agent 
may react with the steel of the tube in high-heat areas to start the 
attack. The products of this corrosion form a barrier which 
increases the metal temperature and starts a chain of reactions 
which ultimately result in the decarburization and cracking of the 
steel. If a suitable reducing agent is present the oxygen or the 
oxide is reduced before it reaches the steel tube to start the cor- 
rosion and thus prevents the cracking. 

Mr. Romer has made a very clear summary of the factors which 
might be involved in these tube failures, and, if one follows the 
four remedial measures he summarizes, the difficulty should be 
prevented. 
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anti-icing to be satisfactory. The empirical design basis 
used by Junkers is described and found to be very much 
different from theoretical approaches used by the research 
groups. The Messerschmidt electrical cycling system is 
presented and the results of some meteorological measure- 
ments are discussed. The theory of electrically anti-icing 
propellers had been examined and led to a controlling 
timer whose on and off cycles were responsive to ambient 
temperature. 


DesiGN TECHNIQUE EMPLOYED BY JUNKERS 


UNKERS, in co-operation with the governmental research 
group at the Gottingen wind tunnel, pioneered the develop- 
ment of the heated wing (1).2. The first design was made 
for the JU52. Later the JU88, which had originally been put into 
production with rubber deicer shoes, was converted to the JU88G 
with a heated air deicing system. This occurred around 1938-1939. 
The JU52 and JU8S8 are therefore in so far as is known the first 
airplanes to reach production with heated wings. 

The JU88, JU188, JU388, and JU290 were equipped with what 
we in this country have come to regard as a conventional heated- 
wing system (2, 3). 

Junkers had given consideration to the use of separate gasoline- 
burning heaters instead of the exhaust-gas heat exchangers as the 
heat source, but decided against them. The reason given. was 
that the number of devices required, i.e., fuel pumps, switches, 
fuel regulators, igniters, and the like, compared unfavorably with 
the simple heat exchanger. 

No little factor in their decision was the report that German 
designed combustion (gasoline-burning, separate) heaters would 
not ignite reliably above 18,000 ft and would not operate above 
30,000 ft. These heaters were ignited by the resistance-heating- 
element type of igniter. Just at the close of the war a special 
committee had begun to investigate this matter, particularly as 
regards the use of spark ignition to replace the ‘glow coils.” 

However, despite the Junkers’ attitude, the presence of the ex- 
haust flame dampeners on the BMW801P engine units, and the 
insistence of the Reichs Air Ministry forced Junkers to use com- 
bustion heaters on the JU88G1 and the JU299. 

Consideration had been given to the use of exhaust gases diluted 
With air to warm the wings, thereby eliminating the heat ex- 
changer (1). This was said to have been tried experimentally 
only by Focke-Wulf. 

Junkers’ engineers experimented with different types of lead- 
ing-edge constructions. For example, on some wings the hot air 
Was exhausted at the upper surface at the 10 per cent chord line. 
This was done to utilize the low pressure to assist the flow of air. 


_' Staff Member, Research Section, College of Engineering, Univer- 
sity of California. Jun. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1946, of THE 
AMERICAN SociETY OF MECHANICAL ENGINEERS. 

OTE: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


A Review of Some German Developments 
in Airplane Anti-Icing 


By MYRON TRIBUS,' LOS ANGELES, CALIF. 


The German Air Forces found the heated-wing system of 
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It was later found (4, 5) that the drag could be increased 100 per 
cent in this manner. Junkers’ engineers (1) claimed that the hot 
air so discharged formed a blanket of warm air which prevented the 
formation of “‘runback”’ or freezing of moisture aft of the heated 
leading edge. This was not borne out, however, by tests (6) (or 
by the author’s own observations on Consolidated B-24 bombers). 

One practice adopted by Junkers (1) was to use a special insu- 
lated conduit within the D-duct to carry the hot air to the wing 
tips, Fig. 1. 


\______ INSULATED AUXILIARY DUCT TO OUTER WING 
——— NORMAL “O” DUCT TO INNER WING 
Fig. 1 Auxitiary HoT-Arr Duct 


(Used to guarantee hot-air supply to wing tips and adjust air flow after wing 
construction.) 


The air leaving the heat exchangers was designed to be approxi- 
mately 257 F with the understanding it would drop to 212 F en- 
route the wing because of poorly insulated ducts. The air leaving 
the wing was generally near 104 F. These low temperatures were 
nct desirable but were forced upon the designer by the low re- 
crystallization limits of the available aluminum alloys. 

Junkers used the following equation in arriving at the heat re- 
quired for a particular airplane 


where 
Q = heat required, Btu per hr 
Vi = indicated cruising speed, mph 
C = design constant, approximately 45 
F = frontal area of heated section, computed as shown in 


Fig.2; F=bx 


b = span length, ft 
d, = section thickness at root, ft 
dz = section thickness at tip, ft 


The heat required was translated into required air flow by 
assuming 125 C and 40 C as the inlet and outlet temperatures, 
respectively. The design temperature was —20 C at the cruising- 
power condition. 

The JU52, and other heated-wing airplanes had experienced 
difficulties with runback, and wind-tunnel experiments at Gét- 
tingen had demonstrated that, if continued long enough, the 
formation of runback could cause complete loss of lift. In order 
to prevent this, and also perhaps to save weight, the so-called 
“economical deicer” was developed. This is compared to a con- 
ventional system in Fig. 3. 
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Fic. 2) FOR Use IN EQuation [1] 
5-7MM 1-2MM_ 10-ISMM 
Fic. Comparison oF WING-HEATING METHODS 


(Left, conventional heated wing of constant gap thickness Right, eco- 
nomical deicer, having a narrow gap with high-intensity heating at 
nose, and wide gap with low-intensity heating from 3 to 10 per cent chord.) 


0.3 WATT/CM2, CYCLING, 
40-50 SECONDS ON 
RESISTANCE ELEMENTS 
1,2 AND 3 HEATED IN 
SUCCESSION 


0.8 WATT/CM2 
CONTINUOUS 


Fic. 4 MeEsSSERSCHMIDT SCHEME FOR CycLic ELectricaL WING 


DEICING 


(For the empennage half, these quantities of heat were employed. Resistance 
elements were approximately 6 ft in the spanwise direction. Different span- 
wise sections were to be heated at a time.) 


The stated principle of the economical deicer was that the 
intense heating at the nose kept this region ice-free at all times, 
while runback was permitted to form on the lesser heated portions 
over the wide gap. The ice soon formed an insulating layer and 
then the interface between the ice and wing was melted, the wind- 
stream blowing the ice off. The Junkers used a factor of ' ; or 
C = 15 when computing heat requirements for this system. No 
supporting data were found to show that the wing actually de- 
iced in this fashion. 

Half the normal heat quantities were used on tail surfaces di- 
rectly behind the engine exhaust. 

Just prior to the close of the war, Junkers was experimenting 
with an electrical cyclic system of deicing which had been de- 
veloped by Messerschmidt. The scheme was planned but because 
of numerous design changes did not reach production. The prin- 
ciple is set forth in Fig. 4. 

The periodic heating permits one generator to serve many 
parts of the airplane one after another. The heater elements 
were only 1 or 2 meters long, and the span was heated one section 
atatime. By using standard aircraft generators with the voltage 
regulators removed, a considerable weight saving was accomp- 
lished. For example, on one airplane Junkers planned to use two 
generators (rated at 3 kw with the regulator) to deliver 6 kw un- 
regulated. Later, on this airplane the Reich Air Ministry in- 
sisted upon greater protected area and a third generator was 
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added. The total weight of the generating equipment and wires 
Was given as 210 1b (1). It was emphasized that if the generators 
could not be attached to available mounting pads, then the 
weight would be very much increased. 

As a comparison, the economical de-icer system was com- 
puted as requiring 88 lb to deliver this heat from an in-line engine 
and 132 lb from a radial engine. This included ducting to the 
wings. 


GERMAN AIR Forces’ EVALUATION OF THE HEATED WING (7 


In 1942, a survey was made of several air-foree groups flying 
with rubber de-icer shoe equipment. Fifty-one stations reported 
difficulties with their equipment, twenty-nine flatly stating that 
the rubber de-icer shoe was only an insufficient means of protec- 
tion. Later forty-nine posts were asked to comment upon the 
JU52. Although nine stations reported some difficulties with 
the wing tips, none took a critical position toward the heated- 
Wing system. Similar results were obtained for the FW200. 

The director of the Gottingen icing tunnel gave a talk in 1943, 
before various engineers there assembled for a conference on anti- 
icing (7). This talk gives an excellent insight into the state of 
German research on anti-icing as of that time. 

There were at that time two separate schools of thought on the 
subject of thermal anti-icing. One group held that a properly 
designed heated wing should have its entire area heated to just 
above 32 F. The other group maintained that only the leading- 
edge 10 per cent needed to be heated to this temperature. This 
naturally viclded two widely differing heat requirements for a 
Reference (7) was an attempt to present the 
Photographs of runback 


particular wing. 
reasons supporting the former group. 
were used as evidence. 

The computation methods used at Gottingen were as follows 


1 The amount of water striking the wing was presumed sut- 
ficient to wet the entire surface. 

2 The surface was assumed to be at 33 F. 

3 The rates of heat loss by convection and evaporation were 
computed using the data of reference (8). 

4 Allowance was made for aerodynamic heating by adding a 
temperature increment to the true temperature in accordance 
with 


Reference (7) quotes as a design meteorological condition —20 
C and 2 g of liquid water per cu m. This contrasts sharply with 
the measurements reported by references (9) and (10). The data 
reported therein give values for liquid-water content and droplet 
size the same as American references (3) and (11). 

The trajectories of droplets in air flow past a cylinder had been 
computed before the war (12) and the results though approxi- 
mate were used without alteration (13). Small rotating cylinders 
were exposed from an airplane, and the weight of ice deposit used 
to compute the liquid-water content. The data of reference (12 
were used to correct for the drops that flowed around the cylinder 
without striking it. Droplet sizes were determined by catching 
the drops cn a surface containing a paraffin-base oil and castor oil. 
The drops penetrated the first layer but were caught at the oil 
interface where they could later be observed without loss by 
evaporation, 


PROPELLER PROTECTION 
German developments in propeller anti-icing closely paralleled 


developments in this country. The cyclic electrical heating sy* 


3 This is the author's inference after studying these documents. It 
is not explicitly stated in any of the reports. 
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tem for propellers had apparently been chosen as most promising. 
A theory for computing heat requirements was presented in 
references (14) and (15) but corroborative data were not found. 

The theory outlined in reference (14) indicated that the cycling 
“off” and “on’”’ periods for heating the propellers should be a func- 
tion of the ambient-air temperature. Therefore a timing device 
was proposed, consisting of a plastic roller with metal inserts in its 
surface and brushes riding over the roller. The roller in rotating 
made or broke the contacts. A thermally responsive element 
determined the axial position of this timing roller. The metal in- 
serts were then cut so that the on or off periods were matched 
in the desired fashion to the ambient temperature. 
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High-frequency dielectric heating has been applied to 
the process of laminating commercial white-oak ship 
timbers. Specimens 6 X 6 X 24in., composed of eight lami- 
nations #/, X 6 X 24 in., were heated both with and 
without glue to study the temperatures obtaining in the 
glue-line areas. The uniformity of temperatures depends 
upon the density, moisture content, and arrangement of 
the laminations, direction of the electric field, and thermal 
insulation of the heated material. The effect of these 
variables is greater when the electric field and glue lines 
are parallel than when they are mutually perpendicular. 
Thermocouples were used for rapid temperature measure- 
ment. A method of heating the sides of timbers effectively 
was developed. 


INTRODUCTION 


T has generally been assumed that the temperatures through- 
out wood heated in a high-frequency electric field were 
uniform, or that the variations in temperature were small. 
However, the lack of uniformity of quality in the joints of 6 x 6 
X 24in. commercial white-oak timbers, made up of 8 lami- 
nations */, in. thick, indicated that the resin glue used had not 
been completely cured along the sides and in other parts of the 
timber. These observations were made on a number of lami- 
nated timbers that were built at the Forest Products Laboratory 
to learn whether joints sufficiently durable for marine use could 
be made by high-frequency dielectric heating rather than by 
curing the resin glues in a temperature- and humidity-controlled 
kiln by conduction heating. 

The strength of resin-glue lines depends. among other factors 
on the variables, temperature and time. A special study was in- 
stituted to determine the effect of thermal insulation, density, 
moisture content, and electric-field direction on the time-tem- 
perature relation. 


APPARATUS 


Mechanical. In order to facilitate the assembly of the lami- 


nations and the reading of thermocouples, a special press was 
designed and built of wood with one side and the top removable 


1 The findings of this report are the result of an investigation con- 
ducted as a co-operative undertaking by the Forest Products Labora- 
tory and the Bureau of Ships, Navy Department. The testing was 
carried out by the laboratory in its own research program. The 
opinions expressed are those of the authors and do not necessarily re- 
flect the views of the Navy Department. 

* Engineer, Forest Products Laboratory, Forest Service, U. S. De- 
partment of Agriculture, in co-operation with the University of Wis- 
consin, 

* Physicist, Forest Products Laboratory, Forest Service, U. S. De- 
a of Agriculture, in co-operation with the University of Wis- 

nsin, 
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Frequency Electric Field’ 
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and large enough to accommodate a 6 X 6 X 24-in. timber and 
1 in. of thermal insulation, Figs. 1 and 2. Pressure was applied 
by means of a short section of 3/2-in. fire hose clamped at the 
ends and fitted with a '/,-in. copper tube with compression fittings 


for attachment to a pressure gage and the city water line. The 
city water supply provided a pressure of 65 to 75 psi. Higher 


pressures were obtained by the use of a small hand-operated 
booster pump. Valves were provided to hold the pressure during 
the heating period. 


Fic.1 Press Usep ror Hieu-Frequency D1eLectric HEATING 
I.XPERIMENTS 
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Fic. Cross Section THrovucH Press Usep 1n Hico-FREQUENCY 
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Electrical. Fig. 3 shows the high-frequency generator which 
supplied the electrical energy. Its continuous-output rating is 
7.5 kw and it was operated at a frequency of 15 megacycles per 
sec. 

Electrodes were made by wrapping aluminum foil around 7.75 
x 24.5-in. pieces of '/3:-in. plywood and covering the foil with 


Fic. 3 HigH-FrREQUENCY GENERATOR AND PRESS 


a protective sheath of -kraft paper. The electrodes extended 
1 in. beyond the timber on the sides and ends. This electrode 
construction was used to reduce the heat transfer through the 
electrodes to a minimum. Power leads from the generator were 
connected to the middle of the long sides of the electrodes. 

Thermal. Temperatures within the beams were determined 
with copper-constantan thermocouples and a potentiometer read- 
ing in degrees Fahrenheit. 

The thermocouples were just long enough to pass through 1 in. 
of insulation and reach 6 in. into the beam, leaving about */, in. 
of wire exposed for connection to the potentiometer. The wires 
were always carefully adjusted perpendicular to the electric field. 

The thermocouple wires terminated on a piece of papreg with 
one exposed wire on each side. Contact with the extension lead 
from the potentiometer was made with a spring connector clip 
having the thermocouple wires on opposite jaws. In this way 
similar metal contacts provided a continuous circuit from junction 
to potentiometer with no intermediate metal contacts or con- 
ductors. 

The wires were pressed into grooves cut into the wood surface 
and held in place with a drop of nitrocellulose cement near each 
end. Thermocouple wires crush into softwood with little or no 
effect on joint strength, but they hold hardwoods, such as oak, 
apart near the wires and can cause poor joint strength. 
Thermocouple junctions were placed in the glue line 6 in. from 
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” one end of each board 


and located 1/,, 1, 2, 


” 


and 3 in. from the 


sides of the timber, 
Fig. 4. 
| 


Thus the beam com- 


posed of 8 laminations 
DISTANCE FROM SIDES (INCHES) 


and 7 glue lines con- 
tained 49 junctions in 
a transverse plane 6 in 
Fic. 4 Dots Inpicate Locations or 
THERMOCOUPLE JUNCTIONS IN CROSS 
Secrion oF 6 In. From 


from one end. In a 
few cases thermo- 
couples were located 
at distances from the 
side of ®/s and 1'/, in. 
instead of 1 in. The 
array of thermocouple 
leads is shown in Fig. 
1. Two operators were able to record the 49 temperatures in 4 
min. 


8 LAMINATIONS AT % 
6 


MATERIAL 


Commercial white oak was used in all beams. Most of the 
material was of slow growth and had a specific gravity near the 
average for this species. It was practically free from visual 
defects. 

The beams were glued with a resorcinal-formaldehyde resin 
mixed 100 parts of liquid resin to 25 parts of liquid formaldehyde 
catalyst. This glue was used to eliminate the possibility of 
failure from burns in the glue which are more apt to occur in the 
intermediate-temperature phenolic glues recommended for marine 
use. 


PROCEDURE 


The commercial white oak used in these experiments was kiln- 
dried to the desired moisture content, cut to 26-in. lengths, 
weighed, and placed in a conditioning room to maintain the de- 
sired moisture content until used. Just prior to use the boards 
were trimmed to 24-in. lengths and surfaced for gluing. The 
trimmings were used for moisture-content determinations. 
Narrow grooves were cut to receive the thermocouple wire which 
was fastened in place at spots with nitrocellulose cement. 

The glue was spread with a brush, and the weight of glue used 
for each joint was recorded. In some timbers a study was made 
without the use of glue, and the boards were rearranged to secure 
better temperature distribution prior to gluing. The laminations 
were laid up in the press, the thermal insulation was placed on 
sides and ends, the press was closed, and pressure applied. The 
high-frequency electric field-was applied until the central section 
reached a temperature of 200 F, or a little higher, and at this time 
a set of temperature readings over the cross section of the timber 
was taken. Similar sets of readings were taken at 0, 15, 30, 45, 
60, and 120-min intervals to observe the rate of cooling and tem- 
perature distribution since it could be considered a part of the 
curing time. 

The time intervals during the heating period were measured 
with a stop watch. 


RESULTs AND DIscussIoN 


Chart Description. All the pertinent information concerning 
the test samples is given on the charts showing the temperature- 
distribution curves. The section in the upper left-hand corner 
shows the weights and sequence of the laminations. The position 
of the electrodes is indicated by heavy lines at the top and bottom 
or sides of the assembly. The thermal insulation (fiberboard) 
is indicated by a dotted area at either side of the test section. 
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Two sheets of '/s-in. yellow-poplar veneer for thermal insulation 
were also used between the load and electrodes. 

Below the section are three diagrams which show the weight in 
grams of each lamination, the average weight of each pair of suc- 
cessive laminations, such as 1 and 2, 2 and 3, ete., and the mois- 
ture content. In this way light and heavy boards could be com- 
bined to produce more uniform heating. 

The main chart at the right gives the experimental timber 
number and shows the temperatures found at the joints at dis- 
tances from the sides as indicated. In part of the work, measure- 
ments were made at °/s in. and 1'/, in. from the sides, and in the 
remainder a measurement at 1 in. from the side was used in place 
of the two dimensions just given. 

Dependence of Temperature Distribution on Density of Lami- 
nations. Figs. 5 to 9, inclusive, show the effect of density on the 
temperature pattern. In the first arrangement, Fig. 5, the 
densities were greatest in the outside laminations and were re- 
duced toward the center. When this grouping was heated an 
irregular pattern resulted. Board No. 5 seemed to be the cause 
of the unexpected condition and was examined for density. It 
was found to be low in density on the right side; actually, at the 
point of highest temperature, the density was only 78 per cent of 
that in the densest part. A study of the curves indicates that 
the lighter wood rises to a higher temperature than the heavier 
associated material. 
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Lamination No. 5 was replaced and several arrangements of 
the original laminations show progressively better temperature 
patterns as the density distribution was made more uniform. 
Fig. 8 approaches a perfectly heated beam. Fig. 9 shows the 


2000 


@ 
11302 6) 
| | ood g 
7269 § ] 260 
- 
} 

33335252 
‘= hed 
= 

5 GOO 


00 
| 


TEMPERATURE 


AVERAGE WEIGHTS OF ADJACENT 
AM NATIONS (GRAMS) 


AVERAGE 


é 3 2 
DSTANCE FROM SIDES (INCHES? 


LAMINATION WEIGHT TO TEMPERATURE 


RELATION OF 
DISTRIBUTION; ARRANGEMENT No. 3 
(Transverse heating; no glue.) 


EATING TIME~? MINUTES 30 SECONDS 
GLUE - NONE 


200 300° 
SPAR ATE AMINATIONS (GRAMS) 


fo 500 2000 


AVERAGE WEIGHTS OF ADJACENT 
LAMIMATIONS (GRAMS) | 


TEMPERATURE (DEGREES Fi 


ave 


2 2 
OUSTAMCE FROM SIDES 


CONTENT (PEMCENT) 


4° 


8 ReLaTION oF LAMINATION WEIGHT TO TEMPERATURE 
DisTRIBUTION; ARRANGEMENT No. 4 
(Transverse heating; no glue.) 


mEATING TIME MINUTES 3O SECONDS 
GLUE ~ MESORCING 


= = 
300 ‘ 
WEIGHTS OF SEPARATE ANIMATIONS 


TEMPERATURE (OEGREES F) 


} | 

+ 

| 

AVERAGE WEIGHTS OF 

LAMINATIONS (GRAMS) 

+4 

MOISTURE CONTENT (PERCENT) 

FROM SIDES (INCHES) 


9 ReLaTION or LAMINATION WEIGHT TO TEMPERATURE 
DIsTRIBUTION; ARRANGEMENT No. 4 
(Transverse heating; with glue.) 


4 
| 
] + 493 O00 gi 
pa 
avenace avenace 
Fig. Fic. 


TRANSACTIONS OF THE A.S.M.E. JULY, 1947 


S MINUTES 38 SECONDS 


ATURE (DEGREES F) 


100% 
ave nice. WEIGHTS 
LAMINATIONS renaws) 


MOISTURE CONTENT (PERCENT) 


2 3 2 “oO 
OISTANCE FROM SIDES (/NCHES) 
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Fic. 14 Temperature VARIATIONS WHEN LAMINATIONS OF MODER- 
ATELY HicH Moisture CONTENT WERE DISTRIBUTED THROUGH LoapD 
(Transverse heating.) 


temperatures of the same laminations when the beam was glued. 
Edge temperatures were improved in the gluing operation be- 
cause squeezeout of glue formed a conductive surface layer which 
acted much as the blotters discussed later. 
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Fic. 15 Temperature VARIATIONS WHEN LAMINATIONS OF MoDER- 
ATELY Moisture Content WERE DistTrIBUTED THROUGH LOAD 
(Glue-line heating.) 


Figs. 10 to 13, inclusive, show two other sets of laminations 
having even weights that were heated with and without glue. 
The timbers reported in Figs. 10 and 11 were heated transversely 
and the others, Figs. 12 and 13, parallel to the glue lines. In 
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Fic. 16 TEMPERATURE VARIATIONS WHEN LAMINATIONS OF HIGH 
Moisture Content WERE Distrisutep THrovuGcH Loap 
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the case of the transversely heated material, there was little 
difference in the temperature distribution when glue was used. 
It was likewise true of the samples heated by the glue-line 
method except that the right-hand side of the timber did not heat 
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quite so well as the left, and the center glue line was heated to a 
greater extent. 

Temperature Distribution in Assemblies Where Moisture Content 
of Individual Boards Was Varied. Figs. 14 to 21, inclusive’ show 
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a comparison of the effect of moisture content when the electric 
field was perpendicular to the glue lines and parallel to them. 
Four arrangements of boards were used. In one set, two boards 
having a moisture content of about 15 per cent were placed on the 
interior of the block but were separated by drier material. In 
the second set a similar arrangement was used, but the moisture 
content of the high-moisture-content boards was over 17 per cent. 
Sets Nos. 3 and 4 were similar to Nos. 1 and 2, except that three 
high-moisture-content boards were grouped together. 

In all of this group of experiments the temperature distri- 
bution was best where transverse heating was used. The great- 
est variations were found in the assemblies in which three boards 
of high moisture content were grouped together. 

With a transverse field, the temperature range is undesirably 
‘large when boards of high moisture content are grouped together, 
but when they are scattered through the beam the temperatures 
lie within a reasonable working range. The latter case would be 
the more probable in a commercial operation and should present 
no great obstacle to heating with high frequency. 

A study of the individual glue-line temperatures shows that 
where the electric field is applied parallel to the glue lines the 
joints adjacent to the laminations having the higher moisture- 
content values are heated to a greater extent than those which 
lie between drier laminations. 

A Method of Improving Temperature at Sides of Beams. De- 
lamination along the edges of white-oak timbers previously tested 
indicated that the glue may not have been so well cured along the 
sides as in the center section of the timbers. If the sides of the 
timbers were not well heated during the application of the elec- 
trical field or they cooled too rapidly following heating, inade- 
quate curing of the resin could easily result. 

It was observed that where there was a considerable amount 
of squeezeout of glue, higher side temperatures resulted. This 
seemed to be a desirable condition and led to experiments in 
which wet blotters were placed alongside the timber between it 
and. the fiberboard insulation. When the electric field was ap- 
plied the energy was concentrated in the wet blotters, causing 
the water to boil and high side temperatures to be produced. 
The results are shown in Fig. 22. When a less intense electric 
field was applied, the side heating extended over a longer time 
and the effect of the heating was carried further into the interior 
of the timber as is shown in Fig. 23. 

It might be expected that heating timbers in this way would 
effect more complete cures of the adhesive along the edges of the 
beam and more durable timbers. 

Cooling Rates. Time as well as temperature is an important 
factor in the curing of resin glues and for this reason the effect 
of the heat retained by the timber and its distribution may have 
an important effect on the durability of the joints. Records were 
kept of the temperature decline immediately after heating and at 
elapsed times of 0, 15, 30, 45, 60, and 120 min, for all timbers 
tested before removal from the press. Four of these curves which 
have been selected as representative are shown in Figs. 24 to 27, 
inclusive. The first three had quite different initial temperature 
distributions. Fig. 24 shows one that was exceptionally uni- 
form. The temperatures dropped most rapidly along the sides 
of the beam, and the temperatures in the two outer laminations 
dropped off most rapidly. All the temperatures measured re- 
mained above 160 F for a 2-hr period. 

The beam shown in Fig. 5 was reheated with flat electrodes, 
and the irregular heating due to board No. 5 was again found. 
Upon cooling 2 hr, practically all effects of the high temperature 
in the joints on both sides of board No. 5 had disappeared with 
only slightly higher temperatures on the right-hand side than on 
the left. All measured temperatures were above 160 F. 

In the timber shown in Fig. 21 the widest temperature distri- 
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bution was experienced. In spite of this, the temperatures equal- 
ized and the final temperature distribution in 2 hr was very much 
the same as those shown in the two experiments just given, and 
again all measured temperatures were above 160 F. 

This was true of all of the other cooling curves obtained. By 
placing an extra unglued lamination at the top and bottom of the 
load, somewhat closer distribution in the glue joints could have 
been obtained. 

When no thermal insulation was used at the sides of the tim- 
bers, the side temperatures did not rise so high and dropped faste? 
than those of timbers in which fiberboard insulation was used. 

Additional Factors Affecting Temperature Distribution. There 
are a few factors, which might affect the temperature distribution, 
that have not been considered and should be taken into account 
in scheduling heating periods. Slow rates of heating permit 
greater losses from the sides of the timbers and reduce the tem- 
peratures along the edges of the joints. Standing waves, if not 
adequately tuned out, would cause different heating rates along 
the timber. Temperature in a long timber heated in sections 
might be affected where the electrodes are near a previously 
heated section. 


CONCLUSIONS 


It would not be practical for a producer of laminated materials 
to check the density of lumber entering into the production of 
laminated structures, except in a very superficial way, and nol- 
uniform temperatures can be expected to result in material 
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heated in high-frequency electric fields. Likewise, irregularities 
in moisture content are sure to be involved and will also produce 
uneven heating patterns. This may not be of great importance 
where woods of low density are used or glues are available that will 
cure adequately at the temperatures reached and during the time 
at which they remain in the curing-temperature range of the glue 
used. 
It is possible that glues are already available that might be 
used successfully for marine service to join white-oak laminations 
if precautions are taken to be sure that the sides of the timbers 
are sufficiently heated. Otherwise it would seem desirable to use 
a period of supplementary heating in which an ambient tempera- 
ture is maintained that would include the curing range of the ad- 
hesive used. During this time, temperatures within the timber 
would equalize and it seems reasonable that durable joints could 
be obtained. Since resin glues do not in all cases reach full 
strength during a short heating period, the timbers should be 
maintained under pressure until the glue is well cured. 

Where large quantities of large laminated timbers are to be 
built, high-frequency dielectric heating offers an opportunity to 
save much time in setting the glue joints. With equipment of 
the proper size, the internal temperature can be increased in 
minutes instead of hours; and should subsequent heating in a 
kiln be required, the duration of such periods will be greatly re- 
duced. 


Discussion 


H. J. Cameron.‘ This paper constitutes an excellent delinea- 
tion of the wide variety of problems which confront the engineer 
when a new high-frequency heating application is proposed. It 
emphasizes the necessity of supplying an organization with spe- 
cially trained personnel, such as the authors of this paper, or with 
equipment designed for a single purpose. Such devices may be 
operated by individuals with no special training. 

As indicative of the possibilities of high-frequency heating in 
the hands of well-trained physicists, the methods used by the 
Forest Products Laboratory in Ottawa, Canada, will be out- 
lined. 

Using infrared radiators to provide an adiabatic condition, it 
was possible with a 500-watt-output generator, to heat a complex 
wooden aircraft spar to 190 F uniformly throughout all the glued 
joints. 

In many sections sprayed metal was used as the electrode. 
The spar weighed over 100 lb and the time corresponded almost 
exactly to the theoretical interval required to deliver the required 
Btu. 

It appears to the writer that the authors chose intervals other 
than those which would be most practical in production. 

A smaller power input, and a longer heating time would tend 
to reduce temperature differentials when the electrodes are pural- 
lel to the glue lines. Conversely, it has been our opinion that 
glue-line heating must be completed in less than a minute, in 
order to be consistent and successful. True glue-line heating 
involves the conversion of the water in the glue into steam before 
it has soaked into the wood. The latter process takes place 
quite rapidly when the viscosity has been reduced by heating. 
The power input therefore must be very rapid if it is planned to 
heat the glue line without a large loss of energy to the entire sec- 
tion of material being glued. 


Eugene This paper emphasizes, in the form of 
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experimental results, certain facts which could be anticipated 
from a theoretical point of view. When high-frequency heating 
was introduced on a large scale, rather broad claims were made, 
particularly in various advertisements. One of the general state- 
ments was that uniform heating can be obtained by high-fre- 
quency heating under all circumstances. This is of course not 
so because the heating effect is proportional to the square of the 
electric-field density, and this in turn is a function of a number of 
other variables. 

Generally, it may be said that wherever materials of different 
dielectre constants and different conductivities are placed in the 
same field, there will be a marked difference in the field distri- 
bution, and as a consequence there must be a marked difference 
in the heating. The final temperature which is obtained at any 
particular point, or the temperature gradient between any two 
points of the sample will be an added function not only of the 
original field distribution but of the heating time and of the power 
density. 

The difference will be greater when using lower frequencies. 
If the heating time must not be very short, and can be of the 
order of the magnitude of a few minutes, probably a greater uni- 
formity could be obtained if the frequency could be raised to 
about 27 or 40 megacycles per sec. The extent to which the uni- | 
formity will improve with the highe* frequency is pri narily de- 
termined by the relative distribution of the dielectric constants. 
In this respect, the experiment of the authors using wetted 
blotting-paper inserts on the side of the sample is very interesting. 
It shows the successful confirmation of a conclusion which had 
been arrived at theoretically. 


T. D. Perry.* The findings of the authors confirm our own 
experience with resin adhesives cured by electronic heat. It ha-~ 
been demonstrated both in the laboratory and in the factory that 
those resin adhesives having a minimum temperature requirement 
for cure, such as 250 F or 275 F, do not give good results unde 
electronic heat, since there are clear evidences of undercured 
areas, which are not consistent or predictable. This difficulty 
can be overcome by longer exposure in the high-frequency field, 
which is frequently uneconomic and develops the hazards of over- 
heating and possible charring of the wood. 

We also agree with the authors that a sufficiently accurate 
standardization of adjacent wood layers, with reference to den- 
sity, moisture content, and other variables, is wholly impractical] 
on a production basis. 

With this background, acquired in the “hard” way, the prac- 
tical answer seemed to be the use of resin adhesives that are 
properly catalyzed for room-temperature cures. The cure of 
such resin adhesives is distinctly accelerated by heat, so that areas 
of cure are progressively attained as the temperature of the glue 
line is raised. Table 1 of this discussion gives examples of such: 
acceleration. 

The practical method appears to be to maintain pressure and 
heat until the adhesive has developed an adequate grip to remain 
in close contact, and then allow the cure to continue under the 
influence of residual heat and room temperature. This plan 
permits relatively short heat applications. It may also explain 
the somewhat extravagant claims of enthusiastic electric-heat 
proponents who claim to secure adequate cures in a matter of 
seconds. The cure of a resin is not instantaneous but requires 
appreciable time for chemical reactions to take place. 

Another factor in electronic heating of wood seems to be that 
raising the mass of wood within the assembly to temperatures 
much above the 180 F to 200 F range is time-consuming, or re- 
quires considerably larger high-frequency equipment. It has 
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TABLE 1 CURING-TIME REQUIREMENTS OF RESIN 
ADHESIVES AT STATED GLUE-LINE TEMPERATURES 


Time, hr-min 


Resorcinol 
formaldehyde> 


Urea 
forrnaldehyde* 
1-25 
0-51 


Glue-line temperature, 
deg F 


to 


@ Uformite CB-552. 
6 Amberlite PR-115. 


also been noted that the hazard of steam blisters in the glue line 
may be troublesome at temperatures much over 212 F. 

There are two other points which the authors have not made 
clear: 

1 Is there an electronic selectivity, causing more rapid heat- 
ing, in a wet glue line, in contrast to a relatively dry glue line from 
which the solvent is largely evaporated? Our observations 
would seem to indicate that such is the case. 

2 In the over-all picture, does the direction of heat perpen- 
dicular to the glue line give more uniform heating than when 
directed parallel to the glue line? Perhaps this answer is related 
Yo the reply to the first question. 


It is our feeling that electronic heat has an important place in 
the curing of resin adhesives, since it is the only practical way of 
introducing the heat of cure into thick assemblies such as lami- 
nated timbers. We hope that investigations along the lines of 
this paper will be continued, as such impartial and authentic 
information is important to industry. 


AutTHors’ CLOSURE 


Mr. Cameron’s statement that successful glue-line heating 
should be completed in less than a minute applies to the majority 
of applications. There are a few cases in which glue-line heating 
times as long as two minutes have proved very satisfactory. The 
application to the white-oak sections was not strictly glue-line 
heating in which it is desired to cure the glue with minimum losses 
to the wood because it was necessary to raise both the wood and 
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glue temperatures to develop good durability in the glue lines, 
The experiment demonstrates the effect of the two electric-field 
directions rather than a comparison of perpendicular-field and 
true glue-line heating. 

Dr. Mittlemann suggests that higher frequencies might have 
yielded better uniformity of heating. It is doubtful that a fre- 
quency change from 15 to 27 or 40 megacycles would improve the 
temperature distribution appreciably because the loss factors of 
different parts of the load would increase in about the same pro- 
portion. Relative heating conditions would remain essentially 
unchanged throughout the load. 

A reduction of arcing tendency would be realized with lower 
voltages and higher frequencies, but this advantage is partially 
offset by increased circuit tuning difficulties. 

Mr. Perry suggests the use of glues which cure at room tempera- 
ture as a means of avoiding the difficulties associated with the 
attainment of high temperatures in a laminated timber. This 
approach is very practical for timbers not intended for marine 
use, but for the latter high durability under severe exposure con- 
ditions is essential. Some glues, such as the resorcinol resins 
which set at room temperature have been shown to develop their 
maximum durability only at elevated temperatures even after the 
initial set is completed. This temperature can be produced most 
quickly throughout a timber with high-frequency heating. Tem- 
perature for any extended curing period can be maintained in a 
heated chamber. 

With glue-line heating a wet glue line will heat much more 
rapidly than a relatively dry one because the solvent, commonly 
water or alcohol, has a much greater loss factor (power factor z 
dielectric constant) than the solid content. The loss factor of 
liquid glues is also considerably greater than that of wood. This 
results in the selective heating of glue lines in a field parallel to the 
glue line. When the glue becomes dry it heats no faster than the 
adjacent wood, and when this condition is reached, no further 
advantage is gained by thé glue-line heating arrangement. 

When the electric field is applied perpendicular to the glue lines, 
selective heating of the glue-lines is negligible, and the heating be- 
comes as uniform as other variables such as moisture content and 
density will permit. 
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Control of Marine Borers in Plywood 


By A. P. RICHARDS! ano W. F. CLAPP,'! DUXBURY, MASS. 


This series of tests on plywood veneers was originally 
prepared for company use to assist the war effort on a con- 
fidential basis, which has now been removed. The results 
indicate that the addition of a siliceous extender to the 
adhesive used in bonding the plywood prevents the pene- 
tration beyond the first veneer of Limnoria, Teredo, and 
Bankia. Pholads are able to penetrate in greatly reduced 
numbers and are considerably dwarfed in size. 


HE increasing amount of plywood which has been used in 

recent years has brought forth many questions concerning 

the adaptability of such materials to various preservative 
treatments. During the war years, the need of large numbers of 
small craft by the armed forces in areas where severe marine- 
borer infestation occurred and also the use of wooden equipment 
in tropical areas where biological deterioration was extremely 
heavy, created a demand for information regarding the preserva- 
tion of laminated timbers. Plywood lends itself exceedingly well 
to the rapid construction of such items and has shown itself to be 
both economical and structurally sound for many uses. 


PRELIMINARY STUDIES 


The results of preliminary work indicated that certain technical 
difficulties were encountered when it was attempted to treat ply- 
wood with preservatives suitable for the control of marine borers. 
It was found that when attempts were made to treat the ma- 
terial in the veneer stage, the gluing characteristics of the plies 
were seriously affected. On the other hand, difficulties were also 
encountered in the treatment of the completed plywood. It was 
found that penetration of the preservative, warping, and the 
paintability of the treated sheets were serious problems. There 
isno doubt that with further study these difficulties will be over- 
come, but the pressure of the needs for some practical aid to in- 
crease the service life of the plywood marine craft demanded im- 
mediate attention. 

It has been known for many years that certain woods were com- 
paratively immune to marine-borer attack. Many of these 
woods contain a high percentage of silica in a relatively large 
crystalline form. Preliminary work in attempting to impreg- 
hate timber with various compounds which would eventually 
leave a deposit of crystalline silica within the wood was carried 
out at the authors’ laboratories in 1938. It was found that 
while a certain amount of protection was offered for a length of 
time directly proportional to the retention of preservative, leach- 
ing eventually caused the loss of the silica which was not in a 
crystalline condition, and attack by borers then took place. 

With the advent of the development of adhesives suitable for 
continued marine exposure it seemed that possibly a material 
could be incorporated into the adhesive which would act as a 
mechanical barrier. It is true that there would be some destruc- 
tton of the outer veneers, but few if any borers could penetrate 
into the second layer. Until the outside veneer had been com- 
'The W.F. Clapp Laboratories. 
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pletely destroyed and the layer of adhesive removed it was 
thought that these methods, while not entirely satisfactory, could 
in a very practical way add substantially to the service life of the 
craft. Accordingly, experimental plywood panels were fabri- 
cated incorporating various materials as extenders in the ad- 
hesive. ‘These panels were exposed to marine borers at 
Marion, Mass., with the results shown in another section of 
this report. 

Because of the fact that certain types of plywood construction 
described in this report showed excellent resistance to damage 
due to marine-borer attack at Marion during the 1945 season, 
where the boring mollusk, Teredo, was active, it was decided to 
submerge a duplicate set of panels at Daytona, Fla., in 1946, to 
determine their resistance to the activity of pholads. This 
latter group of mollusks is very destructive. 


PREPARATION OF PANELS 


A number of panels were prepared by the Technical Depart- 
ment of the Resinous Products and Chemical Company of 
Philadelphia, Pa. These were received at the authors’ laboratory 
on May 24, 1945. 

All of the panels were made from Douglas-fir veneer and were 
approximately */, in. in thickness. The panels as received were 
12 X 12 in. and were cut to 6 X 12 in. at the laboratory in order 
to be accommodated in a standard exposure rack. 

In order to eliminate as much as possible edge penetration by 
the borers, the edges were given two coats of Acryloid B-7 
(20 per cent in ethylene dichloride). These were followed by 
two coats of a standard antifouling paint. A description of the 
panels is giver’ in Table 1. 


TABLE 1 


Position in rack 


PANEL DETAILS 


Type of panel 
Veneer first impregnated with a low con- 
densed phenol-formaldehyde resin, 
then bonded into panel, with a hot- 
press phenol-formaldehyde adhesive? 
Same as panel 1480, but with fuller’s 
earth used as a filler in the adhesive 


Panel no. 
1480 


Typical plywood bonded with a hot-press 
phenol formaldehyde*¢ 
Typical fir plywood bonded with a hot- 
exterior-grade phenol-formalde- 
yde resin adhesive 
Bonded with room-temperature-setting 
resorcinol-formaldehyde resin adhesive‘ 
Same as no. 1484, but with Celite used as 
an extender in the adhesive 
Same as no. 1484, but with fused quartz 
used as an extender in the adhesive 
Bonded with room-temperature-setting 
urea-formaldehyde adhesives 
Fir plywood panels bonded with a hot- 
ress exterior-grade phenol-formalde- 
resin adhesive,? and surfaced with 
rigid glass-cloth laminate (one surface 
only, other face treated as edges) 


@ Amberlite PR-50. & Amberlite PR-14. 
PR-245 with catalyst Q-108. 
f Uniformite CB-552. 


© Tego film. 4 Amberlite 
¢ Amberlite PR-115 with catalyst P-117. 


The supporting rack was submerged at Marion, Mass., on July 
11, 1945, and removed on December 3, 1945. It was placed in a 
floating raft so that the panels were continuously submerged at a 
constant depth. At Daytona, Fla., the panels were exposed on 
May 29, 1946, and removed on November 22, 1946. 
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Fig. 1 VENEERS IMPREGNATED AND GLUED WITH PHENOLIC Resins; 1480 
(Left: Exposure at Marion, Mass. Right: Exposure at Daytona, Fla.) 


Fie. 3 Bonpep ADHESIVES, UsING 
QUARTZ AS AN EXTENDER; 1486 
{Exposure at Marion, Mass; 1481 at Marion not shown.) 


Fic. 2) VENEERS IMPREGNATED AND GLUED WITH PHENOLIC 


Resins, 1481; Ustne as A FILLER 
(Exposure at Daytona, Fla.; 1486 at Daytona not shown.) 
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4 (Entire top half) Bonpep Wits Resin Fitm; 1482 


Fig. 5 (Entire lower half) Bonpep Wits Exterior-Grape ADHESIVE; 1483 


(Left: Exposure at Marion, Mass. Right: Exposure at Daytona, Fla.) 


Fic. 6 (Entire top half) Bonpep Wit Resorcinot-Restn ADHESIVES; 1484 


Fie. 7 (Entire lower half) Bonpep Witra Resorcinot-Resin Apuestves, Usinc as AN EXTENDER; 


(Left: Exposure at Marion, Mass. Right: Exposure at Daytona, Fla.) 
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Fic. 8 (Entire top half) Bonpep Wit Urea-ForMALDEHYDE-RESIN ADHESIVES; 1487 


Fie. 9 (Entire lower half) Guass-CLotn LAMINATE; 1488 


(Left: Exposure at Marion, Mass. Right: Exposure at Daytona, Fla.) 


Fic. 10 Bonprep Wirx Resorcinot-Resin ApHEsIVE Usinc Quartz As AN EXTENDER; 1486 


(Magnification of a portion of surface, showing how marine borers, at Marion, as they grew and progressed through the veneer, were forced toward 
e outside because of their inability to penetrate the adhesive layer.) 
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Fic. 11 Guass-CLota LAMINATE; 1488 


CONCLUSIONS 

At the end of the exposure period, an examination of tlie sur- 
faces and a tabulation of the attached fouling organisms was 
made. It was felt that since various resins, etc., were used on 
some of the faces it would be worth while to note the occurrence 
and adherence of the oysters, barnacles, and other organisms. 
The adherence of such organisms was high on all of the panels 
except those faced with rigid glass cloth, Fig. 11. On the latter 
faces the organisms either fell off with slight jarring or were re- 
moved by using very slight pressure of the fingers. 

In order to determine the activities of the borers within the 
panel, during the test periods at Marion and Daytona, the ex- 
posed panels were sawed lengthwise into strips '/. in. wide. Figs. 
1 to 9, inclusive, are cross-sectional views of the sawed edges of 
these interior strips. 

(a) None of the panels which were constructed of impreg- 
nated veneers (1480, 1481) showed any appreciable amount. of 
destruction by marine borers. Each of the samples had a few 
Teredo, 1 to 2 mm long, which had entered at the edges but were 
unable to penetrate to any significant depth, Figs. 1 and 2. The 
pholads were more destructive, but not to a serious extent. 

(b) The typical resin-film-bonded panels, 1482, were prac- 
tically completely destroyed by Teredo, most of which had 
entered through ihe faces. Due to the normal selection of the 
organisms there was some confinement to individual veneers, but 
since the crossing from one layer to another involves also a change 
in grain direction, it is understandable that this would occur. 
These panels, however, show sufficient evidence that the organ- 
isms crossed at will to indicate that this resin-film bond offered no 
serious barrier, Fig. 4. The pholads were even more des‘ructive 
than the Teredo. 

(c) Panels 1483 were practically completely destroyed by 
Teredo indicating that the phenolic adhesive had no effect on the 
penetration of the borers, Fig. 5. The destruction by pholads 
Was even more complete. 

(@) The panels, bonded with resorcinol adhesives, 1484, while 
hot as badly attacked by the Teredo as 1482, showed that this 
bond did not prevent the passage of the organisms from one 
Veneer to another. In fact some of the tunnels extended for 
Some distance along the bond, half in one veneer and half in 


(Appearance of face of typical panel, after exposure at Marion, showing the relative numbers and species of fouling organisms.) 


TABLE 2 SUMMARY OF PANEL TESTS 


Panel 
no. Construction At Marion, Mass. At Daytona, Fla. 
1480 Impregnated? and No penetration of by Moderate pholads 


glued with a Teredo penetration 
phenolic resin? 
1481 Same as 1480, with No penetration of ad- Minor pholads pene- 


fuller’s earth in hesive by Teredo tration 
adhesive? 
1482 Bonded with a Complete penetration Completely destroyed 
phenolic film ¢ ofadhesiveby Teredo by  pholads_ and 
Bankia 
1483 Typical fir ply- Complete penetration Panel completely 


wood (Ext) of adhesive by riddled by pholads 
bonded with a Teredo 
phenolic resiné 

1484 Resorcinol Considerable pene- Serious penetration 


bonded* tration of adhesive by pholads and 
by Teredo Limnoria 

1485 Same as 1484 with No penetration of ad- Outside veneer de- 
Celite in adhe- hesive by Teredo stroyed byLimnoria 
sive? Slight penetration by 

pholads 

1486 Same as 1484 with No. penetration of Same as 1485 
fused quartz in adhesive by Teredo 
adhesive* 

1487 Bonded with a Considerable penetra- About as 1485 and 
urea resin ad- tion by Teredo 1486 
hesive/ 

1488 Like 1483, bonded No _ penetration by Perfect protection on 
with a phenolic Teredo on glass side glass side 


resin? with glass 
cloth on one side 


Note: References (a, 6, etc.) in table refer to trade names given at 
bottom of Table 1. 


another, Fig. 6. Under pholad attack these panels were virtually 
destroyed. 

(e) Panels 1485 were identical with 1484, except that Celite 
was used as an extender in the adhesive. The Teredo were 
entirely confined to the outside layers, Fig. 7. Fig. 10 shows a 
portion of the surface, indicating that when Teredo tunnels 
reached a diameter equal to the thickness of the veneer they be- 
“ame exposed being forced toward the outside by the adhesive 
layer. The pholads penetrated the outer glue line at a few lo- 
cations, but the damage was not serious. 

(f) Panels 1486 were identical with 1484, except that fused 
quartz was used in the adhesive as an extender. The Teredo in 
these panels were entirely confined to the outside veneers. No 
evidence could be found indicating that the organisms were able 
to cross the glue bond, Fig. 3. : 

(g) Panels 1487 showed that the urea-formaldehyde adhesive 
had some effect on the penetration of the borers at Marion, al- 
though there were many points at which penetration took place, 
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Fig. 8. This panel was practically destroyed in the Daytona 
exposure. ° 

(h) The panels faced with rigid glass-cloth laminate, 1488, 
showed no penetration of the glass face by any of the marine 
borers in either exposure. The adhesion of the laminate to the 
panel was excellent. The back of the panel received two coats of 
Acryloid B-7 and two coats of the antifouling paint, Fig. 9. No 
borers entered from the back. 

It is apparent that, from the Marion and Daytona studies, the 
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addition of a siliceous extender to the adhesive prevents the 
penetration, beyond the first veneer, of Limnoria, Teredo, and 
Bankia. The pholads are able to penetrate in much reduced 
numbers and are considerably dwarfed in size. It must be re- 


membered, however, that with these methods, even though the 


service life is extended considerably, eventually the outside 
layer would probably be destroyed. It is reasonable to expect 
that sooner or later the borers would be able to reach the second 
layer. 
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Flow of bituminous coal out of the 
reinforced-concrete bunkers of the 
Polymer Corporation’s steam power 
plant at Sarnia, Ontario, was found 
to be impeded by clogging of the 
coal. Study of the problem by means 
of a series of tests in a model bunker 
eliminated a number of suggested 
causes, showing finally that the clog- 
ging was determined by the moisture 
content of the coal. Ways of control- 
ling the moisture content below the 


critical value are suggested. 

C tion was constructed in 1942-1943, 
as a part of the extensive plant of 

the Polymer Corporation Limited, govern- 

ment-owned synthetic-rubber producer, 

adjacent to the St. Clair River about 2 


ANADA’S largest steam power sta- 


Clogging of Bituminous Coal in Bunkers 


By R. F. LEGGET,! TORONTO, CANADA 
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miles south of Sarnia, Ontario. The =) 
Polymer installation is the only com- 

pletely integrated synthetic-rubber plant 
in North America; having a designed an- 04 ” 


LOCKERS 
nual productive capacity of 37,000 tons ? 


| 
| 


of Buna-S and 6000 tons of Butyl rubber. 


- The powerhouse is a building 286 ft 
long, 173 ft wide, and 120 ft high. The 
primary purpose of the plant is the produc- 
tion of process steam, although power is also generated. There- 
fore it is equipped with five Babcock and Wilcox boilers, with 
space for a future sixth unit, each capable of generating 308,000 
lb of steam per hr at 415 psi, at 650 F; power is generated at 
6600 volts, 60 cycles, by means of two steam-turbine units, rated 
as 11,000 kva at 0.90 pf, and one 5000-kva unit at 0.80 pf. 

Bituminous coal is at present used as fuel, being delivered by 
water, stored adjacent to the station, and transported into the 
building by means of a 30-in. belt conveyer, after passage through 
a primary crusher installation. The coal is fed from bunkers, 
through automatic batch-weighing devices, to pulverizing units 
and thence is blown into the combustion chambers. A general 
cross section through the building is shown in Fig. 1; a complete 
description of the steam plant has been published (1).? 

Daily coal-storage space is provided by a series of twelve rein- 
forced-conerete bunkers. Dimensions of a typical bunker are 
shown in Fig. 2, from which it will be seen to consist of an inverted 
frustrum of a pyramid, surmounted by a square-shaped section 
_ with vertical walls, the total depth being 29 ft 9 in. Capacity of 
one bunker is about 200 tons. Daily consumption of the station 
is about 800 tons, so that outside storage has to be provided for 
about 180,000 tons, to allow for seasonal delivery. 


: Associate Professor of Civil Engineering, University of Toronto. 
Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
so ee by the Fuels Division and presented at the Annual 
eeting, New York, N. Y., December 2-6, 1946, of THe AMERICAN 
Soctery oF MecHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


of the Society. 
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Fie. 2 Dimensions or A TypicaAL REINFORCED-CONCRETE BUNKER, 
tHE BunKER BEING BUILT TO ONE TWELFTH OF THIS S1zE 


INCEPTION OF CLOGGING PROBLEM 


Shortly after the start of operations it was found that the coal 
did not always flow freely from the bunkers when the discharge 
gates were opened, even though the openings were 30 in. square in 
cross section. Holes had been left in the bunker sides, just above 
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the gates, for drainage purposes but they could not be used in 
attempts to loosen the coal. Eventually holes had to be cut in 
the discharge chutes to enable the operators on the operating floor 
to push long air lances into the coal and in this way disturb it 
sufficiently to cause it to resume its flow. 

This measure was partially effective, but it was Sometimes 
found that the coal would (literally) arch between the sides of the 
bunker some distance above the gates. At other times, a vertical 
hole about 2 to 3 ft diam would form immediately above the gate 
opening, increasing in height until it revealed itself on the top sur- 
face of the stored coal. Accordingly it was necessary to station 
two men in the operating gallery above the bunkers, equipped with 
long poles, and eventually with long air jets (which were found to 
be unusually effective), in order to keep the coal moving from the 
top. The men had to break down the clogging, when it became 
evident, with their poles and jets. Frequently the coal could be 
seen to overhang, so firmly did it pack, even to the extent of 2 or 
3 ft in a depth of not more than 10 ft. 

Checks with a number of other station operators confirm that 
this clogging of bituminous coal is a frequent occurrence. It is 
described here in detail since it cannot easily be shown by means 
of photographs and in order that those interested may be able to 
relate the Polymer experience with their own observations. The 
remedial measures described were successful in maintaining a 
steady flow of coal to the boilers, but naturally it had not been 
anticipated that such measures would be necessary in normal 
operation. Many other solutions to this operating difficulty 
were accordingly suggested; the size of the bunkers necessarily 
meant that most of these solutions involved considerable expendi- 
ture. Since coal is essentially a granular material, and in this 
respect is similar to soil, the author was asked to investigate the 
problem in view of his experience with the relatively new study 
of soil mechanics. Although initial references to ‘‘coal me- 
chanics” occasioned some amusement, the following record of the 
investigation of this problem shows that the term is one of some 
meaning. 


REvIEW or Previous Work 


Concurrently with the experimental work to be described, a 
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diligent search was made for records of previous work in this field, 
many organizations and individuals assisting in this study. Pos- 
sibly the most surprising result of the whole investigation was that 
no record could be found, in English, of any previous investiga- 
tion, despite the widespread nature of the problem. It is en- 
tirely probable that work has been done but has not been recorded 
in the regular engineering journals which were examined. As 4 
check, therefore, a Bibliography accompanies this paper giving 
details of all the papers which appeared to have any possibility of 
bearing on the problem, and which were therefore examined in 
detail. No useful references in German were encountered; owing 
to war conditions no specific inquiries to Germany were possible. 
The director of the British Fuel Research Station has kindly in- 
dicated that some work has been done in the U.S.S.R., but no 
record of this work has yet become available.* 


GRADING OF CoaL PARTICLES 


The coal used in the plant is classed as ‘‘run-of-mine’’ bitu- 
minous coal, obtained principally from the Eastern Pennsylvania 
and West Virginia coal fields (Districts Nos. 1 and 8), although 
from a variety of individual mines. The grading of the particles 
making up the coal was first studied, since in the case of soils, the 
particle-grading record is found to have considerable significance. 
Sieve analyses were therefore made of sixteen samples taken at 
different times during 1944, and so from widely different parts of 
the main storage pile. All samples tested showed remarkable 
uniformity of grading, as illustrated in Fig. 3. It should be pointed 
out that’as this diagram is in the form of a semilogarithmic chart, 
it includes coal-particle sizes from those passing a 3-in. sieve to 
those passing a No. 200 sieve. On this diagram are also show» 
the limits of what may be called optimum or ideal grading, i-e., 
the distribution of particle sizes giving the most effective packing 
together of particles of decreasing size. Brief consideration wil] 


3 It was only after this paper had been completed that the investi- 
gation, ‘‘Flow of Coal in Chutes at Riverside Station,’’ by FE. F. 
Wolf and H. L. von Hohenleiten, became known to the author 
through publication of abstracts of the paper on this work which 
was presented before the Metropolitan Section of the A.S8.M.E., 
May 7, 1945. 
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show that this optimum grading of particles of differing sizes will 
give a very stable mixture, large particles having the voids between 
them filled with smaller particles, the voids between these par- 
ticles then being filled with even smaller particles, ete., the final 
“void ratio” being quite small. This fact is well recognized in 
soil work, an ideal grading curve being the goal for all stabilized 
soil mixes used in highway and airport construction, internal 
stability of the soil mass being naturally a leading desideratum. 

It is therefore significant to note how closely the coal-grading 
curves approximate to the optimum grading curve. The grading 
is almost ideal and hence will tend to promote the interlocking 
of the coal particles if these are well mixed, as they may be as- 
sumed to be when they reach the storage bunkers. In this re- 
spect, the coal is a very different material from wheat, composed 
of uniformly sized particles, the arching of which is such a well- 
recognized feature that it is utilized in the design of grain silos. 

During the many sieving operations which were performed, it 
was noticed that a certain amount of fine coal dust was lost each 
time. This suggested possible inaccuracies in the mechanical 
analyses thus obtained by sieving. Therefore a number of 
special tests were made in which varying quantities (1000 g, 
500 g, and 250 g) of the same sample of coal were sieved for vary- 
ing periods. The results thus obtained agreed so closely that, 
allowing for ordinary experimental errors, it was clear that ac- 
curate analyses were being obtained. 


Use or Mover BUNKER 


In order to study the clogging action in the laboratory, it was 
decided to construct a model of one bunker to a scale of one- 
twelfth full size. 
which simulated the concrete bunker faces. 


The model was made of wood, the surface of 
The top section 
(with vertical walls) was made removable for convenience in 
operation, It was naturally impracticable to reduce the coal in 
size in asimilar proportion. Not only was this almost impossible 
from the practical standpoint but even if it had been possible, the 
smaller particles would have been reduced so much in size that 
their physical and mechanical properties would have changed, 
certainly when in the presence of water. Accordingly, and as a 
compromise, the largest size of particle left in the sample was re- 
duced so as to be approximately one twelfth of that of the largest 
particles in the coal at the plant. To effect this change, coal was 
sieved through a No. 4 sieve (with openings of 0.185 in.), the 
portion passing the sieve being used for experiments. 

The resulting grading of the experimental coal is shown in Fig. 
3, from which it will be seen that it would approximate closely to 
the ideal grading curve for the given maximum-sized particle. 
This factor suggested that the selected coal should behave simi- 
larly to the actual coal, when tested in the model hopper. This 
Was found to be the case. Repeated tests showed that all the 
features observed in the actual bunkers in the power station, such 
as clogging, true arching, “piping,” and even overhanging, could 
be reproduced perfectly, to seale, in the model. This gave con- 
fidence in carrying out a variety of special tests with the model. 

Many trials were made both with and without the top section 
of the bunker in place. Identical results were obtained, irre- 
spective of the depth of coal. Most of the experiments to be 
described were therefore carried out without the top section of the 
bunker in place since this greatly facilitated the laboratory work. 
In all experiments, the coal was dumped into the model bunker 
from the equivalent of the position of the belt conveyer above the 


actual bunkers. 
<XPERIMENTS W1TH BAFFLES 


Using the selected coal at the same moisture content as that of 
the coal in the plant, experiments were first tried using various 
forms of baffle plates suspended in the bunker, some vertical, one 
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cylindrical, and all of polished steel plate. It was thought that if 
the clogging of the coal were due to internal friction, the use of 
these baffles might interfere with the internal friction sufficiently 
to cause a reduction in the sticking action. Results obtained 
were entirely negative. In some cases the baffles actually made 
matters worse due to the ‘‘wedging effect’”’ caused by the confined 
spaces between adjacent baffles and the sloping sidesof tne bunker. 


CHANGES IN BUNKER SHAPE 


It was found that an opinion widely held was that the slope of 
the bunker sides had an important bearing on the problem under 
review; therefore this possibility was investigated next. A steel 
plate was prepared, made of two parts so hinged at their lower 
end that the adjustable combination could be used as one side of 
the bunker in any position ranging from the actual bunker side to 
the vertical. (One position of this adjustable side is indicated in 
broken lines in Fig. 2.) When resting on the wooden side of the 
model bunker, this plate enabled tests to be made on the effect of 
changing the surface against which the coal was resting. No ap- 
preciable change could be observed when steel was thus substituted 
for wood. This was expected, since observation of the clogging 
action, in all its phases, was gradually leading to the conclusion 
that it was due to some inherent property of the coal and was in- 
dependent of the bunker. 

After these initial tests, the adjustable side was secured in 
positions differing by multiples of 3 deg in the angle made by the 
side with the vertical, many groups of tests being carried on until 
the adjustable side was actually vertical. After correcting for an 
experimental defect to be described, it was found that all the 
manifestations of the clogging action could be reproduced with 
the side in any one of the many positions tested. This result 
also pointed to the conclusion that it was the character of the coal 
which should be studied rather than the details of the bunker. 


Errect oF EXPERIMENTS Upon Coat 


The experiments just described involved several hundred tests 
in each of which coal was placed in the model bunker and even- 
tually discharged through the bottom gate. During the inves- 
tigation, when the adjustable side was at an angle of 27 deg to the 
vertical, the clogging action was found to stop. No clogging 
could be obtained, at the controlled moisture content, with the 
side at any steeper angle. This suggested that a solution had been 
found but this hope was dispelled when the coal was tried, as a 
check, in the bunker without the adjustable side. Although 
still at the controlled moisture content, clogging would not now 
take place at all. 

Some time had to be spent before this unusual result was ex- 
plained. The experiments were being conducted in the course of 
a hot humid summer. It was at first thought that atmospheric 
conditions such as temperature or relative humidity might be 
affecting results. Careful checks with detailed information pro- 
vided by the Meteorological Service of Canada, from its Toronto 
Observatory, displayed no correlation at all between any atmos- 
pheric characteristic and the test results. Moisture-conteat 
determinations were checked and rechecked but found to be ac- 
curate. 

Finally, and almost by chance, some of the coal particles were 
examined rather carefully. They appeared to be somewhat 
rounded and this raised suspicions which led to a detailed study 
of the coal particles under a strong magnifying glass. All the 
particles examined, without exception, were found to be worn al- 
most completely to a smooth outline and in this respect con- 
trasted very markedly with the sharply angular particles of coal 
from samples which had not been used in experiments. Typical 
large particles are shown in Fig. 4. 

This simple explanation was the obvious one as soon as thought 
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was given to it. The repeated rubbing of the coal particles to- 
gether as they passed through the model bunker would naturally 
cause abrasion and, as the coal is relatively soft, appreciable 
wearing of the particles was to be expected. New coal was na- 
turally obtained for all further work and the same mistake was 
not repeated. Admission of asomewhat foolish error is here made 
for the benefit of others who may be engaged upon experimental 
work with coal or any similar granular material. 


STRENGTH OF CoaL 


The experience just described finally directed attention to a 
study of coal properties. The most important “strength” prop- 
erty of a soil is its shearing resistance, under varying normal 
loads; recognized tests are available for the determination in the 
laboratory of this important characteristic. Coal being a granu- 
Jar material, its shearing resistance might be expected to be due 
entirely to the property of internal friction, being zero at no nor- 
mal load and increasing in direct proportion to the applied normal 
load. 

Therefore samples of coal were tested in a large translatory 
soil shear machine and this expectation was realized, as is shown 
in Fig. 5. Tests were conducted on new coal, fresh from the 
Polymer plant, and upon coal which had been used repeatedly in 
experiments. It will be noted that there is a slight decrease in the 
“shear strength” of the latter. Both kinds of coal were tested in 
a relatively dry state, and at about the moisture content which 
was maintained for most of the tests, this agreeing with moisture 
contents determined at the Polymer plant for coal in the bunkers. 
It will be noted that, at the higher moisture content, slightly de- 
creased “shearing strengths’’ were obtained. 
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The diagram is a summary only of four sets of four shear tests 
each, normal loads being different for each test in each group, as 
indicated. Each individual test was performed by deforming the 
coal sample, held in a special shear box, until the maximum value 
of the shear resistance was mobilized. Iti s these maximum values 
which are plotted in Fig. 5. The angle ¢ shown in this diagram js 
the angle of internal friction, approximately the same as the angle 
of repose for ordinary granular materials. 

The differences between the results of the four sets of tests, 
although definite, are yet relatively so small that they do not in 
any way explain either the clogging action or the variation in be- 
havior between the old and the new coal. On the contrary, the 
test results indicate quite clearly that internal friction, of itself, 
cannot be the critical factor in the problem under review. 


MorsturE Content oF Coat 


Throughout the testing program it gradually became clear 
that the moisture content of the coal was a critical factor. As 
other possibilities were gradually eliminated, more attention was 
devoted to the quantity of water present in the coal. It was 
finally found, as the result of a large number of tests, that if the 
moisture content of the coal was less than 5 per cent, the coal 
would flow through the bunker exactly as had been intended in 
design. If, on the other hand, the moisture content was more than 
6 per cent, clogging would take place. Closer limits than the 
figures given could probably have been obtained if the experi- 
ments had been conducted in a humid room, but such a refine- 
ment was not deemed to be necessary. 

In seeking for an explanation of this rigid limitation, it was 
thought possible that the moisture content indicated miglit be 
related to that at which all the voids between the coal particles 
were just full of water, any further addition resulting in some 
excess of water. In soil-mechanies work, this value is known 
as the ‘“‘optimum moisture content;”’ it is determined by a tech- 
nique known as the Proctor test after the engineer who first 
suggested it (2). In this test, samples of soil are mixed with 
increasing quantities of water, compacted in a small cylinder 
under identical conditions, and weighed. The density is found 
to increase until the optimum moisture content is passed, after 
which the density decreases due to the displacement of solid 
material by water. F 

Therefore a sample of coal was subjected to the Proctor test, 
with the result shown in Fig. 6. The large number of points noted 
is due to the expectation that the optimum moisture content would 
be relatively low, an expectation which was quite mistaken, as 
the record shows. It is of some interest to note that the compac- 
tion used, roughly equivalent to the repeated use of a sheepsfoot 
roller such as is now standard equipment for embankment con- 
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Moisture Content, Per Cent of Dry Weight 
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struction, resulted in dry densities of coal ranzing almost up to 
70 lb per cu ft. 

In view of the wide difference between the critical moisture 
range of from 5 to 6 per cent and the optimum moisture content 
of about 16 per cent, it became clear that free moisture was not a 
determining factor in the problem. That the water making up the 
5 to 6 per cent at the critical range was not free water was easily 
demonstrated by leaving a tall glass tube filled with coal at this 
moisture range standing vertically for Several weeks. Moisture 
contents at the top, middle, and bottom of the tube remained un- 
changed. 

The solution thus indicated, by analogy with soil properties, 
was avery simple one. The small quantity of water represented 
by the critical quantity must be just sufficient to form absorbed 
moisture films around the coal particles making up the mass. The 
angular shape and the small quantity of very small coal particles 
are together sufficient to create internal adhesion or “apparent 
cohesion” which is the cause of the sticking together of the coal. 
The action is of course assisted by the almost ideal grading of the 
coal, and by the slight amount of “packing” which results from 
the deposjtion of the coal in the bunkers by dropping it from the 
overhead belt conveyer. 


Surrace Moisture AND Bep Moisture 


All moisture contents given in this paper are expressed as 
follows: 
Weight of water present 
Weight of water present 9g 
Weight of dry coal 
This is the standard method followed in all work in the field of 
soil mechanics. It is singularly convenient in view of the ease 
with which the ‘“‘void ratio” (the ratio of voids to solid material) 
can then be obtained. For convenience, moisture contents ex- 
pressed as 
___ Weight of water present 


100 
Weight of dry coal plus water 


have also been included on the diagrams. 

Moisture contents were determined in a manner similar to that 
given in A.S.T.M. Standard D 271-44 except that 50 g of coal 
were used for each determination instead of 10g. This was done 
in view of the appreciable losses which occur due to evaporation 
in the atmosphere of an ordinary laboratory, as shown by many 
tests with soil samples. The smaller ratio of exposed area to 
weight in the larger sample minimizes this loss. All samples were 
heated at 105 C for about 4hr. This was done since tests showed 
that it required about this amount of time to dry the samples 
completely. Tests also showed that if heated for much longer 
than this period, the samples would slowly start to increase in 
weight, the increase being quite appreciable after 2 days. 

In a penetrating discussion of the moisture content of coal, T. 
W. Guy (3) has pointed out that coal moisture should be divided 
into two distinet parts, i.e., surface moisture on the outside of 
the coal particles, and bed moisture which is held in the coal due 
to its method of formation. The difficulty of distinguishing be- 
tween the two is acknowledged. Average values for the bed 
moisture for coal such as that used at the Polymer plant appear 
to be about 2 per cent so that the amount of surface moisture 
hecessary to cause the clogging action is relatively small. Time 
did not permit of the attempt being made to obtain accurate 
Values for the two parts of the total moisture content. Interest- 
ing as such figures would be, they would not have affected the 
Practical results of this study since the critical moisture contents, 
determined in the ordinary manner, were the total moisture con- 
tents. Corresponding figures would always be obtained by check 
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determinations in the plant laboratory. The matter deserves this 
mention, however, since it would have a considerable effect upon 
any detailed investigation of the nature of the action of the ab- 
sorbed water films. This would appear to be the next step in any 
more fundamental study of the general problem. 


Discussion OF RESULTS 


Since the investigation recorded in this paper had a practical 
end in view, no such fundamental study could be contemplated. 
Some general comments may be made, however, upon the results 
obtained since the action of the surface water films is so critical 
a factor. The significance of the almost perfect grading of the 
coal particles must first be stressed. Even if the particles were 
all spheres, the grading would mean that there would be many 
points of contact between particles, the voids between them being 
generally extremely small. Since the particles are, in general, 
quite angular, surfaces of contact will be developed between par- 
ticles, and the void ratio may be expected to be even smaller than 
that for an ideal material composed of spheres. Accordingly, 
even when dry the coal can be made to stand at slopes much 
steeper than the angle of repose, due to what may be classed as 
the “interlocking” of the particles. The coal is, of course, un- 
stable at such slopes, a slight disturbance causing it to flow until 
it reaches its natural angle of rest. 

The effect of the surface films of water is to increase this tem- 
porary stability by their interaction. That the sticking together 
of the coal which they promote is temporary is clearly shown by 
the fact that, when once disturbed (as by air lances) the coal will 
flow and will continue to do so, if kept moving, until a slope of 
about the angle of repose is reached. When the moist coal is 
kept at rest for some time, as in a bunker which is not used for 
some days, a further factor probably arises. The water will be 
able to dissolve from the coal some of its soluble contents, thus 
becoming a chemical solution with properties differing from those 
of ordinary water. This effect was shown when some of the very 
wet coal used for the Proctor test was allowed to dry very slowly. 
An appreciable degree of ‘“‘caking’’ was found to exist when the 
coal was dry, a condition which will not develop with ordinary 
water and quick drying. 

The temporary character of the stability which results in the 
clogging, piping, and overhanging of the moist coal is shown also 
by the results of the shear tests. ‘These demonstrate clearly that 
the only permanent shear strength of the coal is derived from in- 
ternal friction. If there was in the coal any true cohesion (or 
“stickiness,”’ as in the case of clays), this would be shown by the 
lines joining the various points intercepting the vertical axis, 
the intercept giving a value for the cohesion in pounds per square 
foot. The stickiness which does develop in the coal is temporary 
only, being destroyed even by the small movements taking place 
during the shear tests. 

Consideration of the properties of the surface films of moisture 
led to a series of final trials involving the addition of a wetting 
agent to the water used for bringing the moisture content of the 
coal up to the requisite figure. A solution of Aerosol was tried, 
but at the concentrations which were used, no effects at all were 
observed. The quantities of coal involved at the Polymer plant 
made further experiments along this line pointless, in view of the 
relevant economical factors. 


CoNCLUSION AND APPLICATIONS 


The conclusion reached, as to the cause of the sticking of bitu- 
minous coal in bunkers, is a relatively simple one; to some ex- 
tent it is an obvious one. It has been recognized by operators 
for some time as at least one of the causes of clogging. It is sat- 
isfactory, however, to have eliminated by actual tests some of the 
alternative solutions suggested, especially since in this way it was 
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shown that the slope of the bunker sides is not a determining 
factor. It is thought that for any coal of the same general type 
as that used in the Polymer plant, a similar critical moisture to 
that found for the Polymer coal can be determined by means of 
very simple tests requiring a minimum of equipment. 

Once the critical moisture content is known, an operating 
problem then arises of getting the coal into the bunkers at or be- 
low this value. At the Polymer plant the coal has to be stored 
in a large area adjacent to the power plant, being delivered during 
summer months by lake boat. Storing and reclaiming of the coal 
is done by means of earth-moving equipment (4). Since almost 
200,000 tons of coal may be in the stock pile at one time, it is ob- 
vious that nothing could be done (as, for example, by the use of 
steam pipes) to dry out the coal in the pile. Storage of the coal 
out of doors does not complicate the problem unduly since, allow- 
ing for normal evaporation, the annual rain and snow fall in the 
Sarnia district does not amount to much more than the equiva- 
lent of 1 per cent moisture content in the coal. 

Careful reclaiming from the stock pile, however, is essential if 
moisture contents are to bekepttoaminimum. The use of earth- 
moving equipment, as at the Polymer plant, enables this to be 
done easily, machine operators avoiding standing pools of water 
and coal which is obviously wet. In view of the rate at which coal 
is moved into the bunkers of the Polymer plant, precluding any 
possibility of drying the coal in transit, this selective reclaiming is 
the only practicable means of keeping low the moisture contents of 
the coal in the bunkers. Operating results have generally con- 
firmed the findings suggested. _ Whenit has been possible to keep 
moisture contents below the critical value, by careful coal han- 
dling, little clogging has taken place in the bunkers. This has con- 
firmed the soundness of the original design of the bunkers. 
Costly expenditures, on such additions as vibrators or special 
bunker linings, were avoided since they were shown to be un- 
necessary. 

In the case of smaller plants, such as locomotive coaling sta- 
tions, faced with the same general problem, it may sometimes 
prove possible to use waste heat for partial drying of the coal, 
either in the bunkers or as it is moved into them. This should 
often prove to be an economical solution since the moisture must 
be removed from the coal at some stage before its final combustion. 

OPERATING EXPERIENCE ELSEWHERE 

It is realized that the conclusion reached as a result of the ex- 
periments herein described will merely serve to confirm the opin- 
ions of the problem formed by many operators on the basis of 
their practical experience. It is of interest to note, for example, 
that at least one patented pulverized-coal feeder utilizes successive 
blasts of hot air to assist in obviating clogging of the feeder by 
moist coal. 

At the suggestion of E. R. Kaiser, of the Papers and Meetings 
Committee of the Fuels Division of the Society, it was decided to 
obtain from a number of the larger steam-plant operators in the 
United States their opinions regarding the problem under review 
and their experience with regard to the conclusion reached. 
Through the kindness of the several officials noted, the following 
statements have been obtained, and it is believed that they add to 
the paper practical data of considerable value: 

The Buffalo Niagara Electric Corporation (C. C. Whelchel, 
chief mechanical engineer) finds that sticking and clogging of 
coal in bunkers and chutes can become, at times, one of their 
toughest operating problems. Even when the greatest care is 
taken with the design of these plant features, wet coal still gives 
trouble. It has been found by experience that the chutes must 
be as steep as possible with no details liable to cause even the 
slightest interference with flow. Stainless steel has been found 
to give some improvement when used for chute linings. Moisture 
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content has been found to be directly related to the clogging of 
coal, with */s-in. minus slack, the worst moisture content being 
of the order of 8to 10 percent. It is thought that the nature of the 
noncombustible material in the coal has probably some effect 
upon the clogging. The Corporation has not attempted to utilize 
waste heat in an effort to reduce the moisture content of its coal, 

The Commonwealth and Southern Corporation (G. C. Daniels, 
mechanical engineer) is of the opinion that the chief cause of the 
clogging which is being*experienced is the fineness of the coal 
which now has to be burned owing to the great increase in the use 
of domestic coal stokers. These stokers use coal from */; to '/, 
in. in size, the residue having to be used by the utilities. This 
fine coal holds moisture very readily, and this makes it difficult to 
get the coal out of the cars, off conveyer belts, and out of bunkers, 
coal spouts, and feeders. The problem has become so serious 
with the Corporation that investigation of drying the coal has been 
considered. It has been found that the coal driers on the market 
are of small capacity, require much space, and are expensive to in- 
stall and operate. 

The possibility of drying coal at the rate of approximately 300 
tons per hr is under review but the many difficulties are realized. 
Mr. Daniels points out that in the ordinary high-efficiency cen- 
tral-station plant the flue-gas temperatures are in the order of 
300 to 350 F which would be much too low to use for coal drying. 
Further, even if it were possible to install the necessary duct re- 
quired, it is thought that the condensation of the sulphurous gases 
by the moist coal would corrode away all exposed steel work. 
While the idea that coal can be dried out at the rate indicated has 
not yet been given up, it is admitted that the problem still re- 
mains unsolved. 

The Commonwealth Edison Company (A. EF. Grunert, super- 
intendent of generating stations) has encountered little difficulty 
with the clogging of coal in the bunkers of its steam stations. It 
normally burns coal from Central Illinois, crushed to 1" /,-in. size, 
and ranging in moisture content from 14 to 17 per cent. During 
the 1946 coal strike, some slurry coal had to be used, this being a 
residue from coal washing. It was very fine, all passing a No. 
48-mesh screen, and contained about 18 per cent moisture. The 
slurry coal was mixed with an equal amount of normal coal. 
The resulting mixture gave considerable trouble with clogging not 
only in the bunkers but also in coal pipes, ete. These difficulties 
were attributed to the fineness and to the high moisture content 
of the slurry coal. It is also thought that the slope of bunker 
sides contributed to clogging difficulties. No attempt has been 
made to dry coal before placing it in bunkers. 

The Philadelphia Electric Company (EK. L. Hopping, me- 
chanical engineer) reports that it has some difficulty with clogging 
of bituminous coal in bunkers but considers that the bunker de- 
sign is the most important consideration. The opinion is held 
that in order to minimize clogging bunker sides should be as 
smooth as possible with minimum changes of slope, ample dis- 
charge openings at the bottom, and no obstructions in the in- 
terior. The Company considers that moisture content has 2 
bearing on the clogging, but because of the difficulty of controlling 
this factor has not investigated its effect nor have attempts been 
made to use waste heat to minimize it. 

Stone and Webster Engineering Corporation (H. J. llotz, 
chief power engineer) has had considerable experience in several 
plants with unsatisfactory flow of coal from the bunkers and in 
the chutes and believes that any study of the problem is timely. 
This is particularly true as coal quality is not expected to improve 
in the foreseeable future and is more likely to deteriorate. 10 
the opinion of the firm’s engineers, the key to the problem is the 
surface moisture in the coal, as little if any difficulty is experi- 
enced when handling dry coal with ordinary bunker and chute 
design. It is their standard practice to use a shear ledge at the 
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bottom of the bunker where coal enters the chute, such as is pro- 
vided in the bunkers at the Polymer Corporation Limited, steam 
plant at Sarnia. 

Drying of coal before it is put into the bunker is not feasible, 
as the necessary equipment would be too costly, and it would be 
difficult or impossible to recover much of the heat so used. As 
suggested in the paper, it is thought that the simplest and most 
practicable solution lies in careful reclaiming of coal from the 
stock pile and avoiding putting into the bunkers coal which 
obviously contains excessive moisture. This has been proved 
by experience and much of the trouble with clogging has been 
eliminated when the methods of reclaiming have been changed. 
It is assumed that suitable practice has been followed in regard 
to leveling and to compacting the coal when it was placed in 
storage. 
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Discussion 


P. L. Berz.§ Several questions occur to the writer concerning 
the exactness with which the operation of the model duplicated 
conditions in the plant bunker. Questions also arise as to the 
scope of the experiments themselves. These questions are pre- 
sented, together with other comments, in the hope that their 
answers will give a clearer picture of the work covered by the 
paper. 

The paper indicates that repeated tests showed that all of the 
features observed in the actual bunkers, such as clogging, arching, 
piping, and overhanging, could be reproduced perfectly in the 
model. Are data available on the moisture values at which coal 
flow ceases in the model and in the actual bunker? Also, did 
clogging, arching, piping, and overhanging occur in the model at 
specific moisture values, each effect being obtained at its own 
characteristic moisture value? 

In using the bunker model, did coal flow cease at the same 
moisture value regardless of whether the upper straight section of 
the model was or was not used? Also, was the maximum mois- 
ture value at which the coal flowed in the model the same for all 
positions of the hinged plate? 

It is concluded in the section of the paper entitled, ‘“Changes in 
Bunker Shape,” that the clogging action was due to some inherent 
property of the coal and was independent of the bunker shape. 
This was based upon an experiment in which the angular position 
of one wall of the bunker model was changed. It is not clear that 
this simple experiment is the equivalent of testing all of the 
changes that can be made in the bunker shape. The apparent 
generality of this conclusion is again indicated under ‘“‘Conclusion 
and Applications,” where it is said, ‘the slope of the bunker sides 
is not a determining factor.”” That this is not always the case is 
indicated in the paper of Wolf and von Hohenleiten, which has 
already been referred to in the paper.* It is there indicated that 
in one chute model coal flow ceased at moisture values in the 
range of 3.5 to 3.75 per cent, and in another model the range of 
moisture values was 50 per cent higher; that is, 5.25 to 5.6 per 
cent. 

Again, Fig. 17 of the Wolf and von Hohenleiten paper indi- 
cates that for cones of various tapers, the moisture value at which 
stoppage occurs decreases as the taper of the side of the cone in- 
creases. 

In the section headed, ‘‘Conclusion and Applications,” the 
author of the paper indicates that there is a critical moisture value 
for each general type of coal which controls whether the coal 
flows or clogs in the bunker. Has this been verified by using dif- 
ferent types of coal in the model? In accordance with the paper, 
such an experiment should indicate a transition from flow to 
clogging at different moisture values, depending upon the particu- 
lar coal being used. 


5 Research Department, Consolidated Gas Electric Light and Power 
Company of Baltimore,:Baltimore, Md. 
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Ek. W. Ditu*® We as operators considered it opportune, in- 
deed, when informed that the author was going to engage on a 
research program looking to the causes of clogging of bituminous 
coal in bunkers of the type in use on the Polymer project. Vari- 
ous proposals including internal baffles, vibrators, etc., were con- 
sidered and rejected, none of which appeared to offer any guar- 
antee of improved flow of coal; and as subsequently proved, in 
the exhaustive tests conducted by the author on the model 
bunker, a dividing plate actually increases the tendency for the 
coal to arch in the throat of the bunker. Any such schemes 
would have meant a considerable outlay of money. 

Meanwhile the long unwieldy spades or pushers used by the 
coal-bunker men were replaced with air lances. With these the 
work of keeping the coal moving down through the bunkers was 
greatly facilitated. 

While the paper was in the rough-draft form we were privileged 
to receive an early preview of the results of the author’s investi- 
gations. He has brought out clearly the prominent part total 
moisture plays in the tendency of the coal to hold up in the bunk- 
ers. As moisture readings of the coal are taken daily, an attempt 
was made to correlate the stickiness of the coal in the bunkers 
against this important factor, and thus provide full-scale or field 
confirmation of this. Printed forms were supplied to the coal- 
bunker men on which was to be marked the total number of times 
per 8-hr shift it was necessary to prod the coal with the air lances. 
With some the activity was tremendous, for it seemed to bear 
more of a direct relationship as to how highly he regarded his 
job than any correspondence with the moisture content of the 
coal. The suspicion seemed to be abroad that a job analysis 
rather than a scientific approach to an important problem was 
under way. The results were quite inconclusive. Next an at- 
tempt was made to correlate the swings on a recording pen show- 
ing compressed-air flow. Here again the results were nullified due 
mainly to extraneous uses of compressed air. In general, how- 
ever, it can be said that there was a decided difference in the 
manner in which the coal flowed through the bunkers during 
the summer period of July, August, and September, 1944, when the 
moisture averaged 3.82 per cent, and the corresponding periods 
of 1945 and 1946, when the ngoisture averaged 5.97 and 5.54 per 
cent, respectively, the coal flowing much more freely with the 
low moisture content than with the higher as would be expected. 


Epmunp McCartuy.’ The inference that the nature of the 
internal surface of a bunker has no bearing on the movement of 
coal during the process of withdrawal can be substantiated by 
observing the flow of coal from self-clearing railroad cars when 
the hopper bottoms are dropped over an unloading trestle. If is 
the pull of gravity which causes the coal to run from the car; 
and, as the flow progresses, the slope is gradually reduced from 
the vertical; hence the pieces which rest directly against the 
sloping sides are the last to slide out. This will hold true regard- 
less of whether the sliding surfaces are of wood or smooth steel, 
and the same conditions must exist in the withdrawal of coal 
from overhead bunkers. 

Comments concerning the clogging encountered with a mixture 
of equal. parts of crushed run-of-mine coal and high-moisture 
slurry are of particular interest. A somewhat similar situation 
developed a number of years ago during some experimental work 
on admixtures consisting of 20 per cent minus 14-mesh coal with 
high surface moisture from a wet-preparation plant and 80 per 
cent extremely dry and friable crushed run-of-mine bituminous 
coal of different origin. When the two coals were not thoroughly 


6 Steam and Power Plant Superintendent, Polymer Corporation, 
Limited, Sarnia, Ontario, Canada. 

7 Fuel Engineer, Fairmont Coal Bureau. New York, N. Y. Mem. 
A.S.M.E. 
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mixed, pronounced segregation of the finer particles of the crushed 
run-of-mine coal, together with the minus 14-mesh coal took place 
beneath the point of discharge in the overhead bunkers, while the 
coarser pieces of the crushed run-of-mine coal ran to the sides of 
the bunker. The segregated fine particles did not flow freely, and 
there were frequent cloggings in the downspout§ to stoker hoppers, 
Since the segregation was productive of poor fuel-bed conditions, 
it became necessary to devise a means of thorough mixing. Good 
moisture distribution was thereby obtained, the segregation was 
sharply reduced, and no further clogging difficulty was encoun- 
tered. With thorough mixing, the maximum moisture of coal 
in any part of the bunker was on the order of 6 per cent; whereas 
before the process of thorough mixing was put into operation, the 
moisture range was from 3 to 9 percent. This would seem to bear 
out to some extent the findings of the author that clogging is due 


' to high surface moisture, and that under certain circumstances 


clogging may take place when moisture content exceeds 6 per 
cent. 


A. J. Srock.® This paper ably describes the difficulties that re- 
sult from the moisture content of coal. In general, Mr. Legget’s 
conclusions indicate that the higher the moisture content, the 
greater the difficulty. 

From our observations of this same problem, we find that this 
conclusion is absolutely correct in so far as the range of free mois- 
ture content in the coal, as discussed in the paper, is concerned. 
However, we have noticed that if moisture is added beyond that 
point, sticking difficulties diminish until, with large amounts of 
moisture, there is little or no difficulty with the coal flow. 

Most power plants never burn coal witha moisture content 
sufficiently large for them to get past the point where the ten- 
dency of the coal to stick in hoppers and downspouts is the great- 
est. In plants using chain grates, moisture is added in order to 
improve combustion conditions. In a few of these chain-grate 
plants so much moisture is added that little or no clogging dif- 
ficulties are experienced. 

The writer knows of two central stations that had considera- 
ble difficulty because the wet and fine coal would not flow 
from the bunker down to the pulverizer satisfactorily. The 
operators of these plants wet the coal in the bunker still more. 
With this additional moisture, they were able to make the coal 
flow. Of course the addition of large quantities of moisture 
reduces pulverizer capacity, but in some’ emergencies this re- 
duction in pulverizer capacity may be better than getting no 
coal to the pulverizers at all. 

As a general rule, it is not recommended that excessive quan- 
tities of moisture be used in order to eliminate the sticking of 
coal. The purpose in making these comments is to point out 
that there is only a narrow range of moisture content which 
causes trouble and that, below or above that range, there is little 
or no difficulty with the flow of coal. 


AUTHOR’s CLOSURE 


Contributions to the discussion add information of much prac- 
tical value to the paper and they are appreciated alike for the 
interest which they display and the factual data which they pre 
sent. The questions raised by Mr. Betz are to some extent al- 
swered by other contributors but the following specific answers are 
submitted in order to make clear the points about which inquiry § 
made. No significant change in moisture content was observed 
at which elogging, arching, piping, and overhanging occurred; 1 
so far as could be seen, they were coincident. Flow in the model 
bunker did cease at exactly the same moisture content with and 


8 President, Stock Engineering Company, Cleveland, Ohio. Mem. 
A.S.M.E. 
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without the top section of the model in place. The data quoted 
by Mr. Betz from the singularly interesting paper of Messrs. 
Wolf and Hohenleiten merely serve to renew the author’s regret 
that he could not have carried his own studies of the matter fur- 
ther, making use of the significant findings in this other investi- 
gation. Had this been possible, all experiments would have been 
conducted in a controlled “humid room.” Without the use of 
such control, discussion of relatively slight changes in moisture 
content, and in coal behavior, cannot have the accuracy which 
alone can lend validity to detailed conclusions. Mr. Betz’s 


final question, regarding other types of coal, arises from the 
author's failure to express more clearly the fact that, as the inves- 
tigation was for an emergency problem and was conducted in 
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wartime, no coal other than that from the Polymer plant was 
used. 

The requirements of ordinary scientific caution prevented the 
author from suggesting that the critical moisture content dis- 
covered for this one case was a universal figure. All his observa- 
tions, however, and discussions with others who have been con- 
cerned with this operating problem, suggest that other types of 
coal behave in a similar way although it cannot naturally be ex- 
pected that the critical moisture content will always be the same. 
The paper merely represents one step along what must inevitably 
be a long road of investigation and study leading eventually, it 
may be hoped, to a universal solution to this problem which ap- 
pears to be as widespread as it is troublesome. 
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Model Tests of Granby Pumps 


By B. L. VANDERBOEGH,' NEWPORT NEWS, VA. 


¥ This paper describes tests of the contractor’s model of 
the Granby pumps made at the Newport News Hydraulic 
Laboratory. Comparative curves of casing and impeller 
performances are illustrated and results of experiments 
noted. 


OF INSTALLATION 


HE Granby pumping plant is being built by the United 

States Bureau of Reclamation as part of the Colorado - Big 

Thompson project. The pumping plant will be located on 
the north side of Granby reservoir about 8 miles northeast of 
Granby, Col., and on the western slopes of the Rocky Mountains. 
Water from the Colorado River and its tributaries will be stored 
in Granby reservoir during periods of excess flow and then pumped 
into Shadow Mountain and Grand Lakes for delivery to the 
eastern slopes of the mountains through the Alva B. Adams 
tunnel. 

Three pumping units will be installed in the pumping plant 
with center-line elevations of 8180 ft above sea level. 

Each pump is rated 200 efs at 186 ft dynamic head when run- 
ning at 327 rpm. The total dynamic head will vary from 96 ft 
to 186 ft. Maximum efficiency is desired at 150-ft head at which 
head 270 cfs discharge is required. 


REQUIREMENTS OF MopEL 


The contractor was required to build and test a model which 
was to be homologous with the prototype he proposed to furnish. 
Model tests were to be run in accordance with the standards of 
the Hydraulic Institute and at heads not less than 80 per cent 
of field heads. The guaranteed prototype efficiency of 88 per 
cent at 150-ft head was required of the model at the 
specific speed as the prototype. The specific speed at design con- 
ditions of H = 150 ft, @ = 270 efs, and N = 327 equals 2652. 
The specifie speed at 186-ft head and 200 efs equals 1942. 


same 


DESCRIPTION OF MODEL 


Fig. 1 shows a section of the assembled model. The model was 
built with a horizontal shaft to suit laboratory equipment al- 
though the prototype will be installed with a vertical shaft. The 
casing is of the double-volute type, made of cast iron. The im- 
peller is of bronze with stainless-steel seal rings which have a 
radial clearance with the bronze stationary rings of 0.003 in. 
Provisions were made in the suction cover for checking the 
clearance while funning. 

The suction elbow and discharge pipe were made to scale from 
the design to be furnished on the prototype. Piezometer taps on 
both suction and discharge pipes were located to scale from 
specified dimensions. After initial tests, butterfly-valve disks of 
hardwood were secured in the suction and discharge pipes in 
positions corresponding to the full-open positions of the proto- 
type valves. Tests were then run on the same model with and 


‘Hydraulic Division, Newport News Shipbuilding & Dry Dock 
Company. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1946, of THE 
AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
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without valves. No difference in results was found due to the 
insertion of the valves in the line of flow. 

Three impellers and three casings were built, having the 
characteristics given in Table 1. The impellers were built larger 
in outside diameter than designed so that performance at different 
diameters could be determined. 


TABLE 1 CHARACTERISTICS OF THREE IMPELLERS AND 


THREE CASINGS 
Impeller 1 Impeller 2 Impeller 3 

Design diameter, in............ 875 

Eye diameter, in ; 

Width of discharge, in..... 

Entrance angle, deg 

Discharge angle, deg 

Vane sweep, deg... . 


Diameter base circle, in 
Throat area, sq ft. 


DescRIPTION OF TESTS 


Fig. 2 shows the model pump as installed in the laboratory. 
Testing was done in the manufacturer’s laboratory, a description 
of which has been given previously.? 

Suction was taken from a 3-ft-diam header pipe through a 
24-in-diam pipe and gate valve. Discharge was carried to the 
model hydraulic-turbine test flume, through stilling racks, and 
measured over a 6-ft weir by means of a hook gage. The Hamil- 
ton-Smith weir formula was used for computing discharge. Sue- 
tion heads were measured by a water column, discharge heads by 
a mercury column, and revolutions per minute by a counter on 
the dynamometer, actuated by a solenoid from a program ma- 
chine which was controlled by a master clock. Velocity heads 
were determined after measurement of piezometer sections. 
Power to the pump was supplied by a 200-hp dynamometer and 
the amount of power was determined from a scale beam. 

After the initial test, the impeller diameter was reduced to de- 
sign size in smal] increments. This afforded an opportunity to 
check actual performance against estimated performance for 
small reductions in the impeller diameter. 

Test 

In Figs. 3, 4, and 7 the curves are not extended to zero dis- 
charge, although data were taken down to this point during the 
tests. The heads at zero discharge were about 130 per cent of 
head at best efficiency and were the maximum the pump would 
develop, indicating that prerotation at the inlet was at a mini- 
mum. 

Fig. 3 shows a comparison of the three casings when using im- 
peller 1 at 13.125in. OD. These tests indicate the effect of tip 
clearance between casings 1 and 2; and the effect of casing veloc- 
ity between casings 2 and 3. 

Fig. 4 shows a comparison of impellers 1, 2, and 3 at 13.125 in. 
diam, when tested in casing 2. These tests indicate primarily the 
effect of the amount of sweep of the vanes or length and direction 
of the water passage in the impellers, as the entrance and dis- 
charge angles are about the same on all three impellers. The en- 


2 “Representative Hydraulic Laboratories of the United States,” 
by L. J. Hooper, Journal of Boston Society of Civil Engineers, vol. 
25, 1938 (Newport News), pp. 149-156. 

“American Hydraulic Laboratory Practice,” by L. J. Hooper. 
Trans. A.S.M.E., vol. 58, 1936, pp. 577-588. 
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; 
Number of vanes 7 7 7 
Average vent opening at entrance, in. 0.975 0.975 1.073 
Double-volute casing Nos....... 1 2 3 
com 
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Fig. 1 Secrion or Ass—EMBLED MopEL 


trance vent openings of impeller 3 are about 10 per cent larger 
than openings on the other two impellers, which partially accounts 
for the increased discharge. 

As a result of these tests, impeller 1 at 13.125 in. diam and 
casing 1 were selected as the model of the prototype. Test data 
indicate that the linear dimensions of the prototype will be about 
5.9 times the corresponding model dimensions, i.e., the scale 
ratio is about 5.9. Although Fig. 4 shows casing 2 as somewhat 
more efficient than casing 1 at the higher discharges, casing 1 was 
selected, as it is believed that the greater tip clearance will be de- 
sirable on the prototype. Cavitation tests were then made on 
this model at 5.853 cfs and 7.81 cfs, the discharges at 186-ft and 
150-ft heads, respectively. Constant discharge was maintained 
and the suction head was varied by means of the valve in the 
suction line. 

Fig. 5 shows power, efficiency, and discharge plotted against 
sigma. Field sigma will be about 0.166. Due to the elevation of 
the pumping plant, the corresponding sigma at the laboratory re- 
quired a suction lift of 2.8 ft at 186-ft head. Cavitation on the 
model began at a sigma of about 0.08, when the suction lift was 
19.8 ft. Correspondingly, H, at the laboratory for 150-ft head 
should have been 33.8 ft, which condition could not be obtained 
with the available test equipment. Actual cavitation for the 
150-ft-head condition begins on the model at a sigma value of 
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about 0.14, at which time suction lift was about 15 ft. Field 
sigma at 150-ft head is about 0.445. 

Another test required was the determination of the maximu™ 
reverse speed that will occur on the field pump should power t 


the pump fail with the discharge pipe full of water. The revers 
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speed test was run by connecting the discharge line of the model 
pump to the discharge line of one of the laboratory circulat- 
ing pumps and running the model in reverse with no load on the 
dynamometer. A head of 75 ft was the maximum available for 
the reverse-speed test. However, tests at a number of heads were 
tun so that when data were plotted on double logarithmic co- 
ordinates, the resulting straight-line relationship could be extended 
to other heads. Fig. 6 shows results of the reverse-speed test 
Which indicate that the maximum reverse rpm that can be ex- 
pected in the field will be about 135 per cent normal rpm. 


FurtTHER Tests 


When all requirements of the field conditions had been met on 


the model and tests witnessed and approved, experimentation 
continued. 


Mope. Pump INSTALLED IN LABORATORY 
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After impeller 1 was selected as the model from which the pro- 
totype would be built, another impeller was cast from the same 
pattern. The purpose of making another impeller was twofold, 
viz: 

1 It afforded an opportunity to check the ability of the shops 
to duplicate an impeller. This was done successfully as verified 
by test results. 

2 It allowed one of the two identical impellers to be modi- 
fied while one remained as an index to be used for checking any 
future tests. 

The discharge edges of the vanes were thinned slightly to 
lessen eddy effect and reduce the vane section. Fig. 7 shows the 
results of these tests before and after this alteration was made. 

The entrance edges of the vanes were then cut back !/, in. at 
their periphery in a fair curve, becoming tangent to the original 
entrance edge at the hub, and the edges resharpened to their 
original condition. The result was a slight increase in head up to 
about three fourths capacity but maximum discharge fell off 
slightly. 

The casing tongue and splitter were each sharpened on the out- 
side which, in effect, increased the entrance angle. Performance 
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entrance angle would be more in conjunction with the absolute 
angle of the water leaving the impeller, which angle also increases 
at high discharges. Test results corroborated this expectation 
and also showed the head and efficiency to decrease at discharges 
below that of best efficiency. The decrease at low discharges was 
greater than the increase at high discharges. A drop of 4 ft was 
noted at shutoff head. 

No attempt is made to draw conclusions from the foregoing 
results as the testing program was done as a contract require- 
ment and not for the purpose of accumulating other than the re- 
quired data. 


Discussion 


E. B. Moses.’ The author has given a very concise description 
of the tests on the model for the three pumps that his company is 
constructing for the Granby Pumping Plant of the U.S. Bureau 
of Reclamation. It would be of interest if the factors influencing 
the choice of a double-volute design in place of the customary 
single-volute type were given in the paper, such as the increased 
structural strength and improved hydraulic balance of the double- 
volute design. 

The butterfly valve in the discharge passage is required in 
order to provide satisfactory starting conditions for the motor 
Normally, the pump will be started with the discharge valve 
closed and the 8-in. by-pass around the valve open to allow of 
some circulation for cooling, the motor being thrown directly 
across the line. For this shutoff condition, the pump will re- 
quire approximately 50 per cent of the normal full-load power in- 
put. Under certain conditions in the electrical power system it 
may be necessary to start the pump at reduced voltage. This 
will require depressing the water below the level of the impeller 
by the admission of compressed air to the casing with both the 
discharge butterfly valve and 8-in. by-pass valve closed. This 
arrangement also permits the use of the motor as a synchronous 
condenser, with the impeller revolving freely in air, 

The intake structure is located about 570 ft from the pump and 
will be inaccessible except at low water levels in Granby Reser- 
voir. The butterfly valve in the suction passage permits un- 
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watering the pump without having to wait for low water levels in 
order to place stop-logs in the intake structure. 

Piezometers in the inlet and discharge pipes of the prototype 
pumps will be installed in positions corresponding exactly to 
those used on the model pump and shown in the author’s Fig. 2. 
These will be used for field tests for determining net head on the 
pumps. Discharge will be measured by the salt-velocity method 
or by weir. 

Due to the large variation in operating head, from a minimum 
of 96 ft to a maximum of 186 ft, it was specified that model tests 
should be made in order to prove that satisfactory performance 
of the large pumps could be obtained throughout this wide 
range of head. That this was obtained is shown by the author's 
curves in Fig. 3, wherein the discontinuity point occurs well to 
the left of the point corresponding to maximum head of 186 ft, 
and at the minimum head of 96 ft the efficiency has not fallen off 
excessively. 

The author states that there was no difference in the results 
due to the insertion of the butterfly-valve disks in the line of flow. 
In Fig. 8 of this discussion the writer has plotted the perform- 
ance curves of an earlier test on the model, before the butterfly 
valves were installed, together with the performance curves of 
the acceptance test on the model with the butterfly valves in 
place. It appears that this addition results in an increase in 
capacity of the order of 3 per cent with a drop in efficiency of 1/2 
per cent. The slightly different design of suction elbow used in 
the final tests may account for a part of this variation in per- 
formance. The author’s comments on this feature would be 
enlightening. 


J. F. Roperts.‘ The author’s company has always been very 
friendly in the publication of test data of the type given in this 
paper, and we hope that more companies will follow their lead. 
We note that the Granby pumps are designed with a double- 
volute casing. While the actual construction of a double-volute 
design may be feasible for relatively small units with a cast cas- 
ing, we wonder if the author has made any calculations to deter- 
mine the stresses in a large casing with a double-volute, as it 
appears to us as though the stress pattern where the partition in 
the casing joins the outer wall would make actual design and cal- 
culations very difficult. 

We note also that the discharge opening in the Granby pump 
runner is considerably less in width than the case into which it 
discharges. In other words, there is a decided increase in area 
where the water discharged from the runner enters the casing, 
and we wonder whether this practice gives as good efficiency as 
the arrangement usually used in hydraulic turbines where the 
width of the water passage is the same at the runner entrance as 
itis in the scroll case immediately adjacent to the runner. Com- 
ments of the author on these points would be appreciated. 


R. M. Watson.® One of the most disheartening characteris- 
ties of many technical papers reporting results on commercial 
designs is the absence of numerical data and information. The 
author of this paper is certainly to be congratulated on the open 
presentation of the facts and figures on the model tests. As a re- 
sult, both the paper and the discussion should be enhanced in 
value as a contribution to the art. 

_ There are certain points brought out in the paper and conclu- 
sions drawn which do not seem justified by the evidence pre- 
sented, and about which the writer would appreciate the author’s 
further comments, Undoubtedly many of these points have 
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been covered by tests which have not been reported and there- 
fore the data probably are available to answer these questions. 

The suction for the model was taken from a 3-ft-diam header 
pipe through a 24-in-diam pipe and gate valve. No indication 
is given concerning the distance of the gate valve from the pump 
suction. The writer has personally seen tests conducted for the 
Metropolitan Water District of Southern California in which the 
disturbance resulting from throttling through a gate valve was 
noticeable as much as 30 diam downstream. 

Both the disturbance of the gate valve and prerotation, if 
present, would appreciably affect the cavitation characteristics of 
a pump, particularly the existence of localized cavitation: at the 
inlet edges of the blades before general cavitation breakdown 
occurs. That localized cavitation is probably occurring is evi- 
denced by a gradual falling off of the efficiency and head versus 
sigma curves in Fig. 5 of the paper, at a,sigma value considera- 
bly higher than the breakdown sigma. Whether this is due to a 
disturbance from the valve or prerotation in the inlet, or both, or 
some other factor such as air separation, is not certain; this 
point will be commented upon later. However, no indication is 
given in the paper that a survey of the inlet was made by a direc- 
tion-finding Pitot tube. Certainly the conclusion that prerota- 
tion at the inlet was at a minimum for all rates of flow, based on 
maximum head occurring at zero discharge, is questionable with- 
out such actual velocity surveys of the inlet. 

The author comments, concerning Fig. 5, that cavitation on 
the model began at a sigma of about 0.08 on the 5.853-cfs flow. 
Actually, the curves show a falling off of head and efficiency for 
this capacity at a sigma of about 0.14. This falling off indicates 
the probability of localized cavitation which in a pump can be 
much more serious than ina turbine. Ina turbine the cavitation 
bubbles are carried from the runner out into the discharging flow 
where the collapse tends to occur.’ On the other hand, in a pump 
the cavitation bubbles are carried into the impeller and generally 
collapse against the vane surfaces with a consequent erosion 
within the impeller itself. Similarly, the author comments that 
actual cavitation on the model under the 7.806-cfs flow begins 
about 0.14; examination of the curve shows a falling off in both 
efficiency and head versus sigma at about a sigma value of 0.21. 
Whether or not localized cavitation exists or begins at higher 
sigma values is difficult to determine because the scale is very 
small, and no indication of the accuracy of the tests and scatter 
of test points is given. 

It is recognized that air separation also is probably indicated by 
the drooping of the curves shown in Fig. 5. However, falling off 
simultaneously of efficiency and head rather than head and horse- 
power inclines the writer to believe that localized cavitation rather 
than air separation is the dominant factor. 

Additional information concerning the cavitation performance 
of these impellers could have been derived from the head capacity 
tests. Unfortunately, no data concerning the submergence un- 
der which the curves of Fig. 4 were run are given in the paper. 
Possibly the author could give this information in his closure. 

Fig. 2 is a view of the model pump installed in the laboratory. 
It is noted that the suction elbow is turned at 90 deg relative to 
the discharge nozzle, as compared with the relative positions of 
the suction and discharge nozzles in the prototype. The assump- 
tion that this departure from the model-prototype relation is 
unimportant is questionable in light of actual experience. While 
the major portion of the head-capacity curve is generally unaf- 
fected, some effect has been noted at the high-capacity end of the 
curve, and also on the position and magnitude of the unstable 
point at reduced capacities. However, it may be that the con- 
traction ratio of the inlet elbow is sufficient to suppress any effect 
from this source. Inasmuch as the unstable point (shown at 
approximately 5 cfs on impeller No. 1) will be very close to the 
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186-ft-head condition, the writer believes that some tests, if not 
already run, should be made with the proper inlet-discharge rela- 
tionship before constructing the prototype. 

Unfortunately, the tests on the model were run with a throt- 
tled suction; this is not similar to the setup of the prototype. 
Based upon the appearance of the head-capacity curve of impeller 
No. 1, operation at the 96-ft-head condition will be under nearly 
full cavitation. It frequently happens that surging occurs under 
cavitating conditions with unthrottled suction that may be com- 
pletely suppressed when testing the same pump under the same 
inlet pressure or sigma obtained by throttling the inlet. This 
tendency to surge is particularly pronounced near the ‘‘knee”’ of 
the break. The validity of obtaining the sigma on the model by 
inlet throttling for a prototype which will have the same sigma 
without throttling is therefore open to question. 

In Fig. 7 the author gives the effect of thinning the discharge 
edges of vanes. Unfortunately, the value of this test is dimin- 
ished because the author does not tell to what extent the change 
was made and on which side of the discharge edge this thin- 
ning was done; thinning the edges of the vanes to the same numeri- 
cal value has a markedly different effect whether this is done on the 
high- or low-pressure side of the vane. Undoubtedly the author 
can clear this point up so that Fig. 7 will have an increased value. 

All capacities, and therefore efficiencies, are dependent upon 
the accuracy of the weir as a capacity-measuring device. Some 
estimate by the author concerning the accuracy of the weir as 
used, and an indication concerning scatter of test points, would 
be helpful in judging the other data presented. 

Through correspondence with the author, it has been learned by 
the writer that the velocity head was determined on the basis of 
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the square of the average velocity of the flow obtained by divid- — 


ing the quantity flowing by the cross-sectional area at the pie- 
zometer section. At this point the velocity head for the 7.8-cfs 
condition is approximately 3 per cent of the total head. Many 
tests, of which the writer has knowledge, on both models and 
commerical pumps have shown that the velocity distribution so 
close to the pump departs markedly from the rectangular profile 
assumed by this relation. Correspondingly, the velocity energy 
‘in the water can exceed materially that computed on the assump- 
tion of uniform velocity. This energy is, to a great extent, re- 
coverable as useful pressure head as the velocity profile trans- 
forms to the normal turbulent pipe-flow profile. This fact has 
been demonstrated by taking pressure readings in the discharge 
pipe at successive points downstream from various pumps in 
which, in spite of pipe friction, the actual pressure continued to 
increase for several pipe diameters downstream. Without hav- 
ing the actual survey of the flow in the discharge nozzle, the writer 
would ‘‘guesstimate’’ from past experience that from '/: to 1 per 
cent in efficiency and head is actually available which is ‘not 
credited to the pump performance because of the method of com- 
puting the velocity head. ° 


AvuTHOR’s CLOSURE 


Mr. Moses was present at the model tests and his comments as 
the representative of the Bureau of Reclamation are appreciated. 

The unbalanced side thrust on the impeller of a pump using a 
single volute casing is distinctly greater than that present when a 
double volute casing is used. The application of the double 
volute casing accordingly permits the use of a shaft of smaller 
diameter. Furthermore, the deflection of the casing at the im- 
peller periphery is restrained in the double volute casing by the 
rib or division wall, whereas in the single volute casing, the re- 
straint must be provided by external ribbing of considerable pro- 
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portions. A smaller pump of the same specific speed as the 
Granby model had been tested previously with both single and 
double volute casings, each of which met the requirements of 
design data. Consideration of these factors consequently dic- 
tated the choice of a double volute casing. 

Soon after the data for Mr. Moses’ curve HE 5149 were taken, 
the dynamometer was found to be rubbing slightly in the end 
shell bearings which caused the scale to be sluggish and influenced 
the data. The dynamometer was overhauled and recalibrated, 
Tests were then checked using several casings with both the 
Bureau-designed suction elbow and the contractor’s suction elbow 
to determine the effect of insertion of valve disks in the, line of 
flow. As stated in the paper, no difference could be attributed to 
the insertion of the valve disks. The area curves in the two de- 
signs of elbow differed only slightly. 

Mr. Roberts’ remarks are of interest. Calculations were made 
of the stress pattern at the junction of the rib with the casing wall 
and it was determined that restraint of the casing and not stress 
was the limiting factor in the design. 

It is believed that a small clearance between the impeller crown 
and band and the casing at the impeller periphery results in in- 
creased disk friction losses which are greater than recirculating 
losses for an impeller of this specific speed. In a turbine runner, 
guidance of the water at the entrance is desirable to prevent shock 
losses. In a pump impeller, refinements to the vane tips and walls 
to decrease eddy losses are similarly advantageous. 

In answer to Mr. Watson’s discussion, it must be remembered 
that this was not a research test but a commercial laboratory 
test to determine the performance of a prototype pump. The 
specifications required the use of piezometer taps in the intake 
and discharge piping at scale locations for determining pressure 
readings. It is believed that prerotation is not of decided im- 
port in the Granby pumps. 

Laboratory facilities left no alternative to varying the suction 
head except by throttling. Assuming, however, slight pre- 
rotation at the suction-piezometer measuring section, and using 
the higher sigma values suggested by Mr. Watson, it is believed 
that cavitation is not incipient at field values of sigma of 0.166 for 
the 5.583-cfs. flow or at 0.445 for the 7.806-cfs. flow inasmuch as 
the curves begin to level at sigmas of 0.12 and 0.20, respectively. 
As yet, no criterion has been developed to prove the degree or 
incipience of cavitation. Furthermore, operation at high and 
low heads in the field will be infrequent and of short duration. 

The author is not convinced that the position of the suction 
nozzle in relation to the discharge nozzle will materially affect 
the performance. At the point of maximum discharge, the proto- 
type will have a positive suction head of about 96 feet which, st 
the same sigma, would require a positive suction head of about 
35 feet on the model. Inasmuch as the model was tested under 
a suction head of about 3 feet, cutoff would of course occur sooner. 
The point of discontinuity occurs at about 197 ft head which is 
about 6 per cent greater than maximum operating head. Dr. 
Knapp has recommended only about 3'/2 per cent for this mar 
gin.® 

In Fig. 7 the discharge edges of the vanes were thinned by re 
moving metal from both the face and back of the vanes so that 
the average discharge angle remained unchanged. 

Mr. Watson’s comments are of interest to a pump designer, 
but many of his suggestions would appear to be of more value in 
a general research experimental program than in a commercial 
test as described herein. 


“Centrifugal-Pump Performance as Affected by Design Fes 
tures,” by R. T. Knapp, Trans. A.S.M.E., vol. 63, 1941, p. 255. 


is' 
: ne 
fa 
Tl 
gre 
Is 
po 
sea 
ter 
ser 
. 
wit 
( 
thi 
ec 
int 
res 
bot 
fica 
the 
con 
ord 
was 
thr 
tail 
ord 
con 
Itp 
, 
{ 
Mee 
Soc 
und 
pe 
. 


Hydro in Wartime Germany 


By A. HOEFLE,! TOLEDO, OHIO 


Technical phases of hydro development in Germany 
during the war were influenced by the special character- 
istics of that nation’s remaining power facilities, such as 
the brown-coal stations. Another factor was the eco- 
nomics of scarcity created by the needs of total war. How 
the Germans adapted themselves to these conditions in 
developing the maximum power return from existing 
facilities and adding new ones is related in this paper. 
The underwater-type turbine is also extensively treated. 


Economic Factors AND ConTROL AGENCIES 
\ N examination of the role of hydro in Germany’s war 


effort must be considered against a background of what 

is commonly called total war. Development of the elec- 
trie-power-generating facilities of Germany was dependent in 
great measure upon the need to conserve natural resources. Coal 
is one of the few natural resources of which Germany had an ex- 
portable surplus. In the complex business of foreign exchange, 
barter, etc., an exportable surplus such as coal played an impor- 
tant role, hence its conservation was encouraged by national 
policy. It would be expected that hydroconstruction would 
therefore receive considerable encouragement. However, the 
available undeveloped sites required ‘great quantities of such 
scarce items as steel, cement, copper, and aluminum. The ex- 
tent to which one scarce commodity could be allocated to con- 
serve a more plentiful one presented the planning authorities 
with many neat headaches. 

Control of Germany’s utilities to effectuate national policy in 
this and other respects received the attention of the national 
government from the very highest level down to the smallest 
village. Control was complex and ever-changing but the ob- 
jective was definite, namely, to assure a plentiful supply of un- 
interrupted power at a minimum cost to the nation’s wealth of 
resources and manpower 

In general the pattern of control followed two distinct lines, 
both centered in Berlin. One agency acted to guide all con- 
struction, passing upon details of size, location, and other speci- 
fications of proposed projects. Liaison with other offices, like 
the Office of the Four Year Plan, by this agency, brought into 
consideration the factors of scarce materials, new war industry 
requiring supply, ete. This agency also had the power to initiate 
orders for new construction. The other main agency of control 
was the Office of the National Load Allocator. This office 
through district, subdistrict, and local offices maintained a de- 
tailed operating record of generation and loads and made alloca- 
tions on a nation-wide basis. Whenever necessary, utilities were 
ordered to co, erate plants and transfer loads, irrespective of local 
contracts or wishes. Excellent communication facilities made 
it possible to maintain an almost hour-by-hour control of theentire 
national situation, an advantage which proved absolutely in- 
valuable during the interruptions caused by allied air raids. 


THE TRANSMISSION GRID AND ITs SuPPLY 


The transmission grid of Germany which interconnects sources 


‘ Toledo Edison Company. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1946, of THe AMERICAN 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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and load is nation-wide in extent. Three-phase alternating cur- 
rent at 50 cycles is standard. Voltages range through the lower 
and intermediate levels to the upper values of 110 and 220 kv. 
Studies were virtually completed on 380-kv transmission, in fact 
several of the newer 220-kv lines were built with clearances for 
the higher voltage in anticipation of early conversion. Under the 
auspices of one of the previously mentioned agencies, several 
220-kv lines were constructed whose sole purpose was back-up 
service in event of air-raid damage. Experiments were also 
actively under way on direct-current transmission at very high 
voltages. 

Generating sources in Germany which supplied the require- 
ments of the nation were in three main categories; stein coal, 
brown coal, and hydro. Table 1 giving approximate figures for 
1944 (without regard to damaged stations) shows the relative 
amounts of each. . 


TABLE 1 RELATIVE AMOUNTS OF POWER AVAILABLE FROM 
THREE PRINCIPAL SOURCES 


Estimated 1944 Estimated 1944 Annual 
generation, installed plant 

(billions) capacity, factor, 

Mw per cent 
Stein coal ........ 3: 32.7 
Brown coal...... 33 * 40.5 


35.5 


Stein coal, which corresponds closely to U. S. bituminous coal, 
is very plentiful in the Ruhr district and to a lesser exten in the 
Saar and in Silesia. This coal is in demand for steel, gas, indus- 
trial and domestic purposes, and is a main item of export. Gener- 
ating plants using stein coal follow the usual pattern as to 
location; some are mine mouth, others are at load centers with 
transport of the coal via rail or waterway. 

Brown coal is also very plentiful. The important fields are 
near Cologne, central Germany, Silesia, and lesser fields scattered 
elsewhere. Heavy deposits near the surface permit low-cost 
open-pit mining. Brown coal has a high moisture content on the 
order of 50 to 60 per cent, which makes it uneconomical to trans- 
port. This has resulted in generating plants being built at the 
pits. In many cases, synthetic chemical works utilizing brown 
coal as a base are grouped around the pits also. Brown coal is 
also often crushed, dried, and briquetted for the domestic market. 
Generating stations use brown coal in two ways, as-mined or 
pulverized. An important characteristic of such stations is com- 
parative inflexibility; they are excellent base-load plants but 
very poor on rapidly fluctuating loads. This has led to very 
special attention by utility as well as governmental load alloca- 
tors to assign to these plants as near straight-line loading as 
possible. The pumped-storage hydrostation, to be discussed 
later, is an outgrowth of this situation. 


Hypro DEVELOPMENTS 


Conditions for hydro development in Germany are not plenti- 
ful and occur principally in the southern regions where the flow 
of water and associated terrain characteristics are favorable. 
Even at best, the total possible development is only about 
15,000,000,000 kwhr per year. Sixty per cent of this has already 
been developed and consists of sites most easily exploited. Large 
projects are scarce; most of the developments consist of plants 
under 50 Mw. Many of these take the form of “‘step” develop- 
ments of rivers in which the same water, so to speak, is made to 
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flow through a chain of small stations along a river. The over- 
all objective may combine control of floods, navigation, public 
and industrial water supply, together with power generation. 

An example of such a step development is the Middle Isar 
scheme. This consists of a series of four stations utilizing the 
water of the Isar River below Munich. The stations are 36, 
32, 11, and 28 Mw, each. The scheme involves a diversion 
canal 30 miles in length and a storage reservoir. Improved 
navigation and control of sewage effluent of the city of Munich 
are also achieved. Another step scheme, though on a larger 
scale than usual, is the Upper Rhine scheme. The Rhine River 
forms the boundary between Germany and Switzerland for most 
of the distances where these countries adjoin. The river is fed 
by Alpine snows and glaciers by way of Lake Constance which 
acts as a controlling reservoir. Between Lake Constance and 
Basle where the river turns north there is a total fall of 500 ft. 
Eight hydrostations with a total installed capacity of 450 Mw 
have been built on the Rhine in this area. Several more with 
approximately 275 Mw total capacity are possible and may some- 
day be built. Due to the joint interest in the river by the two 
countries, construction at locations where the river is the 
boundary, has been on a biparty basis with each country 
being entitled to half of the output. 

Large individual developments are few; the largest one, 
Witznau, is a pumped storage plant in combination with primary 
generation, the total capacity being 220 Mw. The largest in- 


dividual station with no pumped storage is Walchensee with a 
capacity of 124 Mw. 

In Table 2 it will be seen that nearly two-thirds of the genera- 
tion took place in stations of 50 Mw or less. 


There were 277 


TABLE 2 ‘POWER GENERATION BY CAPACITY GROUPS 

Capacity Generation, 
millions 

kwhr per year 


No. of 
plants 


Over 100 
Total 
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* such stations which is 95 per cent of the total number. 
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The 
accent is on small stations with little or no storage, that is, 
stream-flow stations. 

The ever-increasing demand for scarce construction materials 
and for manpower led to a unique type of stream-flow station 
construction variously called the submerged turbine or under- 
water turbine. The generator and turbine were combined into 
a single unit as in Fig. 1. The fotor of the generator was con- 
structed so that the hydrorunner became the spider of the rotor. 


Fieg.2 Test Setup ron CoMBINED GENERATOR AND TURBINE 


- 

id 

292 9000 Fig. 1 ComBinep GENERATOR AND TURBINE 
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Fig. Hyprop.ant ON River, Bavaria: Capacity 7500 Kw 


The low heads involved made possible the seals required to keep 
ot Sorte the water out of the generator. Fig. 2 shows a partially assem- 


meme! PS bled machine on factory test. 


The first such plant to be built was completed in 1936 on the 
Persante River near Rostin in Pomerania. This plant has a head 
of 3.75 meters. The next plant was constructed in 1938 on the 
Iller River near Memmingen in Bavaria. Four turbines with a 
head of 9 m have a maximum output of approximately 7500 kw, 
Fig. 3. Ten other similar plants of approximately the same size 
were constructed thereafter on the Iller and Lech Rivers in Ba- 
varia. A large project on the Danube in Austria totaling 150,000 
kw was interrupted by the ending of the war. In this project the 
dam proper forms the turbogenerator room, so that at high water 
the entire plant may be said to be truly underwater as in Fig. 3. 
Fig. 4 shows still another comparison between the conventional 
and the new. 
Advantages claimed by the Germans for this type of construc- 
tion are as follows: 
Per cent 
Construction time, saving 50 
Volume of earth moved, saving 75 
Concrete, volume, saving 72 
Iron, tonnage, saving 47 
Turbine, material, saving 35 
Generator, material, saving 50 
Total cost, saving 50 


Last but not least, there is attained a better concealment from 
air reconnaissance, an achievement of no mean significance in 
modern warfare. 

An important factor in the over-all efficiency and performance 
of the German grid during the stre s of bombings and of war was 
due to the prevalence of so-called pumped-storage hydroplants. 

In its simplest form, a pumped-storage hydroplant consists of 
the following: 


a 4 Cross Sections SHOWING AT Top, CONVENTIONAL TYPE OF (a) A-storage pond adjacent to the tailrace. 
MODERN HyprostaTION; BELOW, SCHWEDE-COBURG-FISCHER TYPE G ) bi 1 d te all 
or HyrpaceraTion (b) enerator (motor), turbine, coupler, and water pump, 


(In the conventional station, three turbines having a total of 10,000 hp are on the same shaft. 
installed. These were designed by Widmann & Telorai at Kempten, March, (c) Anelevated water-storage basin. 


coal In the lower plant shown, four turbines of the under-water type are 


During off-peak hours the generator is motorized and, through 
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the coupler, drives the pump which lifts water from the tailrace 
pond into the elevated storage basin. During on-peak hours or 
in emergencies, the pump is uncoupled and the water is allowed 
to flow back, driving the generator. An over-all recovery of 
between 50 and 60 per cent is achieved in this operation. 

Eight pumped-storage hydrostations, ranging in size from 40 
Mw to 220 Mw, have been built since 1926. A well-known 
example of such a station is Bringhausen, a part of the Waldeck 
hydro scheme belonging to the Prussian Electric Corporation. 
This station has four complete sets of the combination turbine- 
generator/motor-coupler-pump. 

It is located on the Eder River 20 miles southwest of Kassel. 
The artificial reservoir atop St. Peters Mountain is 980 ft above 


Fie. 5 GENERAL VIEW OF PuMPED STORAGE HypDROPLANT, BRING- 
HAUSEN NEAR KassEL Capacity 120 Mw 


the river and holds 760,000 tons of water (500,000 kwhr). Each 
generator is rated 30 Mw and draws 22 Mw when motorized. 
Figs. 5 and 6 show this development and interior of the station, 
respectively. 


Fittine Typical Hyprop.ant Into System Loap CurRvVE 


Fig. 7 illustrates the manner of fitting such a plant into a sys- 
tem load curve having a large brown-coal station. As previously 
mentioned, brown-coal stations do not lend themselves efficiently 
to unloading during off-peak periods. Their response to sudden 
heavy demands is likewise very poor. The pumped-storage 
hydrostation fits admirably into such a situation. The pumping 
load makes possible more constant loading by providing off-peak 
load. This type stations are also in high esteem because of 
their reserve value in cases of ‘major system loss of supply. Two 
minutes or less is the usual time required to bring them from stand- 
still to full load. 

An outstanding example of the application of this reserve ad- 
vantage is the pumped-storage station at Herdecke. This station 
of approximately 120 Mw is located on the Ruhr River in the 
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Fie.7 Typrcau Datty Loap Curve SHow1nea RELATION OF PUMPED 
HypRostaTION 


heart of the heavily industrialized Ruhr district. This is 4° 
ideal location from the standpoint of the load protected. The 
Germans claim these stations cost less than steam plants of like 
capacity. 
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Bomb damage to hydroplants was comparatively very slight. 
One reason for this is that the electric-power facilities of Germany 
were in general not high on the priority list of targets. Also, 
as previously noted, the majority of the hydroplants were small 
which further reduced their attractiveness in comparison with 
the much larger steam.-stations. Further, where steam stations 
located in the industrial centers might become secondary or op- 
portunity targets, the hydrostations being located in rural and 
mountainous areas would escape even this hazard. 

Plans for future hydrodevelopment as found by Allied occupa- 
tion troops, included quite naturally the exploitation of occupied 
countries. The Austrian Alpine region, just over the border of 
the old Reich, is especially abundant in hydro resources. One 
development proposed a series of 25 plants on four rivers (the 
Lech, Inn, Sanna, and Oetz), with a total capacity of 3,400,000 kw 
and capable of generating 6540 million kwhr per year. A 
pumped-storage plant was included in these plans to be located 
on either the Mossel, Rhine, or Ruhr River. Approximately 
185 miles of tunnels were involved in this project. Two 400-kv 
transmission lines were to be built via different routes, eventually 
terminating in the Ruhr district approximately 375 miles distant. 
This grandiose scheme is akin to proposals seriously discussed to 
develop the huge hydro potentials of Norway and transmit 
the energy. to Germany over direct-current transmission lines at 
800-kv potential. 


CONCLUSION 


The technical phases of hydrodevelopment and operation in 
Germany were influenced by two strong factors. One was the 
special characteristics of the remainder of the nation’s power 
facilities such as the brown-coal stations. The other was the 
economics of scarcity created by the needs of total war. In 
general, it may be said that the hydro facilities adapted them- 
selves to these special conditions and contributed to Germany’s 
war effort in greater proportion than its relative size would in- 
dicate 


Discussion 


C. E. Brown.? Hydro plants on the upper Rhine River may 
be classified in general into two types: (1) Low-head plants down- 
stream of Lake Constance, which are run-of-river plants; and (2) 
high-head plants in the Austrian Alps, which have a high fiuc- 
tuation of seasonal outputs. In view of this condition, the flow 
of power from the plants in the Alps would reach a peak in the 
early spring and summer months during the melting of snows. 
This power was exported north over double-circuit 220,000-volt 
transmission lines into the west central portion of Germany. 
These high-tension transmission lines were also used to transport 
power into southern Germany during the winter months when 
snow and ice prevented the flow of water for power generation. 

During the war, heaviest damage to power-generating plants 
occurred in steam plants of the larger towns where there was heavy 
Concentration of bombing. The hydroplants were in general in 
isolated areas and suffered little or no damage. 

Although the total installed capacity of hydro in Germany 
amounts to approximately 12 per cent of the total installed 
capacity of all types of generating plants, this source of supply of 
power was relatively more dependable and less subject to bomb- 
ing. Another factor which contributed greatly to the importance 
of hydroelectric power generation during the war was the scarcity 
of coal due to the lack of man power in the mines. All available 
men were required for the army and consequently the produc- 
bend coal was largely reduced. 


* Charlotte, N. C. 
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Hydroelectric plants normally have machinery and equipment 
which are suitable only for the plant in which they have been in- 
stalled. This makes this equipment of little use for reparations 
whereas steam-generating units may be easily removed and set up 
at any predetermined location for the efficient generation of elec- 
tric power. 

In view of the many phases of importance of electric power 
brought out in this paper and the foregoing observations, the 
writer thoroughly agrees with the author that hydroelectric 
power contributed to Germany’s war efforts in a much greater 
proportion than its relative capacity with respect to the stein- 
coal and brown-coal installations would indicate. 


W. J. Craprp.* Records taken from the German Govern- 
ment’s Utility Load Allocator’s office in Berlin substantiate the 
fact that hydropower played a major part in the Germans’ 
ability to wage a complete war. During the years 1942, 1943, 
and 1944, these records indicate that the German grid daily 
peak-load range was between 7500 Mw and 9500 Mw. Of this 
amount stream-flow hydro furnished approximately 1000 Mw, 
and storage hydro an average of about 750 Mw. As the author 
points out, there was very little damage experienced to the hydro- 
plants, and they supplied substantial base- and peak-load facili- 
ties until the very end of hostilities. The only record found of a 
major interruption to any of the larger hydroplants occurred in. 
May, 1943, when the Koepchenwerk Pumped Storage Plant near 
Dortmund, and the Waldeck Pumped Storage Plant near Kassel 
were both bombed, dropping 240 Mw in capacity. Koepchen- 
werk was out for 3 months, and it was 8 months before the Wal- 
deck plant was completely repaired. 

The German transmission system was national in extent with 
the following exceptions: The Bremen area had only small- 
capacity ties to the main grid system. Tie lines into Berlin were 
not strengthened in the general scheme of improvements to the 
transmission system for the operation of war industries because 
the industries in Berlin were being moved to places less subject 
to bombing. The 220-kv backbone lines that had been con- 
structed in eastern Germany at the beginning of the war effort 
were not only built for backup service in the event. of air-raid 
damage, but were designed to carry large blocks of power south 
and east to the relocated industrial areas. War-munitions plants 
formerly in the Ruhr and other heavily populated areas were be- 
ing removed and assembled in plants built underground in the 
Alps of Bavaria. 

The 220-kv double-circuit line running east from the Ruhr 
area to Leipzig and south into Austria near Passau was designed 
eventually to be extended and to carry power into the Vienna 
area where war-munitions factories were also being located as a 
part of the German plan of industry decentralization. Docu- 
ments captured indicate that this line was to be extended north 
from Vienna through Czechoslovakia into the Silesia’ coal fields 
and thence west, completing the loop back into Leipzig. This 
double-circuit line was designed and insulated for 380-kv, but 
that portion completed was operating at 2200kv. Another 220-kv 
interconnection which had been practically completed was from 
Brauweiler in western Germany to Liége, Belgium, where the 
Germans planned to obtain 100 Mw from the French and Belgian 
transmission networks. Another major line under construction 
would have made hydropower in northern Italy available to the 
German grid system through an interconnection at Innsbruck 
feeding into the 100-kv system of southern Bavaria. 

Part of the hydro capacity that had been installed within re- 
cent years was direct current, used to supply the service directly 
to aluminum reduction plants. The electrified railroads in 


3 Florida Power Corporation, St. Petersburg, Fla. 
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southern Germany were supplied principally with hydro power 
generated at 162/; cycles. 

At the time the Americans occupied their zone of Germany, 
hydrogenerating capacity was practically the only source of 
power. Steam-generating plants were all shut down due to lack 
of facilities for transporting coal into the American zone. This 
condition existed throughout the summer and winter of 1945, 
when the area was dependent almost entirely upon transmission 
of hydro power from the southern border of Germany. 

There is no question but what the hydrogenerating facilities 
in Germany and the territory that they had occupied were being 
used to advantage in their war effort and plans were in existence 
for a still greater utilization of all available hydro resources. 


H. H. Kerr.‘ The combination generator and turbine de- 
scribed in this paper, and illustrated in Figs. 1 and 2, presents a 
novel and interesting development as a result of some hard think- 
ing to produce a design for a specific condition. 

If the cost savings claimed by the Germans are actual, it would 
seem that there would be a definite application for this machine, 
particularly in the production of economy or fuel-saving energy 
power where the characteristics of the stream flow would not 
necessarily permit or warrant a development of firm power. The 
writer during 30 years has seen many attempts made to produce 
such types of power. Cost considerations usually ruled them 
out. Some of these attempts involved the use of induction gen- 
erators with no governor, relying on their connection to a larger 
system to make them produce what power could be produced with 
the water available. The control of the flow of water in a great 
many streams in this country belongs to nonower industries as, 
for example, to the irrigation industry in the West and to the 
Army Engineers on navigable streams like the Ohio River. Gen- 
erators which would generate power cheaply when, as, and if the 
water is passed at the instance of the primary control of the water 
could generate a lot of power that in many instances would repre- 
sent a distinct fuel saving to a large fuel-burning system. 

The author does not describe the seal used to keep water from 
reaching the electric generators. Such a seal is subject to wear 
and could and should be of a type which can be adjusted while the 
machine is in service to hold the leakage to a minimum and to 
avoid too many shutdowns in a year for the replacement of 
ordinary sealing rings. The writer knows of one instance where 
such a type of seal was used. 

The mechanical forces produced by mounting the field outside 
of the runner make the requirements of designing the runners 

rather difficult, particularly in the conditions where the runner 
has deteriorated under cavitation or erosion. 


T. C. McDermorr.’ As Military Government Utility Officer 
for Schwaben Province in South Germany during 1945, the writer 


had an opportunity to make a number of inspection trips to the, 


underwater plants on the Lech and Iller Rivers. There are 
eight of these plants in operation on the Lech River and seven on 
the Iller River. A number of others are proposed for the ultimate 
development including a large reservoir on each stream for stream 
regulation. 

These stations are excellent for a small river that has a rather 
narrow steep valley with a considerable drop; which conditions 
exist on both of the rivers mentioned. Headwaters of both are 
in the Austrian Alps which gives an excellent supply of water. 

Each plant consists of four 2000-kw turbines, each turbine 
using 25 cu m per sec with a 6 to 9-meter head. The turbines are 
6000 volt, 50 cycle, 200rpm. Exciters can be started with a small 

4 Vice-President in Charge of Operations, The Toledo Edison Com- 


pany, Toledo, Ohio. Mem. A.S.M.E. 
5 Colonel, Field Artillery Reserve, Pittsburgh, Pa. 
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Diesel unit, after which they are self-excited. Cables lead to 
substations on the bank where the voltage is stepped up to 
50,000 volts and fed into the transmission system. 

The turbine is an invention of Arno Fischer, a German, and 
has the advantage of avoiding a double deflection of the water 
stream, which is necessary in normal hydraulic turbines. There 
is a difficult problem of regulation as the rotor blades are fixed, 
Some regulation is possible by manipulation of the guide blades, 
Because of this difficulty, the size of units has been held down, 
German engineers are working toward the design of self-regulated 
rotor blades, and if successful, the size of units can be greatly in- 
creased. 

The four units take up two thirds of the river space of the dam. 
The remaining two sections (one third of the dam) consist of 
movable gates which permit a large flow through the dam. This 
is used to clear gravel from the upper face of the dam or to lower 
the up-river level. 

Movable flaps on the upper surface of the dam make it pos- 
sible to add about 1 m to the head. During flood stage, the 
flaps can be let down so that ice and debris can pass over the 
rounded top of the dam. 

Rails are embedded in the top of the dam to permit a unit to 
travel across for cleaning the up-river screens which are set oppo- 
site the turbine entrances. . 

Inasmuch as the working units of the station are in the dam 
itself, it was imperative that there be no seepage. A water- 
proof compound was integrally mixed with the concrete during 
construction and has proved to be excellent. Small sump pumps 
are installed in the station to take care of any water that may 
infiltrate. 

The working space around the turbine unit is very small. 
For maintenance, two poles of the rotor are removed and eye- 
bolts are screwed in their place. The rotor can then be lifted 
out with the crane that runs across the station. 

At present there are operators at each station, but the ultimate 
plan is to regulate from the station having pondage by remote 
control. 

The German engineers who were contacted, stated that the 
prewar cost of construction was equivalent to about $84 per kw 
in United States currency. 

These are a few of the high lights of the underwater installa- 
tions. It may be possible that there are some sections of the 
United States where installations of this character might be suc- 
cessful. 


P. B. Mercatr.® The writer was associated with the author 
for 2 years in wartime Europe where we both served as public- 
utility specialists with the United States Army. 

Referring to Table 1 of his paper, it should be pointed out that 
of the 23,800,000-kw total installed capacity in Germany, about 
9,000,000 kw were in industrial power plants where the greate! 
portion of the energy produced was consumed within the industry. 
During the war it was mandatory that all such plants be con- 
nected into the national grid system for insurance and inte! 
change purposes. 

While the author’s statement, “bomb damage to hydroplants 
was very slight” is quite true, there was one incident of R. A. F. 
bombing of a dam which was successfully and spectacularly ¢a!- 
ried out. Reference is to the Hemfurth dam on the Eder See, up- 
stream on the Eder River from the Bringhausen pumped storagt 
plant which the author mentions. 

The dam was of masonry and concrete construction, 153 ft high, 
1310 ft long on the top side, and impounded 7,130,000,000 cu! 
of water, when full, to serve two generating plants built into the 
lower side of the dam, with a total capacity of 40,000 kva. 


6 The Narragansett Electric Company, Providence, R. I. 
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Fic. 8 DaMaGeD Dam at 


At dawn on a day in early May, 1943, a single R.A.F. bomber 
flew in at an extremely low level and dropped a specially prepared 
bomb for a perfect hit in the exact center of the dam. The reser- 
voir, in accordance with the carefully prepared and rehearsed plan, 
was full at the time and the explosion of the bomb released 5,300,- 
000,000 cu ft of water in a destructive torrent which swept down 
the valley carrying everything before it with considerable loss of 
life and vital war industries. 
discussion, 

The portion of the dam destroyed left a semicircular gap al- 
most in the exact center of the dam, extending one third of the 
length and reaching down to well over one half of the original 


Damage is shown in Fig. 8 of this 
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height. Strangely enough, the two generating plants on the 
downstream face of the dam were only slightly damaged. 

This incident is mentioned because the aftermath demon- 
strates in a convincing way the amazing ability of the Germans 
to repair bombing damage. Immediately after the successful 
attack the power company engineers, with the aid of the famous 
“Todt Organization,’ set to work on the difficult reconstruction 
of the damaged dam. This work progressed throughout the 
summer and fall and repairs were completed in January, 1944, 
the generating plants going back in service—a total elapsed time 
of 7 months. 

AUTHOR’sS CLOSURE 


The interesting discussion brought forth considerable weleome 
material which augments and rounds out the main subject. Most 
of the men discussing the paper were associates of the author in 
the public-utility phase of military government in Germany. 

Mr. Clapp’s discussion indicated a peak of between 7500 and 
9500 Mw on the German grid. The total capacity of 23,800 
Mw shown in Table 1 would appear out of proportion. However, 
the second paragraph of Mr. Metealf’s discussion explains the 
wide spread of these figures. In other words, the 7500 and 9500 
Mw peaks first above mentioned occurred on the public-utility 
portions of the system and excludes the peaks which occurred on 
the industrial plants. 

Another point on which more should be said is that of the seals 
used to keep the water from reaching the so-called underwater 
generators. This has been troublesome but in the opinion of the 
Germans is simply one of those ‘‘bugs’”’ which any new develop- 
ment uncovers. They have experimented with packing consist- 
ing of nested rings of very light rubber, also with composition 
rings in conjunction with air pressures. Wartime shortages of 
critical materials hindered the solution of this problem. 
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High-Temperature 


Materials for use in gas turbines may be subjected to a 
wide range of conditions of temperature, pressure, stress, 
erosion, and oxidation. Several experimental units have 
been designed and built to test the endurance life of these 
materials under actual service conditions. This paper 
deals with the design and operation of such experimental 
units. 


the development and testing of high-temperature materials 

used in its construction. These materials may undergo a 
wide variation in conditions of temperature, pressure, stress, 
erosion, and possibly corrosion in an actual machine. Means 
must be developed to predict the behavior of such materials under 
actual service conditions so that the endurance life of gas tur- 
bines may be increased to a safe maximum. Static tests, iso- 
lating one or two of the variables, such as rupture strength or 
resistance to oxidation at high temperatures give important data, 
and these cannot be neglected but, nevertheless, in an actual 
machine, service life of a material is usually affected by several 
factors at the same time. On this basis, it is felt that essentially 
full-scale tests under service conditions will give data more ap- 
plicable to the future design of longer-life gas turbines. 


[ite advent of the gas turbine has put a new emphasis on 


ExistInG CoMMERCIAL APPLICATIONS OF Gas TURBINES 


The existing commercial applications of the gas turbine in 
the United States include two classes of units in which an out- 
standing measure of success has been achieved. One of these 
is the development of gas turbines to drive the air compressors 
in the Houdry process for the cracking of crude petroleum in the 
production of high-octane gasoline. All of the units for this 
service built in the United States have been manufactured by the 
author’s company. These gas turbines have operated with out- 
standing records for reliability throughout the war period.? 
During the past 8 years of application of this process under actual 
service conditions, the gas turbines driving the Houdry equip- 
ment operated at turbine inlet temperatures of less than 1000 F. 
Hence the field experience with these units, while it is invaluable, 
does not provide a completely adequate background for the con- 
struction of gas-turbine prime movers at temperatures up to a 
1500 F level. 

The splendid performance of the gas-turbine-driven super- 
chargers for our bombers and fighter planes during World War 
Il is now well-known history. These units operated for ac- 
ceptable periods of-time at an inlet temperature of approximately 
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*“Operating Experience With the Gas Turbine,” by A. E. Pew, 
Jr., Mechanical Engineering, vol. 67, 1945, pp. 594-598. 
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Gas- Turbine Units 


1600 F. In like manner the gas turbines used in the jet-propul- 
sion engines have performed well at an inlet temperature of about 
1500 F. The gas turbines in turbosuperchargers and in the jet- 
propulsion units are in each case designed to meet a specific mili- 
tary requirement in which the attainment of the object is para- 
mount and a relatively short service life has been acceptable. 

Looking forward to the time when gas-turbine power plants 
might conceivably compete with the efficiencies now obtainable 
in the contemporary stationary steam or Diesel plant, it appears 
that materials and designs must eventually permit reliable opera- 
tion at turbine-inlet temperatures up to 1500 F or better. With 
this in view, several experimental gas-turbine units have been 
designed and operated by the company’s research engineers to 
test various high-temperature materials and designs to be used in 
future gas-turbine work. 

Each unit was designed with a specific purpose in mind, so that 
certain test conditions could be applied, and in some cases spe- 
cial apparatus and instruments were constructed to obtain the 
desired information. As a result of the construction and opera- 
tion of these units, a valuable backlog of technical data is being 
collected which may be applied to the gas-turbine field. 

Emphasis thus far has been placed upon the parts of the gas- 
turbine unit which are exposed to elevated temperatures, includ- 
ing nozzles, turbine disks, blading, combustion chambers, pip- 
ing, and sealing glands. 


EXPERIMENTAL 3500-Hpe 1500 F Gas Tursine 
ror U. S. Navy 


Recognizing the need for a full-scale gas-turbine test unit capa- 
ble of testing high-temperature materials under actual full-scale 
service conditions, the Bureau of Ships of the U. S. Navy ar- 
ranged in 1940, for the author’s company to design and construct 
a 3500-hp experimental gas-turbine unit capable of operating at 
temperatures up to 1500 F. This unit was installed in the U. S. 
Naval Engineering Experiment Station at Annapolis, Md., in 
1944, and has been under test with progressively increasing tur- 
bine-inlet temperatures. The unit has recently completed a 
series of test runs at 1450 F, the highest operating temperature 
ever reached in a stationary unit of this type and size. 

Being an entirely experimental gas-turbine unit designed 
to test high-temperature components, thermal efficiency was 
not given first consideration in its arrangement, although it 
was recognized that the ability to operate at high tempera- 
tures would improve the efficiency of any gas-turbine power 
cycle. In this project, flexibility of operation, ease of taking 
essential research data at hundreds of points during each test 
run, and the facility of complete disassembly of any or all com- 
ponent parts for scheduled inspections as the tests progressed, 
dictated the arrangement of parts finally adopted. The cycle 
selected involves the use of a parallel turbine arrangement, one 
turbine driving the compressor and the second or power turbine 
driving the water brake or dynamometer, which absorbs the 
power output while accurately measuring it at the same time. 
The general arrangement is readily adaptable for use on board 
ship in which the power turbine would drive the propeller through 
an electric transmission, by the use of a reversible-pitch propeller, 
or by other mechanical means. 
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A further objective of the test was the determination of the 
operating characteristics of the gas-turbine unit as applied to 
marine propulsion. The main compromise in arrangement that 
was made in consideration of the ultimate marine applica- 
tion was the separation of the power turbine from the compressor 
turbine and the arrangement of the two turbine elements in 
parallel. 

Many of the problems encountered in the development and 
design of the 3500-hp experimental unit were without precedent, 
and it is felt that the best engineering skill and judgment availa- 
ble at the time was used. For example, the problem of thermal 
expansion alone required provisions in the combustion chambers, 
piping, and turbines for each foot of the metal to expand over 
1/g in. in all directions when heated to 1500 F and still remain 
pressure-tight with an internal pressure of 45 psi. This movement 
had to be allowed without throwing heavy loads on the turbine 
casings. Provisions were also made to cool the bearing pedes- 
tals with oil to prevent misalignment of the running parts dur- 
ing high-temperature runs on the unit. 


DEVELOPMENT AND DESIGN FEATURES 


The cycle selected for this experimental gas-turbine power 
unit is known as the parallel turbine regenerative cycle and 
is shown in Fig. 1. Air enters the axial-flow compressor through 
a filter at atmospheric pressure in which it is compressed to 45 
psig pressure. The compressed air then enters the heat ex- 
changer where, at full load, it is heated by the turbine exhaust 
gas from a temperature of 363 F at the compressor discharge to a 
temperature of 750 F at the entrance to the combustion chambers. 
After leaving the heat exchanger, the preheated air flows directly 
downward into the two horizontal combustion chambers, one 
of which supplies the turbine driving the compressor; the other 
supplies the power turbine. The air flow to the power-turbine 
combustion chamber may be regulated with a gate valve installed 
in this line. With this arrangement it is possible independently 
to control the power generated by the compressor turbine and the 
power turbine, an operational advantage essential to shipboard 
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operation. A general overhead view of the unit is shown in 
Fig. 2. 

The Annapolis unit was designed as a piece of laboratory ap- 
paratus in which consideration was given to the safety and con- 
venience of the research engineers and test personnel charged 
with the responsibility of carrying out the test program. For 
example, the heavy pedestal between the compressor turbine 
and the compressor is of steel with very heavy holding-down 
bolts. 

These features were introduced in order to make sure that 
in the event of a possible failure of any rotating turbine parts, 
the resulting vibration would not injure the compressor and its 
bearings. The heat exchanger and combustion chambers are 
installed some distance from the turbines, whereas in a shipboard 
installation it would be necessary to place these above the propul- 
sion turbines. This phase of the arrangement was again directed 
toward the convenience and saving of time with respect to remov- 
ing the covers of the turbines and compressor in accordance with 
the inspection schedule. It is therefore necessary to remember 
that an actual shipboard installation would be made much 
more compact and lighter than the experimental plant as now 
constructed. 


Ax1AL-FLow CoMPRESSOR 


Following through from the point where the air enters the 
cycle, one of the essential features of this plant is the avxial- 
flow air compressor. In this element there are 20 stages of 
airfoil-section blades, so arranged that the air is accelerated 
by the moving blades and then slowed down in the stationary 
elements in such a manner that part of the velocity energy is 
converted into pressure. This compressor runs at very high ef- 
ficiency, of the order of 85 per cent, when compressing the full- 
load volume of 40,000 cfm of free air against the operating head of 
45 psig pressure. The simple character of this compressor and 
the entire absence of gears, sliding rods, or pistons are favorable 
factors in the direction of extreme reliability, quiet operation and 
lack of vibration. 
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Fie. 1 Cycie Diagram For ALLIS-CHALMERS 3500-Hp Gas-Tursine Unit at ANNAPOLIB 
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GENERAL ViEW OF ALLIS-CHALMERS EXPERIMENTAL Gas- 
TURBINE UNIT 


Fie. 2 


REGENERATOR AND COMBUSTION (CHAMBERS 


The regenerator, or heat exchanger, is interposed between the 
compressor discharge and the combustion-chamber inlet, and is 
designed to recover a portion of the heat in the turbine exhaust 
gas which would otherwise be lost from the cycle. This heat is 
absorbed by the high-pressure air on its way to the combustion 
chamber, and thus effectively reduces the amount of fuel required 
toraise the turbine inlet temperature to any desired value. 

The regenerator used in this unit is of the counterflow type 
with the hot gas inside the tubes, and the high-pressure air on 
the outside. This arrangement was made to facilitate cleaning 
the tubes of any possible deposits on the hot-gas side. The re- 
generator has an external heating surface of 8500 sq ft, and is 
designed to have an effectiveness of approximately 60 per cent 
with relatively low pressure drops on the air and gas sides. 

A section through the combustion chamber in Fig. 3 shows 
that each of the two combustion chambers is supplied with a 
single oil burner in which the liquid fuel is broken up by mechani- 
cal atomization into extremely fine particles to promote rapid 
burning. ‘The central flame tube is arranged to pass the propor- 
tion of the air flow necessary to support and complete combus- 
tion. The remainder of the air flows between the flame tube and 
the outer wall of the combustion chamber, thereby reducing the 
temperature of the flame tube to a safe operating level, and at the 
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same time avoiding the use of refractory brickwork. The cool- 
ing air and combustion gases are then intimately mixed by allow- 
ing the oppositely whirling concentric streams to come together 
near the end of the flame tube. The heat release in these combus- 
tion chambers at full design load is approximately 2,500,000 Btu 
per cu ft per hr, which is many times the heat release of the or- 
dinary high-capacity central-station boiler. The present unit is 
operating with No. 2 furnace oil. This class of oil distillate has 
been adopted for the initial experimental tests because of its 
availability at the Experiment Station. In an ultimate installa- 
tion it is predicted that fuels of grades as low as Bunker C fuel oil 
will be used. Future plans for land installations contemplate 
burning pulverized bituminous coal. 

Attention is directed to the extremely simple arrangement 
of the combustion system. The air leaving the axial-flow com- 
pressor first passes through the regenerator where it picks up 
waste heat from the turbine exhaust gases. The gas flow is 
further heated by the burning of fuel directly in the air stream. 
The form of the combustion chamber and the use of the air- 
cooled flame tube make unnecessary the use of brickwork, hence 
the unit will respond quickly to load changes, during which the 
power demands are met by the simple manual opening or closing 
of the two fuel valves. In a service installation, the fuel control 
may be reduced to two manually-operated valves or the fuel con- 
trol may be made automatically responsive to load or speed. 

The fuel spray nozzles in the combustion chambers are de- 
signed to give complete atomization of the fuel over a wide range 
of flow. 


Gas TURBINES 


The gas turbine which drives the axial-flow compressor is 
substantially the same as the one that drives the water brake or 
dynamometer, except that the compressor turbine has somewhat 
longer blades and it is supplied with an air-operated internal by- 
pass across the first-stage blades. This may be opened during 
the starting period. Each turbine has five pressure stages and 
operates at 5200 rpm at fullload. A section through the compres- 
sor turbine is shown in Fig. 4. The first two stages of blading 
are of the impulse type and the last three stages are of the con- 
ventional reaction type. A diaphragm carries the nozzles that 
separate the first and second impulse stages. The last reaction 
stage discharges the gas to the turbine exhaust chamber where it 
passes to the regenerator and then to atmosphere. 

Attention is directed to the effective method employed for cool- 
ing the face of the first-stage turbine wheel. Air is carried through 
the outer of two concentric cooling tubes through the turbine in- 
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Fic. 4 Section THRovuGH TuRBINE DRIVING THE CoMPRESSOR 
(Note overhung disks and blading.) 


let elbow to a hollow disk adjacent to the side of the high-tempera- 
ture wheel. A series of holes in the periphery of this stationary 
disk directs the cooling air toward the inlet side of the first-stage 
turbine wheel. The cooling air then passes radially inward 
over the side of the disk and thence out through the center pipe 
to a water-cooled heat exchanger from which it is returned to the 
outer cooling duct by a positive-pressure blower. By this means 
there is effective cooling of the’ turbine disk without the loss of 
power that would otherwise result from the use of air pumped 
directly from the atmosphere to the first-stage pressure. 

In like manner, cooling air is introduced around the pe- 
riphery of the second-stage diaphragm. It is led. through radial 
holes through the nozzle vanes to an annular passage around the 
center portion of the diaphragm, and then passes through a series 
of holes shown in Fig. 5, which direct the cooling air on the down- 
stream side of the high-pressure wheel. The cooling air is sup- 
plied in sufficient quantity to about equal the leakage of the dia- 
phragm labyrinth seal. Thus the high-temperature turbine 
wheel is effectively blanketed on both sides against the weaken- 
ing effect of the high-temperature gas by the cooling means de- 
scribed. Air cooling was not considered necessary on the rotor 
at any point other than the first-stage disk. 

The blades and disks of the turbines are constructed of a high- 
temperature Timken alloy steel developed for this turbine which 
includes 16 per cent chromium, 25 per cent nickel, and 6 per cent 
molybdenum. This had been developed for use in supercharg- 
ers and jet-propulsion engines during the recent war, and permits 
welding of the blades to the disks. The heavy stationary parts 
of the turbines are made of an alloy steel containing 25 per cent 
chromium and 12 per cent nickel. 

The turbines and compressor use sleeve bearings throughout 
with pressure lubrication, the oil being cooled and cleaned con- 
tinuously during operation of the unit. 

The turbines are also equipped with emergency overspeed 
and over-temperature trips which automatically shut off the 
fuel supply and at the same time open up an atmospheric relief 
valve in the high-pressure air line ahead of the combustion cham- 
bers. 

The unit can be started with less than 100 hp, and an electric 
motor is connected to the compressor unit by a clutch for use 


. 


up to a starting speed of approximately 25 to 35 per cent of full- 
load speed. The starting motor is disengaged and shut down 
when the proper speed is reached, and after the fuel is ignited 
in the combustion chambers. The unit can then be brought 
up to full speed by manual fuel control. 


PIPING 


In a gas-turbine power plant of 3500-hp capacity, enormous 
quantities of air and hot gases are continuously circulating 
through the system, requiring large pipes. The air-intake pipe 
in the Annapolis unit is 36 in. diam,.and the exhaust opening of 
the compressor turbine is 42 in. diam, in spite of rather high gas 


velocities. The pipes leading from the combustion chambers 
to the turbines appear large because the 9 in. of insulation neces- 
sary to withstand the hot gases at 1500 F is inside between double- 
wall construction. 


Fie. 5 Gas-Tursine Bering Into CYLINDER 
or Gas TURBINE 
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The swing-type expansion joints installed in the piping are of 
major importance due to the great amount of thermal expan- 
sion that takes place between room temperature and the high 
turbine inlet temperatures at which the unit operates. These 
joints consist of a series of radially placed hinges between the 
flanges, the arrangement being such that the rotation of the ad- 
joining members operates to relieve the dimensional changes of 
the piping resulting from thermal expansion without the dis- 
tortion of turbine and compressor parts that would otherwise oc- 
cur. Piping supports also were designed to permit thermal ex- 
pansion without permitting the expansion forces to affect the 
interconnected elements. 


TestTiING ProceDURE 

With the vast number of possible conditions under which it is 
possible to test the 3500-hp Annapolis unit, the setting up of the 
instrumentation and the test schedules to obtain the desired in- 
formation constituted an enormous task. The gas-turbine en- 
gineers of the Naval Engineering Experiment Station in con- 
junction with the Bureau of Ships, U.S. Navy, have done a very 
fine and complete job of setting up test schedules and calcula- 
tion procedures. . 

The test plans include operation of the unit for established 
periods of time under prearranged operating conditions, with 
gradually increasing turbine-inlet temperatures. Each test- 
vperating period is followed by a complete disassembly of the 
main components of the plant and a full inspection with numer- 
ous measurements to determine what changes in high-temperature 
parts have taken place. The examination following these test 
periods has included a thorough search for the development of 
any possible cracks and observations of the resistance to oxida- 
tion of the high-temperature parts, 

With the two-shaft arrangement it is possible to operate the 
compressor turbine and the power turbine at different speeds, 
pressure ratios, and rates of gas flow, thus determining the char- 
acteristics of the turbines and the axial-flow compressor over a 
wide range of conditions. A throttle valve installed in the high- 
pressure air line just ahead of the power-turbine combustion 
chamber permits regulation of the flow through that turbine for 
separate load and speed regulation. 


INSTRUMENTATION 


In order to determine not only the over-all performance of the 
entire unit but also the performance of each individual piece of 


Fic. 6 AXIAL-FLow CoMPRESSOR AND TuRBINE Unit WitH Top oF 
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Fic. 7 Water Brake CAPABLE OF ABSORBING AND MEASURING 
3500 He Deve.topep By ANNAPOLIS UNIT aT 5200 Rem 


machinery as well, an unprecedented instrumentation and test 
program was devised by the personnel of the Naval Engineering 
Experiment Station at Annapolis. The accuracies desired by the 
Bureau of Ships, as indicated by Kottcamp* were such as to 
yield data on efficiencies and power requirements to within plus 
or minus 1 per cent. To obtain this degree of accuracy, the fol- 
lowing variations were to be allowed: 


A Temperature 
(a) upto 5S00F........ 
(b) 500 to 1000 F.. 
(c) 1000to 1500 F....... 
Pressure 
(a) up to 30 psia DA Aes 
Flow Readings - 
(b) inlet air flow....... +0.5 per cent 
(c) turbine gas flow 1.0 per cent 


+(Q.25 per cent 
+0.1 per cent 


in. Hg 


Torque output of power turbine... . 


Rotational speed 


The accurate measurement of the higher temperatures proved 
to be the most difficult problem, but after several months of basic 
study a probe type of thermocouple was developed with which, 
after corrections for radiation losses were made, the gas-stream 
temperature at any point could be obtained to within 4 deg F 
at 1500 F.‘ Stratification of the hot gases in the large pipes 
further complicated the problem, but thermocouple traverses 
were made to establish the stratification patterns and from this 
the average temperature in the ducts was available. 

Another innovation in instrumentation is the gas-analysis 
methods used to determine the over-all efficiency of the combus- 
tion chambers. An accurate method of analyzing the exhaust 
gases was developed which allows the combustion efficiency to be 
determined to within +0.5 per cent. 


3 “Instrumentation and Testing of the 3500-Hp Navy Experimen- 
tal Gas Turbine Plant,”’ by C. F. Kottcamp, Power Plant Engineering, 
vol. 50, 1946, p. 89. 

4**4 Graphical Determination of Unshielded Thermocouple Ther- 
mal Correction,’”’ by W. M. Rohsenow, Trans. A.S.M.E., vol. 68, 
1946, pp. 195-198. 
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Fig. 4 Section THRovuGH TURBINE DRIVING THE COMPRESSOR 
(Note overhung disks and blading.) 


let elbow to a hollow disk adjacent to the side of the high-tempera- 
ture wheel. A series of holes in the periphery of this stationary 
disk directs the cooling air toward the inlet side of the first-stage 
turbine wheel. The cooling air then passes radially inward 
over the side of the disk and thence out through the center pipe 
to a water-cooled heat exchanger from which it is returned to the 
outer cooling duct by a positive-pressure blower. By this means 
there is effective cooling of the’ turbine disk without the loss of 
power that would otherwise result from the use of air pumped 
directly from the atmosphere to the first-stage pressure. 

In like manner, cooling air is introduced around the pe- 
riphery of the second-stage diaphragm. It is led.through radial 
holes through the nozzle vanes to an annular passage around the 
center portion of the diaphragm, and then passes through a series 
of holes shown in Fig. 5, which direct the cooling air on the down- 
stream side of the high-pressure wheel. The cooling air is sup- 
plied in sufficient quantity to about equal the leakage of the dia- 
phragm labyrinth seal. Thus the high-temperature turbine 
wheel is effectively blanketed on both sides against the weaken- 
ing effect of the high-temperature gas by the cooling means de- 
scribed. Air cooling was not considered necessary on the rotor 
at any point other than the first-stage disk. 

The blades and disks of the turbines are constructed of a high- 
temperature Timken alloy steel developed for this turbine which 
includes 16 per cent chromium, 25 per cent nickel, and 6 per cent 
molybdenum. This had been developed for use in supercharg- 
ers and jet-propulsion engines during the recent war, and permits 
welding of the blades to the disks. The heavy stationary parts 
of the turbines are made of an alloy steel containing 25 per cent 
chromium and 12 per cent nickel. 

The turbines and compressor use sleeve bearings throughout 
with pressure lubrication, the oil being cooled and cleaned con- 
tinuously during operation of the unit. 

The turbines are also equipped with emergency overspeed 
and over-temperature trips which automatically shut off the 
fuel supply and at the same time open up an atmospheric relief 
valve in the high-pressure air line ahead of the combustion cham- 
bers. 

The unit can be started with less than 100 hp, and an electric 
motor is connected to the compressor unit by a clutch for use 


up to a starting speed of approximately 25 to 35 per cent of full- 
load speed. The starting motor is disengaged and shut down 
when the proper speed is reached, and after the fuel is ignited 
in the combustion chambers. The unit can then be brought 
up to full speed by manual fuel control. 


PIPING 


In a gas-turbine power plant of 3500-hp capacity, enormous 
quantities of air and hot gases are continuously circulating 
through the system, requiring large pipes. The air-intake pipe 
in the Annapolis unit is 36 in. diam,.and the exhaust opening of 
the compressor turbine is 42 in. diam, in spite of rather high gas 
velocities. The pipes leading from the combustion chambers 
to the turbines appear large because the 9 in. of insulation neces- 
sary to withstand the hot gases at 1500 F is inside between double- 
wall construction. 
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The swing-type expansion joints installed in the piping are of 
major importance due to the great amount of thermal expan- 
sion that takes place between room temperature and the high 
turbine inlet temperatures at which the unit operates. These 
joints consist of a series of radially placed hinges between the 
flanges, the arrangement being such that the rotation of the ad- 
joining members operates to relieve the dimensional changes of 
the piping resulting from thermal expansion without the dis- 
tortion of turbine and compressor parts that would otherwise oc- 
cur. Piping supports also were designed to permit thermal ex- 
pansion without permitting the expansion forces to affect the 
interconnected elements. 


ProcepuRE 

With the vast number of possible conditions under which it is 
possible to test the 3500-hp Annapolis unit, the setting up of the 
instrumentation and the test schedules to obtain the desired in- 
formation constituted an enormous task. The gas-turbine en- 
gineers of the Naval Engineering Experiment Station in con- 
junction with the Bureau of Ships, U. 8. Navy, have done a very 
fine and complete job of setting up test schedules and calcula- 
tion procedures. 

The test plans include operation of the unit for established 
periods of time under prearranged operating conditions, with 
gradually increasing turbine-inlet temperatures. Each test- 
operating period is followed by a complete disassembly of the 
main components of the plant and a full inspection with numer- 
ous measurements to determine what changes in high-temperature 
parts have taken place. The examination following these test 
periods has included a thorough search for the development of 
any possible cracks and observations of the resistance to oxida- 
tion of the high-temperature parts, 

With the two-shaft arrangement it is possible to operate the 
compressor turbine and the power turbine at different speeds, 
pressure ratios, and rates of gas flow, thus determining the char- 
acteristics of the turbines and the axial-flow compressor over a 
wide range of conditions. A throttle valve installed in the high- 
pressure air line just ahead of the power-turbine combustion 
chamber permits regulation of the flow through that turbine for 
separate load and speed regulation. 


INSTRUMENTATION 


In order to determine not only the over-all performance of the 
entire unit but also the performance of each individual piece of 


Fis. 6 AXIAL-FLow CoMPRESSOR AND TURBINE Unit WitH Top oF 


Casing 
(Lubricating-oil cooler in foreground.) 


Fic. 7 Water Brake CAPABLE OF ABSORBING AND MEASURING 
3500 Hep Deve.topep By ANNAPOLIS UNIT aT 5200 Rpm 


machinery as well, an unprecedented instrumentation and test 
program was devised by the personnel of the Naval Engineering 
Experiment Station at Annapolis. The accuracies desired by the 
Bureau of Ships, as indicated by Kottcamp* were such as to 
yield data on efficiencies and power requirements to within plus 
or minus 1 per cent. To obtain this degree of accuracy, the fol- 
lowing variations were to be allowed: 


A Temperature 
(a) upto 500F........ 
(b) 500 to 1000F.... 
(c) 1000 to 1500 F 


Pressure 
(a) upto 30psia........ 


Flow Readings 

(a) ..... 0.1 per cent 
(b) inlet air flow +0.5 per cent 
(c) turbine gas flow +=1.0 per cent 


+(Q.25 per cent 
+0.1 per cent 


D Torque output of power turbine........... 
Rotational speed 


The accurate measurement of the higher temperatures proved 
to be the most difficult problem, but after several months of basic 
study a probe type of thermocouple was developed with which, 
after corrections for radiation losses were made, the gas-stream 
temperature at any point could be obtained to within 4 deg F 
at 1500 F.‘ Stratification of the hot gases in the large pipes 
further complicated the problem, but thermocouple traverses 
were made to establish the stratification patterns and from this 
the average temperature in the ducts was available. 

Another innovation in instrumentation is the gas-analysis 
methods used to determine the over-all efficiency of the combus- 
tion chambers. An accurate method of analyzing the exhaust 
gases was developed which allows the combustion efficiency to be 
determined to within +0.5 per cent. 


3 ‘Instrumentation and Testing of the 3500-Hp Navy Experimen- 
tal Gas Turbine Plant,’”’ by C. F. Kottcamp, Power Plant Engineering, 
vol. 50, 1946, p. 89. 

44 Graphical Determination of Unshielded Thermocouple Ther- 
mal Correction,’”’ by W. M. Rohsenow, Trans. A.S.M.E., vol. 68, 
1946, pp. 195-198. 


st: 
ill- 
wn 
ght : 
yus 
ing 
..... #0.03 in. Hg 
le- 
BR 


554 TRANSACTIONS OF THE A.S.M.E. 


To give some idea of the magnitude of the test data recorded 
during each test, data from the following instruments were ob- 
tained: 

66 Thermocouples 


72 Mercury-in-glass thermometers 
49 Test pressure gages 

44 Manometers 

58 Thermal-expansion stations 


The usual test run lasts for approximately 7 hr., during which 
time over 2000 individual readings are recorded. 

The work is so organized that all these data can be systemati- 
cally recorded by a crew of only seven men, using 33 separate data 
sheets. 

The calculation of the test results was another major under- 
taking, but the naval engineers have contrived many tables, 
charts, and calculation procedures which considerably simplify 
this work. Many of these have been published for use by gas- 
turbine engineers in general.§ 


TESTING AND INSPECTION SCHEDULB 


On a unit of this nature and size, and involving so many sepa- 
rate pieces of equipment, a large number of preliminary runs 
were necessary to determine the best starting conditions and test 
procedures. The actual testing was begun in December, 1944. 
As the tests progressed, many improvements in test methods, 
instrumentation, and equipment were made. 

A complete set of runs was first made with the compressor at 
40 per cent of full speed, followed by gradual increases up to full 
speed with the compressor-turbine inlet temperature up to 1050 
F. Then the temperatures were gradually increased, making 
complete tests at each new temperature level. 

Both the compressor turbine and the power turbine were oper- 
ated at full speed of 5200 rpm for over 50 hr in November, 1945, 
with exceedingly smooth operation, and subsequent examination 
revealed an excellent condition of all parts. These runs were 
made with 1200 F inlet temperature on the power turbine and 
1100 F on the gas generator turbine. 

Continuing the test schedule, in April, 1946, 50-hr runs were 
made with inlet temperatures of 1450 F on the power turbine, 
and 1800 F on the gas generator turbine, again with very smooth 
operation and no serious complications or indications of distress 
in the high-temperature rotating elements. 


5 “Gas Turbine Gas Charts,’”’ by A. Amarosi, Research Memoran- 
dum No. 6-44, Navships 330, Dec., 1944, Bureau of Ships, Navy 
Department. 


AUGUST, 1947 


Occasional minor mishaps have developed during the testing, 
but so far these have been overcome without serious difficulty, 
and the unit is meeting its expected performance. 

The tests completed so far have yielded much information 
which has heretofore never existed, particularly in regard to axial- 
flow compressor characteristics over a wide range of operation. 
Eventually, a complete report of the project will be published, 
but as previously indicated, the obtaining of test data on a unit 
of this type will require a considerable length of time. The 
present paper is in the nature of a progress report giving the sta- 
tus of the project. The unit has been in operation over 600 hr 
to date in accordance with the rigorous test schedule. 

It should be pointed out again that this gas-turbine unit is an 
experimental one, designed particularly to obtain necessary in- 
formation on the endurance life of gas-turbine units with inlet 
temperatures up to 1500 F, and to that end it has performed 
very satisfactorily. 


Tue ‘“BoorstraP” UNIT 


Although the 3500-hp Navy gas-turbine unit is performing 
admirably for the purpose for which it was intended, once it was 
designed and constructed, the design of the major parts or the 
type of high-temperature materials used could not very well be 
changed. A smaller unit was desired in which various other 
high-temperature materials could be endurance-tested without 
interfering with the Navy gas-turbine test schedule, and withow 
requiring as much in the way of personnel and equipment. 

A modified Type B-22 turbosupercharger as built in the super- 
charger plant of the author’s company was used as the main 
operating unit, with two combustion chambers and the neces- 
sary duct work installed between the centrifugal compressor dis- 
charge and the turbine inlet. Once the unit was started, the 
turbine would drive the comjressor at any desired speed, hence 
the term bootstrap unit. This was in contrast to the regular 
hot-gas production testing equipment for the turbosuperchargers, 
which required several large separately driven compressors, 
vacuum pumps, gas-cooling chambers, and a complicated control 
system to operate. 

Since they were available at the time, two combustion cham- 
bers as used in the H-1 de Havilland jet-propulsion unit were 
used to furnish the hot gas for testing the turbine blading, as 
shown in Fig. 8. 

The air under pressure leaving the compressor discharge was 
split into two ducts, one leading to each combustion chamber 
and with adjustable vanes to permit balancing thé air flow to the 


Exhaust elbow to atmosphere 


Turbine exhaust temperature (unshelded) | 
Turbine exhaust pressure 
Turbine inlet Pp e (12 the ples in ring) | \ | Py 
Turbine inlet temperature (shielded, recording) “---7 
Combustion chamber dischorge temperature (unshielded) 
Turbine inlet pressure (total) 
Fuel supply Turbine wheel discharge 
Ignition plug chambers 2)\ temperoture (shielded 

1 Cooling cap air inlet 
7 =. urbine 

eT. 

flow adjusting vanes Flow nozzle throat pressure 

Comp discharge pr (total and static) 
my Screened air inlet 

Compressor discharge temperature Flow nozzle inlet temperature 


j Flow nozzle inlet pressure (total) 


Fie. 8 Exsvation or Bootstrap Unit, Consisting oF ComBusTIon CHAMBERS MOUNTED ON TURBOSUPERCHARGER 
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Fic. 9 Test AND INSTRUMENT PANEL SETUP FOR ENDURANCE 
Test 


two combustion chambers. The discharge ends of the two com- 
bustion chambers were brought together in a Y-connection just 
ahead of the turbine inlet. As indicated in Fig. 8, the necessary 
pressure and temperature connections were made and brought 
out to the instrument panel located outside the test cell, as shown 
in Fig. 9. All of the instruments shown on the panel, however, 
were not in use for this particular test. 

Several schemes were tried for starting the unit, but the sim- 
plest and most effective was to direct a small air jet from the 
shop air line on the exhaust side of the turbine wheel. This 
served to bring the unit up to about 3000 rpm, at which point the 
combustion chambers could be ignited and the unit would then 
accelerate to the desired speed by controlling the kerosene fed to 
the burners. A fuel pump and a cooling air blower were the 
only auxiliary equipment which were required for this gas-tur- 
bine unit. 

As the unit was constructed there was found a rather definite 
relationship between the turbine inlet temperature and the speed, 
and the long-term endurance tests which were conducted with 
this unit required a compromise between the operating tempera- 
ture and the centrifugal stress desired at the root of the turbine 
blades. On subsequent testing units, provisions will be made to 
make the turbine inlet temperature and the speed somewhat inde- 
pendent by bleeding off air between the compressor and combus- 
tion chambers, thus reducing the weight flow through the tur- 
bine and requiring a higher temperature to maintain any desired 
speed. 

The unit also lends itself to testing of combustion chambers 
and fuel nozzles, giving determination of the pressure drops at 
various rates of air and fuel flow and outlet temperatures, soot 
formation, best ignition conditions, combustion efficiency with 
various fuels, and the endurance life of the combustion-chamber 
parts themselves. 

One difficulty in connection with the tests on this unit has not as 
yet been satisfactorily solved, namely, the accurate measurement 
of the average turbine inlet temperature. As indicated in Fig. 8, 
the temperature of the gases leaving each combustion chamber 
was approximated by means of a bare chromel-alumel thermo- 
couple, and was checked again by means of a shielded 
thermocouple farther downstream after the gases from the two 
bumers had to some extent’ mixed, but neither of these locations 
gave a satisfactory value. 

In an attempt to obtain the average temperature of the gases 
tatering the turbine inlet a thermocouple “spider” shown in Fig. 
10 was constructed. This gave superior results over the use of a 
‘ingle thermocouple, but still did not have sufficient endurance 
life to withstand the hot-gas conditions for any great length of 
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Fie. 10 THEeRMOCcOUPLE SPIDER Usep to OsTaIn AVERAGE TuR- 
BINE INLET TEMPERATURE ON Bootstrap UNIT 


time. Variations in temperature of 150 to 200 deg F were noted 
across the turbine inlet duct when the weighted average tempera- 
ture was 1250 F, but this can be partly accounted for by the lack 
of time for mixing the gases after leaving the combustion cham- 
bers. No. 22 chromel-alumel wire was used on these first thermo- 
couples, but these were found to be too light and No. 18 wire 
will be used in later installations. Trouble with burning off of 
the bare 22-gage thermocouples was common when starting the 
unit since the temperature often ran well over 2000 F momentarily 
as the combustion chambers were first ignited. The thermo- 
couples shown in Fig. 10 are of various lengths outside the ring 
since this picture was taken just after a 500-hr run during which 
several wires and tubes had burned off, and were repaired and 
replaced. 

Since the bootstrap unit was built and tested, it has been 
rebuilt and donated to a state university for studies on the meas- 
urement of blading temperatures in high-temperature gas tur- 
bines. 

On the basis of the valuable information obtained from this 
bootstrap unit, further improvements are being incorporated 
in test units now contemplated. One unit of this type has been 
operated on pulverized coal to check the effects of ash erosion on 
blading life. 


DerVELOPMENT OF TuRBINE WHEEL 


As an example of the results of research with small high- 
temperature gas-turbine units, a development in manufactur- 
ing methods which materially increased the life of turbosuper- 
charger buckets should be noted. This development by com- 
pany engineers was under way at the time of termination of pro- 
duction of turbosuperchargers for World War II. 

The normal or standard method of manufacture was to preci- 
sion-cast the single buckets of vitalium, rough-grind them on 
three sides so that they could be held in proper alignment in the 
welding fixture, and weld them to the disk. The tips of the buck- 
ets in this construction formed an apparent shroud ring, but the 
end of each blade was free and could have some movement with- 
out outside restraint. ; 

In an effort to increase the life of these turbosupercharger 
wheels, attempts had been made to cast the buckets in large 
groups, but this appeared to be unsuccessful due to temperature 
strains set up in the shroud ring of each group. However, engi- 
neers of the author’s company devised a method of casting the 
buckets in pairs and welding them to the turbine disk, with ex- 
ceptionally favorable results in increased life. Previous tests on 
steam-turbine blading had indicated improved life with double- 
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Fie. 11 Invet anp DiscHarGE S1pEs or DouBLE-BuckrEeT TURBINE 
WHEEL AFTER ENDURANCE TEST 


bucket construction.* The standard accelerated life test given 
such turbosupercharger turbine wheels consisted of running them 
to destruction at 10 per cent overspeed (26,400 rpm) with a tur- 
bine-nozzle-box inlet temperature of 1700 F, with shutdowns for 
inspection every 5 hr. At each shutdown period, the hot gas 
was shut off and cold air blown through the turbine blades, giving 
a drastic cooling. 

The double-bucket wheel tested under these same conditions 
ran over 6 times as long as the standard single-bucket wheels 
before one pair of buckets broke off. A section of this wheel after 
the failure is shown from both inlet and exhaust sides in Fig. 11. 
Note the erosion which took place on the inlet edges of the blade 
part of which was probably caused by particles from the nozzle 
blades passing through the turbine wheel. This double-bucket 
wheel outlasted two nozzle boxes before it failed, the nozzle 
blades having become so eroded and warped under the 1700 F 
hot gases that they had to be replaced to continue the endurance 
test on the same turbine wheel. 

Several other wheels of the double-bucket construction have 
shown equal or better endurance than the one mentioned and 
new and more drastic “torture” tests have been devised to 
shorten the testing period yet give comparable results. 


ComBusTION-CHAMBER TEsT UNIT 


In order to obtain more information on the characteristics of 
combustion chambers and ignition systems themselves, a com- 
bustion-chamber test unit was constructed as shown in Fig. 12. 
At that time, little information was available on the pressure 
drops in combustion chambers with varying rates of air flow, 
the minimum fuel pressure required for starting and to main- 
tain combustion with different fuels, the type of ignition plugs 
required for starting, and the effect of air-inlet temperature on 
the starting characteristics of the unit. 

In this unit, air under pressure is furnished from an outside 
compressor through the 3-in. pipe entering at the upper left of 
Fig. 12, and by suitable valving arrangements may be taken 
directly to the combustion chamber, shown next to the wall, or 
passed through the B-22 turbosupercharger unit which acts as a 
refrigeration or expansion turbine dropping the air temperature 
some 70 deg F before it reaches the combustion chamber. -The 


“Steam-Turbine Blading,” by R. C. Allen, Trans. A.S.M.E., vol. 
62, 1940, pp. 689-710. 
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centrifugal compressor of the turbosupercharger unit simply 
draws in outside air, compresses and discharges it through adjusta- 
ble dampers to the outside again, thus loading up the turbine to 
produce the refrigerating effect. A by-pass valve permitting 
the bleeding off of a portion of the turbine exhaust air to atmos- 
phere, permits a wide range of air temperatures and pressures at 
the inlet of the combustion chamber itself. 

The combustion chamber shown in Fig. 12 is one from an H-] 
de Havilland jet-propulsion engine, modified with the attachment 
of inspection windows and various fuel and pressure connections 
for this test. Other types of combustion chambers can be easily 
adapted to this test unit. A butterfly valve located in the com- 
bustion-chamber discharge pipe provides control of the back 
pressure. 

A complete instrument panel is mounted near the combustion 
chamber, indicating all the desired pressures, temperatures, fuel 
and air flows. 

The first series of tests on the unit was made with kerosene 
as the fuel to determine at what minimum fuel pressure combus- 
tion could be started with various types of igniter plugs and with 
different rates of air flow. Tests were also made on other fuels, 
and the use of small amounts of gaseous fuels injected through the 
igniter plug to facilitate starting at lower temperatures and higher 
rates of air flow. The position of the spark with respect to the 
fuel spray cone was also investigated. The simple electrical ig- 
niter plug normally used in jet engines was found to have defi- 
nite limiting fuel pressures and rates of air flow for satisfactory 
starting, affected more by the temperature of the inlet air than 
its rate of flow. 


Seat-Russine Test Unit 


In order to determine the action of labyrinth-sealing gland 
strips under high temperatures, a seal-rubbing test unit was con- 
structed, as shown in Fig. 13. Some seal strip materials had evi- 
denced “galling” characteristics when unintentionally rubbed 
together at high temperatures, so provisions were made in this 
small test unit to rub different materials together under high tem- 
peratures with various rubbing speeds and pressures. 

The unit consists of a small overhung impulse air turbine 
mounted in two sleeve bearings and capable of speeds up to 38,000 
rpm. The shaft end opposite the turbine wheel is made to 
mount any one of several stub shafts upon which the rubbing 
strips may bear, and the entire end is surrounded by a heating ele- 
ment by means of which the stub shafts may be heated up to 1400 


Fig. 12 LaBoratory Serup ror ComBusTION-CHAMBER TEST 
(Refrigeration turbine at left; instrument panel at right.) 
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F. The three 0.030-in-wide rubbing strips, which are turned out 
of a solid block, can also be heated by a separate strip heater as 
shown in Fig. 14. The thermocouples for indicating the stub 
shaft and sealing-strip temperatures are also indicated in Fig. 14. 

The load on the sealing strip may be varied by hanging dif- 
ferent weights on the lever arm, or the strips may be given a 
fixed movement toward the shaft by means of a setscrew and 
stop. The sealing strip may also be moved axially to bear in a 
new spot on the stub shaft, so that several rub tests may be made 
ort each shaft. 

The speed of the air turbine is maintained essentially constant, 
regardless of the friction drag of the seal strip, by means of a 
unique centrifugal governor. Surface rubbing speeds up to 
about 300 fps are possible with this unit. Special provision is 
made to prevent heat from traveling into the shaft supporting 
bearings. Lubricating-oil pumps, filters, and coolers are a part 
of the auxiliary equipment. 


Tests are being made on several possible high-temperature 
seal strip and spindle materials in various combinations, but 
sufficient data have not been gathered at the time of writing this 
paper to warrant definite conclusions on this project. 


ConcLusions 

While much of the data obtained from the experimental high- 
temperature gas-turbine units discussed in this paper may not 
be divulged at this time, nevertheless there are certain obvious 
conclusions which have been derived from the design, construc- 
tion, and operation of the units themselves which may be of 
interest. 

(a) Ease of disassembly, inspection, and adjustment are 
often not given sufficient thought in the design of a test unit. 
Suggestions offered by the mechanics constructing the equipment 
are in many cases quite valuable. 

(b) Test personnel should be completely informed as to the 
principles of operation, limitations, and proper methods of using 


Fie. 13 Unit 
(Air turbine at left; heating elements left of center.) 
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Fic. 14 or Strusp Ssarr anp RusBsBine Strips WITH 


HEATING ELEMENT AND THERMOCOUPLE REMOVED 


the instruments and equipment. Much valuable equipment can 
thus be saved from costly repairs or the junk heap and important 
data salvaged from what might be otherwise considered worthless 
records. 

(ec) Test schedules and procedures should be planned in ad- 
vance with a definite purpose in mind, yet allowance should be 
made for possible unforeseen developments. 

(d) Proper instrumentation and control of operating conditions 
in so far as possible are essential to obtain worth-while data. 
Often seemingly insignificant changes in procedure or equipment 
will cause wide variations in operation conditions or test data. 

(e) Research with full-scale equipment appears to be very ex- 
pensive and to require a disproportionate amount of time, but 
conclusive data regarding the endurance life of high-temperature 
materials for gas turbines are difficult to obtain in any other 
manner. Breaking up the research into the testing of compon- 
ponent parts of the entire gas-turbine power plant may reduce 
the cost of full-scale testing, but this is not always feasible. In 
many cases, the testing of a component part would require so 
many auxiliary units to duplicate the desired test conditions that 
the complete power plant might as well be used. 

(f) Arrangements should be made so that at least rough calcu- 
lations may be made and plotted while a test is under way, rather 
than waiting until after the test is completed. In this way 
many test conditions will appear obviously unnecessary and may 
be eliminated, and on the other hand, check runs if needed or 
desired can be made quickly while equilibrium conditions are 
maintained. Calculation and plotting can usually be simplified by 
the use of tables and charts to the extent that inexperienced per- 
sonnel can perform routine tests satisfactorily. However, inter- 
pretation of results should be supervised by an experienced test 
engineer. 

(g) Relative importance of the many items of test data taken 
in a comprehensive test should be recognized, i.e., there is no 
point in reading a mercury barometer to 0.01 in. of mercury 
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when this value is to be combined with the reading of a Bourdon 
pressure gage accurate only to the nearest pound per square inch 
to obtain the absolute pressure in a pipe line or duct. Also there 
is no justificatiori for taking readings of all instruments at the 
same time interval during a test, say, every 5 min, when some of 
the conditions involved vary but little over a period of several 
hours. Any condition of temperature, pressure, or flow, for ex- 
ample, which is apt to have rapid variations or swings should cer- 
tainly bave a calibrated recording instrument installed for its 
measurement, and the charts obtained properly interpreted for 
the values desired, whether it be instantaneous or average over a 
period of time. The lag of an instrument is often appreciable, 
and should be considered in any case. 

(hk) The accuracy desired in the measurement of a particu- 
lar condition should determine the type and method of installa- 
tion of the instrument to be used. For instance, the ordinary 
Bourdon pressure gage or manometer cannot be considered accur- 
ate either for the instantaneous or average values of a rapidly 
fluctuating pressure. Also the location’ of pressure taps in high- 
velocity air ducts can materially affect the readings obtained. 
Incidentally, there is still a definite need for a satisfactory and 
accurate method of obtaining the average temperature of hot 
gases above 1200 F at high velocities and under pressure. 

(i) Where multiple combustion chambers are used, their 
“balancing” so that each carries its share of the flow and de- 
livers hot gas at relatively the same temperature to a turbine is a 
difficult matter. Often apparently identical combustion cham- 
bers demonstrate wide variations in performance. 

(j) While the “slide rule” and “library” types of research 
have their place in the preliminary design and layout of experi- 
mental testing units, actual full-scale testing is still recognized 
to be the best way of obtaining accurate and reliable information 
on the service life of high-temperature gas-turbine materials and 


designs. 


Discussion 


W. J. Kina.’ At Battelle we have been working with a 
turbosupercharger for some months, for which Mr. “Hazard has 
designed a rather interesting bootstrap rig similar to the one 
described in the paper. Attention is called to the utility of that 
arrangement for a variety of engineering development work. A 
great many surplus turbosuperchargers are available from the 
War Assets Administration, which may be secured cheaply. In 
our work on combustion of pulverized coal in the gas-turbine 
cycle, we find the setup utilizing such a turbosupercharger to be 
simple and easy to arrange and extremely convenient to operate. 

Speaking of cycle temperatures, the author mentions that they 
are more or less determined by the characteristics of the turbine 
and combustion chamber. In this connection, it is highly de- 
sirable to keep the pressure drop in the system to a minimum if 
the set is to be operated at minimum temperature. If there is 
too much pressure drop it may not be possible to operate under 

1800 F. Furthermore, the starting jet, a simple piece of gas 
pipe cut off at an angle, will serve eventually to vary the condi- 
tions under which the gas turbine can be operated. By supple- 
menting the power produced by the gas turbine with this air 
pressure, it is possible to obtain a variety of temperatures at a 
given speed; in other words, fuel rate can be varied with a given 
turbine speed. 

Incidentally, such a turbosupercharger can be used as a sort of 
stepdown transformer for supplying air, that is, by blowing a 
relatively small amount of shop air at, say, about 100 psi, on the 
back side of the turbine wheel, a relatively large amount of air 
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at about 5 psi can be obtained from the compressor without any 
prime mover or other source of motive power. This further illus- 
trates the usefulness of the turbosupercharger. 

Referring: to the thickness of the insulation (9 in.) around the 
combustion chamber and gas piping of the Navy unit, it appears 
that other arrangements are possible. The writer suggests con- 
sideration of an alternative method used somewhat during the 
war, namely, the circulation of a small amount of air in an annu- 
lar space between the shells. There are two reasons for this: 
(1) A saving both in weight and expense, and (2) the fact that 
inner-pipe temperature is reduced. If the gas pipe is insulated, 
the metal temperature is raised but if cooling air is circulated be- 
tween the inner and outer pipes, the inner-pipe temperature is 
less. This permits use of a less expensive material, and the whole 
assembly may be more compact—perhaps an inch of air space as 
contrasted with 9 in. of insulation. 

To the author’s remarks regarding instrumentation the writer 
wishes to add his most emphatic endorsement. During the war 
a great deal of work was done on gas turbines and superchargers, 
and the writer has been tremendously impressed by the amount of 
shoddy instrumentation, and testing and development work 
perpetrated on all sides. The average engineer seems to have 
the idea that equipment for instrumentation has been perfected 
once and for all, and that, if a thermometer or pressure tap is 
placed in the conventional manner, it will give the desired results. 
The fact is that the greatest care is required to apply even the 
simplest kind of instrumentation, and a tremendous amount of 
time and test data have been lost by lack of care in this respect. 

In reference to the tests of turbosupercharger wheels, it is 
thought to be striking that raising the temperature to a high 
level, then cooling, and raising the temperature again periodically 
was found to be much more destructive and to shorten the life 
of the wheel, than if operated steadily. This is a fact to bear in 
mind in all gas-turbine work. 

The writer has accumulated considerable data on the develop- 
ment of supercharger buckets, among which is noted that a proc- 
ess of casting all buckets in a complete ring at the same time was 
attempted, that is, a whole rim of cast buckets would be welded 
on the wheel. This was a noble experiment, but it turned out 
that we could never get an equal number of buckets per wheel 
without two or three defective buckets; and one bad bucket would 
throw out the entire wheel. 


Ricuarp Herotp.' In the various gas turbines built abroad 
and in this country, axial-flow compressors have been used, of a 
great variety of designs. The compressor of the Navy unit in 
the paper has 20 stages, which indicates a small pressure increase 
per stage, high efficiency, and probably a very flat efficiency 
curve, which is of course desirable. 

The first part of the writer’s question deals with the ratio of 
pressure increase per stage. Is this the same for the whole 
length of the compressor or does it vary? The second part of 
the question deals with the manner in which pressure increase is 
obtained. For instance, in the power plant of the Messerschmidt 
226, all pressure is obtained in the rotor blades and the guide 
blades just create a change of direction. It is the writer’s u0- 
derstanding that in an open-cycle locomotive plant, the pressure 
is obtained both on the rotor and guide blades. On the other 
hand, in the closed-cycle unit, acceleration takes place in the guide 
blades, and all pressure is created through the rotor. 


AvutTHoR’s CLOSURE 


In connection with the bootstrap unit the author can give 
some further information. On our particular unit we found 4 
definite relation between turbine temperature and the speed st 


* President, Sulzer Bros., Ltd., New York, N. Y. Jun. A.S.M.E. 


tt 
th 
ol 
to 
- 
x 
_ 
| 


HUGHES—DESIGN, OPERATION OF EXPERIMENTAL HIGH-TEMPERATURE GAS-TURBINE UNITS 


which it would operate. This unit would, we found, operate at 
temperatures as low as 1000 F. It was a bit unstable at lower 
turbine-inlet temperatures but it did operate, and we also ran it 
up to 1800 F for short periods. That represents quite a range of 
temperature and flow. 

However, in future units we propose to put an orifice or re- 
striction in the compressor inlet, or bleed off some air between 
the combustion chamber and compressor. This will allow us to 
obtain different combinations of temperature and speed and thus 
to study various combinations of temperature and stress. 
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It should also be said that the bootstrap unit was not run 
continuously. Although we originally intended to run it that 
way, we found that overtime charges for the operating per- 
sonnel made it too expensive, so we normally ran it for a 7-hr 
period each day. The services of not less than two men were re- 
quired at all times because of safety regulations. 

In respect to the Navy unit compressor, the design of the 
author’s company is of the type known as 50 per cent reaction, 
with more or less symmetrical blading. The pressure ratio per 
stage decreases throughout the machine. 
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Comparatively little information is yet available con- 
cerning materials for application to the various types of 
gas turbines now in use, in the experimental stage, and 
projected. The author outlines the general requirements 
for such materials, placing special emphasis on those 
required for ‘“‘hot’”’ part application. The temperatures 
involved in gas-turbine practice have created conditions 
under which customary materials-testing procedure does 
not develop data on the characteristics which must be 
available. Testing methods and equipment to accom- 
plish the desired results on high-temperature-resisting 
materials are discussed. The design and application 
of materials to specific hot parts of gas turbines are 
treated in some detail. 


HE history of gas-turbine development plainly shows that 

the earlier types of engines were doomed to failure be- 

cause too large a percentage of the power developed by the 
turbine was required to drive the inefficient compressors then 
available, leaving little or none to do useful work. Indeed, had 
materials been available for operation at 1500 F, the over-all re- 
sults would still have been far from successful. 

In 1939, Meyer (1),? in his outstanding contribution to our 
knowledge of the gas turbine, after announcing the attainment of 
efficiencies of 70 per cent and over in large units, asked and 
answered the following question: 

“What temperature could safely be employed without harm to 
the gas-turbine blading? On the basis of experience obtained 
with a large number of Velox boilers, and from the operating 
records of hundreds of exhaust-gas turbines for Diesel-engine 
supercharging units, a temperature of 1000 F. was con- 
sidered as absolutely safe for uncooled blades made of the avail- 
able heat-resisting steel, due allowance being made for inevitable 
temporary fluctuations of temperature during governing opera- 
tions.”’ 

That same year, Rettaliata (2) announced that two major 
obstacles had been overcome. Compressors of high efficiency had 
been developed, and metals had been produced that would with- 
stand operation at 1000 F. 

Under date of May, 1942, the Research Section of the Bureau 
of Ships of the U.S. Navy Department, prepared a gas-turbine 
bibliography (3), containing some 348 references, all dated in the 
period 1930 to 1942. It is of interest to note that of the 348 
references, there were but ten listed under the subject “Special 
Alloys and Steels for Gas Turbines,” and one article mentioned 
under “Materials for Gas Turbines.” This last item was & 
mathematical and design discussion that contained enough about 
materials of construction as to be cross-referenced under the sub- 
ject of materials. Of the ten papers to which reference was made, 
two dealt with materials for exhaust valves for internal-combus- 
tion engines and made no reference to gas turbines. One of the 
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ten was a file memorandum in the Bureau of Ships. Of the entire 
eleven, but one, the file memorandum referred to, originated in 
the United States. 

A little over a year before the appearance of this bibliography, 
a Committee on Gas Turbines of the National Academy of 
Science made a report (4) to the Bureau of Ships on the possi- 
bilities of the gas turbine for marine propulsion. From a ma- 
terials standpoint, the report contained several interesting fea- 
tures. It included a statement that several sources professed 
willingness to supply materials for continuous operation at 1500 F. 
Two materials were directly referred to, one a nickel-chromium- 
tungsten steel by name and analysis, and the other a nickel- 
molybdenum-chromium-iron alloy by analysis only, but readily 
recognized by anyone familiar with high-temperature alloys de- 
velopment. Presumably, the nickel-chromium-tungsten steel 
was one suitable for 1500 F service. Subsequent testing and- 
experiences have not justified its serious consideration even at 
1200 F. The report stated that the other alloy was ‘‘advocated 
for gas-turbine blading and proclaimed to be satisfactory up to 
1800 F.””. Experience has shown that it is quite good at 1200 F, 
and even at 1350 F, but one would not consider it of 1800 F merit. 

By 1939, a few concerns in this country were somewhat active 
in studying steels and alloys for gas-turbine consideration; and 
creep, creep-rupture, and fatigue-testing studies at 1200 F were 
in progress. One effort to organize co-operative development 
failed for lack of support. There was insufficient over-all demand 
on the one side, and too strong a feeling that development of new 
and possibly patentable commercial alloys should be left to com- 
mercial interests, guided by the competitive urge. 

There were available in this country a few alloys that had 
reached a fair state of development. The Hastelloy wrought 
alloys and the cast Vitallium alloys of the Haynes Stellite Com- 
pany, the Cyclops-17W and Cyclops 19-9-W-Mo alloy steels of 
the Universal-Cyclops Steel Company, and the K42B alloys of 
the author’s company are worthy of mention. 

Most everyone knows that during the war a great amount of 
alloy development work and testing was in progress. A great 
many alloys have been produced and tested for their high- 
temperature properties. Two research projects took the lead 
One project was initiated in November, 1941, by the Nationa 
Advisory Committee for Aeronautics. The second was sponsored 
by the Navy Department, organized under the Office of Sci- 
entific Research and Development, and actively carried out by the 
War Metallurgy Committee of the National Research Council. 
There were other research projects carried out for and by the sev- 
eral agencies of the Navy Department, the Army Air Forces, and 
others. 

High-temperature testing facilities in at least ten research and 
industrial laboratories were procured for this work. At least 
four research groups carried out fundamental development. At 
least nine concerns developed and produced materials for test and 
trial. Three industrial concerns, carrying out more or less pri- 
vate development and testing, regularly “fed” their data to the 
government-sponsored research projects and granted the inclu- 
sion of these data in the reports. 

All those engaged in gas-turbine development during the war 
period had access to the many secret, confidential, and restricted 
reports coming from the foregoing research projects. Ref- 
erence should also be made to the fact that we have had the co- 
operation of many, and materials data from our British allies (5). 
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Not all of the data on gas-turbine materials have been declas- 
sified. Under such circumstances, the author prefers to restrict 
himself to the presentation of certain viewpoints, and reasoning, 
that he feels will be helpful in the evaluation of data which 
eventually will be released, and that may be helpful to others 
in the further development and application of materials for gas 
turbines. 


Gas TursBines—A Broap TERM 


The term “gas turbine” is indeed a broad one. This should be 
fully appreciated in considering materials problems. The term 
covers & variety of sizes, and types, and conditions, that have a 
most important place in the consideration of the material ques- 
tion. 

At the one extreme there are very small units with many defi- 
nite characteristics. At the other extreme there are large units, 
and there will be larger ones, with decidedly different char- 
acteristics and requirements. 

The aircraft turbosupercharger is well known to all. It in- 
volves a gas turbine, of simple design, of rather small size, of 
rather short expected life, and where economic considerations are 
naturally not very severe. 

Other superchargers for Diesel engines may be larger in size, 
and life should be longer. 

The demand for hot compressed air in connection with the 
Houdry cracking process in the oil refinery created an early and 
an interesting field for application of gas turbines (1). Such 
supercharging of chemical processes may yield such returns as to 
tolerate costs and maintenance that could. not be tolerated in 
other fields of application. Furthermore, the temperatures in- 
volved were of the order of 950-1050 F, temperatures now ap- 
proached by the modern steam turbine. 

The development of jet engines of the turbine-compressor 
type, such as shown in Fig. 1, is another example. Here the tur- 
bine is for the sole purpose of driving the compressor. Sizes are 
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small, expected life is not great, at present measured in terms of 
150 hr, with much more hoped for. The small unit is but 9!/, in. 
diam over the casing. Designed for powering guided missiles, 
its life will be short, measured in minutes. 

But other units of comparable size may be true gas turbines 
for driving generators for auxiliary power in planes, in which 
longer life will be demanded, and greater attention paid to eco- 
nomics. Other small gas turbines may drive guided missiles or 
carriers in the air, on the ground, in tubes, or beneath the sea. 
Expected life will vary from a very few minutes to much longer 
times to justify existence. 

The next step is already with us, the gas-turbine aircraft- 
propeller drive, as suggested in Fig.2. Present sizes are not much 
beyond those used in the jet engines, but higher temperatures will 
prevail, and longer life demanded. No doubt greater attention 
will be given to costs eventually. 

Fig. 3 shows a 2000-hp gas turbine for transportation purposes. 
The turbine drives two generators through suitable reduction 
gearing. Next to the gear case is the axial-flow compressor, the 
combustion chambers, the gas turbine, and the exhaust chamber. 
This unit is a gas turbine in its simplest form. 

Larger units are represented by the 3500-hp gas turbine, built 
by the Allis-Chalmers Manufacturing Company, now at Annap- 
olis (6), and by the 2500-hp unit, (7) built by the Elliott Com- 
pany, shown schematically in Fig. 4. Both are for ship. pro- 
pulsion. These are “‘open-cycle” units, in which the products of 
combustion and the compressed air are mixed. They involve 
the use of heat exchangers and thus have some added materials 
problems over the simpler types previously referred to. 

Another consideration is the use of the free-piston compressor 
for supplying hot gas to the gas turbine (8). 

The Escher Wyss-AK closed-cycle turbine has been described 
by Dr. Keller (9). This cycle offers metallurgical advantages 
but adds the problem of a large air heater. 

Finally, there is the large central-station gas turbine, still in 
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Fic. 2) Gas-TurBINE ATRCRAFT-PROPELLER Drive 


Fic. 2000-Hr Gas TurBINE FoR Locomotive 


the embryo stage. Such plants when they eventuate must be 
reliable, have long life, and they will have to earn their way. 


GENERAL MATERIALS CONSIDERATIONS 


In the years immediately ahead, it is believed that the major 
developments and production of gas turbines will continue to be 
in the field of aviation. In this field, one finds well-developed 
standards for materials, such as the Army-Navy Aeronautical 
Specifications and the S.A.E. Aeronautical Materials Speci- 
fications. These are well established, dependable, and they 
should amply take care of the majority of the material needs of 
the new jet engines and gas-turbine drives. As a matter of fact, 
one will be required, no doubt, if he fails to recognize the moral 
obligation, to use such material standards for all but a few parts. 
Naturally these specification systems did not contemplate such 
things as jet engines and gas turbines, but already there are moves 
under way eventually to include specifications for the few new 
materials that are needed. 

In some degree one may say much the same for gas turbines 
for application in other fields. There are well-developed speci- 
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fication systems and codes in the Navy and other marine-propul- 
sion fields, for the railroads, for stationary power applications. 
For Diesel engines, material developments are well advanced 
and should readily meet the problems of the free-piston com- 
pressor. The heat-exchanger and boiler codes and experiences 
should readily meet the materials considerations in those gas 
turbines where heat exchangers of any sort are involved. 

There are no suggestions here that there will not be problems of 
a material nature in these many types of units. Difficulties will 
develop which will require improved materials; some new ma- 
terials will be advanced to do a better job, or to do the job more 
cheaply. It is well to emphasize, however, that in these fields of 
application, there are well-developed standards which will readily 
take care of the majority of our needs and allow us to devote the 
greater part of our time to the development of the special ma- 
terials that have advanced so rapidly during the war years but 
that require much further study and improvement. 

The reduction gear that will be required between the high- 
speed gas turbine and the propeller, in an aircraft drive, Fig. 2, is 
a good example. It would appear that no new materials need be 
developed for such a reduction gear. The engineer should be 
able to rely entirely upon the existing knowledge of gear, pinion, 
and shaft steels, bearing materials, and materials for other parts. 

Some improvements are already to be desired in the matter of 
large aluminum- and magnesium-alloy forgings, for compressor 
rotors. Already, forgings are wanted that are beyond the field 
of experience as regards size or mass. A full knowledge of the 
properties, and control of properties, in the larger sizes now availa- 
ble is lacking. Better ductility would appear desirable. If 
aluminum or magnesium alloys could be developed that would 
permit their use at higher temperatures than the present limi- 
tations, it would be very helpful to the engineer. 

Naturally, these remarks apply largely to aviation gas turbines, 
or other applications where weight is really important. For 
other fields of application, such as have been suggested, steel 
forgings of readily available grades will meet the compressor- 
rotor requirements, and no problems now exist. 

In the case of blading for axial-flow compressors, we have 
borrowed materials, manufacturing methods, and designs from 
our steam-turbine experiences. Both for aviation gas turbines, 
and in some cases for other applications, the low-carbon 12 per 
cent chromium steel, such as is widely used in steam turbines, 
provides a strong and reliable material, especially for moving 
blades. Its high damping characteristics offer a real value. 
Drop-forging practices for producing such blades have become 
well established. For the stationary blades, we have formed 
diaphragms by welding shroud rings to cast 18/8 stainless vanes. 
Here, a comparatively new product, the precision-cast blade, has 
been used in connection with an old and reliable method of dia- 
phragm construction, to meet the need. 
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Of course plain-carbon steel has been used for compressor 
blades in some stationary units, and there has been much thought 
given to the use of aluminum and magnesium alloys for this appli- 
cation in aviation units. 


Tue Hor Materiats ConsiIDERATIONS 


Perhaps too glibly or too easily for the satisfaction of many, 
the author has now swept aside the great majority of the ma- 
terials to be used in gas-turbine units and is now down to those 
few parts that require our continued concentrated study and de- 
velopment. These are the parts that get quite hot; these are the 
parts that require the special heat-resisting alloys, to which refer- 
ence was made previously. » 

Fig. 5 shows a partial cross section of a turbine-jet engine of 
the straight-through axial-flow-compressor type. It will illus- 
trate readily the parts to which the author would refer, for prac- 
tically any type or application of gas turbines. But five items 
are involved, as follows: 


1 Combustion liner. 

Turbine cylinder and exhaust casing. 
Turbine rotor or disk. 

Turbine blades. 

Bolting. 


of 


Possibly the list should be longer; for example, the large air 
heater for a closed-cycle gas turbine involves the use of a large 
amount of tubing. Temperatures will probably vary in such a 
heater, and cost considerations would require the use of several 
steels for the various temperature zones; 5 per cent chromium 
steel for the lowest temperatures, 18/8 stainless for the next higher 
temperatures, and 25/20 stainless for the highest temperatures. 
Electric-welded tubing made from well-prepared strip stock would 
appear to offer advantages of manufacture and cost. Plain- 
carbon-steel tubing will serve for many lower-temperature heat- 
exchanger conditions. 

Mention has already been made of the fact that steam turbines 
have now reached the temperature level of 950-1050 F, these 
being inlet steam temperatures. In the steady advance in tem- 
perature of these reliable units, various testing practices have 
come into use. Creep, creep-rupture, and fatigue tests have been 
widely practiced, as well as relaxation tests, impact tests, and 
many other considerations. Our knowledge of materials for such 
purposes has steadily been advanced. 

We know that under such high temperatures and under con- 
ditions of stress, the metal will continue to stretch or creep at 
rates that are dependent upon the material, the temperature, the 
speed or velocity of loading, and possibly other conditions. 

We long ago recognized that there were conditions of failure 
from creep, and failures frém fatigue. We call the former creep- 
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rupture, and it has become the most common test that has been 
applied to gas-turbine materials. 

We realized long ago that what we were really interested in 
knowing for a material was the load that could be imposed, under 
a given temperature condition, that would result in no greater 
than an established maximum total deformation, during the ex- 
pected life of the material or unit. 

The author has seen fit to call this the foursquare relationship 
and to illustrate it with a simple square, as in Fig. 6. We are 
interested in knowing or establishing a definite relationship be- 
tween stress, the existing temperature, the total deformation that 
we can stand, in the expected service life. Certain conditions 
have been appended that naturally affect the values and the re- 
lationship. “Any change in the length of one side of the square 
destroys the foursquare principle. This relationship is funda- 
mental ift all high-temperature applications involving stressed 
parts. 

As an example, let us consider a moving blade in a gas turbine. 
It has been so designed that the stresses involved in normal op- 
eration as regards speed, temperature, and gas flow, are con- 
sidered safe, that is, it will not stretch over an allowable amount, 
during the assigned life or time of operation, and not fail. But, 
as indicated on the temperature leg of the square, let us consider 
that control of fuel flow fails, and the temperature suddenly rises. 
Excessive stretching of the blade will immediately result, even to 
the point of rapid failure. The stress was too high for this new 
temperature condition. Or governing may fail temporarily, and 
the speed of rotation will increase. Again, stretching at an in- 
creased rate will quickly cause failure. 

This fundamental thought is highly important in our concep- 
tion of materials for the hot parts of gas turbines. This is why 
“short life” and “long life’ were emphasized so often in referring 
to the various types of gas turbines. The fact that an alloy has 

been developed, which gives satisfactory operation in a super- 
charger unit or a jet engine with an expected or accepted life of 
150 hr or less, does not mean that that same alloy will be equally 
satisfactory in a gas turbine that must operate for many thou- 
sands of hours, or many years. The stress that can be employed 
in the blades or the disk of an 8-minute guided missile is many 
times that which can be safely used in a unit that must operate 
for years. 

We must keep in mind also, in this connection, that the four- 
square relationship is one that cannot be trifled with, if freedom 
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from failure is to be realized. If one has closely designed for 150 
hr of life, it means 150 hr. The time leg of the square is just as 
important as the stress and temperature legs previously referred 
to. 


Trestinc CoNsIDERATIONS 


We should also emphasize that a great deal of the testing that 
has been carried out in recent years on gas-turbine alloys has been 
for comparatively short periods of time, obviously because the 
things that we needed for combat were rockets, missiles, turbo- 
superchargers and jet engines, all of them short-life units or 
purposes. Naturally, we will want to extend our knowledge of 
these alloys as regards time or life behavior, as we think of apply- 
ing such materials to long-life service. 

In our steam-turbine applications, we see fit to plot creep data 
in various convenient ways for the readv use of the designer. 
These charts are really setting forth essential data from which the 
designer may select foursquare relationships for his purposes. 
This has been covered in an excellent manner in a paper by 
MeVetty (10), in which the methods proposed in his Figs. 15 and 
16 are most favored. 

It will be appreciated in steam-turbine practice, that such units 
are built to last for many years. Data are based upon 100,000 
hr of operation, but the units are expected to last 20 years, and 
30 years is anticipated. Naturally, one cannot test materials 
for any such time periods, although some few tests have been car- 
ried on for many years. Therefore the tests are carried out for 
reasonably long periods, and the results are then extrapolated to 
the long-time basis. Such extrapolation is widely practiced. 
In the case of steam-turbine materials, sufficient knowledge and 
experience exist to justify the extrapolation. 

The very nature of the gas-turbine alloys and the results of 
many creep-rupture tests suggest that we go very slowly and care- 
fully in extrapolating our test data to long-time periods. 

Of course for our short-life wartime ‘produets, we were in the 
very fortunate position of being able to carry out our testing to 
lengths of time equal to and greater than the expected life of the 
units, and we had no extrapolating to do. In the case of the 
author’s company, as a rule we limited ourselves to tests of about 
1500 hr duration. Being at war, and putting our best efforts on 
short-life engines, we could not justify the waste of our test 
machines on time periods that were too far beyond those actually 
needed. 

Practically all of the creep-rupture testing carried out prior to 
1939, and a good deal of the same testing of the wartime period, 
made no effort to determine the rate at which stretching was tak- 
ing place. The test merely involved the subjection of the speci- 
men to stress and temperature and recorded the time that elapsed 
before failure took place. A single curve was plotted, showing 
rupture stress against rupture time. Sometimes the elongation 
and reduction of area exhibited by the broken specimens were 
recorded. 

There were several disadvantages in such testing practice. 
One material might “hang on” for a long time before failure, and 
receive a very favorable plotting position, and yet have been 
stretching at such a rate as to have little or no value for critical 
parts. On the other hand, many materials would exhibit good 
rupture strength and life, and the plot would fail to record that 
the material was possessed of so little ductility as to impair its 
usefulness for some parts. 

Then again, rather high stresses often have been employed in 
creep-rupture testing, so that fracture would result in reasonable 
time periods. Usually, these stresses were far beyond those that 
could be employed in design, except for those applications where 
very short life was expected. To gain creep data, the creep- 
rupture tests were, in some of the research projects, supplemented 
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by true creep tests. In these tests, one always determines the 
rate of creep or stretching. 

In 1939, we decided to combine the creep-rupture and creep 
tests into a single testing practice. A series of tests would be 
made on each material, using a range of stress. The loads would 
be so arranged that failure would result in enough cases as defi- 
nitely to establish the position of the rupture curve. The stresses 
of lower magnitude in the series would not result in failure, but 
they were the stresses in the range that would be actually used in 
the gas-turbine parts; they would be carried out to 1500 hr or so, 
and the tests then discontinued. But in all cases, the rate of 
straining would be determined and recorded. 

Dr. Nadai developed new units (11) for these tests, and they 
were used in alloy-development activities as well as for procur- 
ing design data. 

From the information resulting from such tests, there were 
prepared what we term “design curves,” such as shown in Fig. 7. 
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From such a data sheet, the engineer may for that temperature 
select the stress that will result in a given total deformation in 
any selected time period. In addition to the curves of total 
deformation, the position of rupture is shown, and the transition 
point where ‘‘third-stage creep” or accelerated creep starts. The 
per cent values indicated along the upper two curves is the per 
cent of elongation at that particular point. Thus the designer 
has a fairly complete picture before him. He knows his four- 
square relationship, and he knows how close to failure he is going. 

This data sheet also emphasizes a very important considera- 
tion. It suggests quite forcibly that at longer time periods all 


of the lines appear to be coming together, and that rupture will . 


occur with very small amounts of total deformation. Our availa- 
ble ductility becomes less and less as length of service increases. 

We were quite instrumental in getting others to use this 
method of testing, and of plotting data. While the method was 
believed to be somewhat original, it was later discovered that in at 
least one place, German engineers and metallurgists were doing 
exactly the same thing. 

In 1938, work was initiated at the Westinghouse Research 
Laboratories to develop a new 120-cycle high-temperature fa- 
tigue testing machine (12), for the study of the endurance proper- 
ties of steam-turbine-blade materials at temperatures up to 
1000 F. When the desire for such data on gas-turbine alloys 
arose, it was found that these testing units could be used at tem- 
peratures up to 1600 F. Many gas-turbine alloys have been 
tested at temperatures of 1200-1350-1500 F, for test durations of 
100 and 250 millions of reversals. These data will be released 
later. 
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Other test methods and practices have been used and are de- 
veloping. Impact tests, effect of velocity or speed of application 
of load, effect of notches, effect of temperature cycles, and of 
pulsating loads over and above the normal steady load, and 
relaxation will all give data which we will need as longer periods 
of service are considered. 


SraBiLiry OF MATERIALS 


As we consider higher operating temperatures and longer 
service life, we must give more attention to the matter of stability 
of our materials. It is believed that at the higher temperatures 
being considered, there is no such thing as absolute stability. 
We must seek for the least possible change, or controlled change 
that offers advantages. 

One may for purpose of discussion group the gas-turbine alloys 
in various ways. The author prefers to group them in a very 
simple way as follows: 


1 Age-hardenable wrought alloys. 

2 Work-hardenable wrought alloys. 

3 Age-hardenable cast alloys. 

4 Cast alloys normally used as cast, that is, not heat-treated. 


Improved physical properties at room and high temperatures 
are developed by solution-treating and aging the groups 1 and 8, 
as well as by work-hardening those of group 2. Such practices 
are quite advantageous for applications involving short life, but 
these effects can be lost with time, and oné must pay due attention 
to this in applying material for long service. Many of the alloys 


lose much of their available ductility with time at service tem- 


peratures, including those of group 4. We need to know much 
more about this phenomenon to consider long-service gas turbines. 
Just how “brittle’’ our materials may become and still render ac- 
ceptable service remains to be determined. 


FoR Speciric Gas-TURBINE Parts 


Combustion-Liner Material. Considering the various types and 
applications of gas turbines that have been referred to earlier, 
naturally, combustion-chamber-material problems vary. Some 
have an engine or a chemical-reaction chamber as the combustion 
chamber, so to speak, for the gas turbine. Designs will naturally 
vary with the various types. The author believes that, in 
general, reasonable service life for combustion-chamber liners will 
be accomplished more through careful and ingenious design than 
merely by seeking more and more resistant materials. As a rule, 
plenty of air is available, and if this can be utilized for cooling 
purposes, without suffering too much loss in efficiency, better 
life in the liner will be realized. 

One might mention the use of what seemed to be poorly alumi- 
nized carbon sheet steel by the Germans in their jet engines. Of 
course life was short, 25 hr‘or so, but with all things considered, 
one finds little fault with their choice of material. 

In this country, Inconel and 25 chromium, 20 nickel, 2 silicon 
stainless-steel sheet has been most widely used for this purpose in 
jet engines, and for some other gas turbines. 

The selection of a proper sheet thickness, the skill with which 
the designer provides corrugations, ribs, beads, and fins, for re 
inforecement and also to provide for expansion and contraction, 
and the use of the ever-present air for cooling, will greatly improve 
the life of any liner material. 

Of course there are better materials, such as rolled vitalium, 
but they are quite expensive, not so readily available, and more 
difficult to fabricate. One must recognize that, for some appli- 
cations and designs, the best even though the most expensive ma- 
terial may offer the greatest economy. ; 

Turbine Cylinder and Exhaust Casing. It is believed that this 
item is the simplest of the five items listed. For jet engines and 
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MOCHEL--METALLURGICAL CONSIDERATIONS OF GAS TURBINES 


propeller-drive engines, sheet metals naturally are used to keep 
weight down. It has been found that inhibited 18/8 stainless 
steel for the outer casing and 25/20 stainless steel for the inner and 
hot portions make a good combination. For short-life engines, 
such as in guided missiles, ceramic-coated ordinary steel appears 
to offer all that is necessary. 

For intermediate sizes of gas turbines, forged or cast high- 
temperature alloys are available for the turbine cylinders. The 
construction proposed by Dr. Keller (9) for larger gas turbines, in 
which an inner blade ring or cylinder of sufficiently resistant ma- 
terial is enclosed within and insulated from an outer casing of 
more ordinary steel, and in which the gas passageway is formed 
by a thin shell pf heat-resistant material enclosed within and well 
insulated from an outer main casing, appears most satisfactory 
and the most economical approach. 

Where there are unusually hot bands or locations, one can al- 
ways apply locally such resistant materials as rolled vitalium, 
welding it into its best location. 

Turbine Rotor and Disk. Much work has been done in de- 
veloping alloys for disks and in producing reliable disks from those 
materials. These disks have been explored and tested in many 
ways. Both the age-hardenable and the work-hardenable alloys 
have been considered and used. 

To secure the best load-carrying ability or strength, one must 
properly heat-treat or age-harden the first, and the work-hardena- 
ble alloys must be forged or worked at temperatures below those 
usually considered normal for forging operations. The term 
“hot-cold-worked”’ has been used to designate this. However, 


it appears to be true with all of our materials that when we im- 

prove the load-carrying ability by heat-treatment or by hot-cold 

work, we lose the ductility of the metal at high temperatures. 
There has been an impression that the age-hardenable alloys 


stood alone in this particular respect, but a great many tests have 
been made to show that hot-cold-worked disks of supposedly duc- 
tile materials are also very deficient in ductility as judged by 
creep-rupture tests. 

What should be done? Shall we compromise in this matter 
and accept the lower load-carrying ability and reasonable duc- 
tility; or shall we secure the utmost in load-carrying ability and 
accept the poor ductility? What we need is hot-spin test-pit 
operation of disks of all kinds, in which we may study this effect 
and know the way in which failure will take place. A program 
along these lines is now under way, and metallurgists await the 
data with much interest. 

Disks have been used largely in the various gas turbines which 
have been built. In the case of superchargers, and many of the 

_ jet engines and propeller drives as well, a single disk of the heat- 
resisting alloy is flash-butt-welded to a shaft of low-alloy steel. 
In some cases, one or two disks are bolted to the shaft. For small 
and especially short-life apparatus, such disks are readily formed, 
and usable physical properties may be built into them by the 
forging operations. 

However, large forgings of these heat-resisting alloys are still 
ahead of us. Great difficulty was experienced in procuring a 
forged rotor 14/, in. diam X 26 in. long, with two shaft ends. 
The Elliott turbine rotor (7) was built up from a number of 
disks and two shaft ends, welded together. A real problem was 
involved which has been described by Cunningham (13). 

Brown-Boveri has long proposed the making of turbine rotors 
by welding disks together. 

The author has proposed the formation of medium-sized rotors 
by flash-butt-welding disks and shaft ends together, as in Fig. 8. 

General Electric makes use of a composite disk for larger jet- 
engine rotors, in which a strong low-alloy steel forged disk has a 
rim of heat-resisting alloy welded to it. 

For high-temperature steam turbines, for long service, we have 
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learned that the single-piece rotor forging is best. Thought 
naturally moves in that direction for gas turbines where even 
higher temperatures are involved. However, it would appear 
that our knowledge and ability to handle larger masses of these 
heat-resisting alloys has not reached the stage where large relia- 
ble forgings are possible, and we must rely for a while on disks 
and assemble them together by welding or other means to meet 
our development needs. Indeed, it may not be surprising that 
the disk construction or the composite construction will be the 
final word in the matter. 

Turbine Blading. Probably more thought and more effort 
have been put on blading and blade materials than on all the other 
component parts. Blades have been made by forging, by ma- 
chining from rolled bar stock and shapes, and by precision, cast- 
ing. There are many rather satisfactory materials available. 

There is much to be said for the blade designed for machining 
from flat bar stock or special shapes. Metallurgical control of 
the material is simplified. Experience has shown marked savings 
in cost. 

Often, designing for machining means compromising a desired 
shape and accepting one that is not se good, and to produce non- 
machinable sections we must resort to drop-forging pressing or 
precision castings. 

In considering forging of heat-resisting alloys, we encounter a 
paradox. We want the material to flow and deform easily and 
readily in the die when it is being forged or pressed, and give us 
quick results and no wear on our dies; yet we want it to refrain 
from flowing or deforming in service when we subject it to 
stresses and temperatures almost as high as those used for forging 
or pressing. 

As our engineers talk of higher and higher temperatures, we 
must realize that the range of temperature between forming and 
service is being narrowed. One naturally turns under such cir- 
cumstances to those materials that are nonforgeable, or prac- 
tically so; the materials that can be precision-cast into turbine 
blades. Experience with cast blades is good; our hope appears 
to lie in that direction alone if metal temperatures above 1500 F 
are to be attained. 

Much thought has been given to hollow blades. They have 
been formed by cupping and drawing from sheet metal, by form- 
ing and welding sheet metal, by forging from special shapes, and 
by casting. Hollow blades merit our increased attention. They 
offer three advantages that the metallurgist needs badly in his 
contributions. They will result in the use of lesser quantities of 
limited elements; they will or can result in lower stresses; and 
they provide for air or other cooling which is so desirable from the 
materials standpoint. 

There are blading problems, of course. For example, many 
blades will have to be shrouded. Integral shrouds on blades have 
some limitations. The heat-resisting alloys do not cold-rivet at 
all, and hot-riveting methods are being developed. The welding 
of blades to disks is widely practiced but needs further develop- 
ment. 

Problems of corrosion and erosion are yet ahead of us, as we 
face the combustion of high-sulphur fuel oil and pulverized coal. 
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Wrought blade material has been produced with endurance- 
limit values of 80,000 psiat 1200 F. As arule, high fatigue values 
and high creep-rupture values are somewhat opposed, and further 
study is needed in an effort to gain high values on both methods 
of evaluation, if that is possible. 

Bolting. Bolting materials for gas turbines have not received 
as much attention as other applications. Experience has shown 
that the age-hardenable nickel-base alloys give splendid per- 
formance, at least up to 1200 F. They appear to have good 
resistance to seizing. 


CONCLUSIONS 


The following statement was recently made to the author by 
one of the outstanding gas-turbine engineers in this country, in 
answer to a query as to how, high in metal temperatures he would 
like to go, what life he would expect, and what sort of stresses he 
would have to employ: ; 

“With present-day compressor and turbine efficiencies, the jet 
engine is not efficient at around 1500° turbine inlet temperature. 
In order to get more capacity of a given size engine the designer is 
inclined to go beyond this point and thus temperatures of 1600 to 
1650° must be reckoned with in the near future. On propeller 
drives, of course, the sky is the limit in so far as temperature is 
concerned. I think the designer will demand all he can get. In 
order to get engines of attractive size and rate, direct stresses in 
dises and blades will probably run in the range between 20,000 
and 30,000 Ib.” 

We have come a long way in a few short years in our materials 
development. We must evaluate carefully what we have and 
what we know, and what we do not know. We must know more 
about how the materials behave in operation or under simulated 
conditions of operation. Hot-spin test stands are an absolute 
necessity. We must know so much more about the high-tempera- 
ture properties of sheet metal, and of welded joints. We must 
try, soon, to see if we cannot utilize lower-alloy materials, that are 
more readily obtainable, less costly, more easily produced. We 
must know more definitely what temperatures do exist in the 
disks and blades. We must go forward cautiously, but with con- 
fidence, in our materials considerations. 
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Discussion 


F. P. Huston.* The author is somewhat more conservative 
than many engineers and metallurgists in respect to the capabili- 
ties of our present-day gas-turbine materials for operation over 
long periods of time at metal temperatures in the neighborhood 
of 1500 F and higher, as dictated by desired thermodynamic 
efficiencies. It is the writer’s feeling that he may be nearer right 
in this regard. Perhaps we are trying to push the metals beyond 
their practical limits in our plans for the gas turbine as a direct 
competitor to the steam turbine and the Diesel for power-plant 
and locomotive service, on the basis solely of thermodynamic 
efficiencies and fuel costs. 

Our present materials may not enable us to reach the high 
temperatures necessary to equal or better the thermodynamic 
efficiencies of large steam turbine - electric generating stations or 
even the Diesel-electric locomotives, and the writer is somewhat 
apprehensive that the program may suffer a setback by too ambi- 
tious trials in this direction. Attention is directed particularly 
to locomotive drives where the gas turbine seems to offer marked 
advantages over the Diesel in respect to weight and space efli- 
ciencies, first cost, low maintenance costs, and other factors ap- 
plying particularly to locomotive service. It may be that the 
need to compete directly on a fuel-cost basis is not the most im- 
In the field of steam, both stationary 
and locomotive, the case does not seem to be as clear-cut as with 
the Diesel. 


* Development Engineer, International Nickel Company, New 
York, N.Y. Mem.A.S.M.E. 
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Haynes Alloys for High-Temperature Service 


By W. O. SWEENY,' KOKOMO, IND. 


Gas-turbine developments have been accelerated by re- PROPERTIES OF NEW SUPERALLOYS 
cent advances in the field of high-temperature alloys. Ef- 
ficient turbosuperchargers, jet engines, and higher-tem- 
perature steam turbogenerators have been made possible 


Two types of these superalloys were produced, namely, forged 
alloys, in which the desired properties are wholly or partially the 
result of working the metal, and cast alloys which inherently 
by the accomplishments outlined in this paper. Physical have the desired properties as-cast. Table 1 shows the chemical- 
properties of various alloys in the forged and cast form are composition ranges of both types of alloys that have been widely 
given in considerable detail. Applications are described — ysed for turbine blading. Most of the data on the physical prop- 
and future possibilities are indicated. erties of these alloys have not been published previously, as such 
information was classified as “restricted” by the Army and 

ETALLURGICAL advancements in the field of high- Navy. 
M temperature alloys helped make possible the recent ac- The density, thermal-expansion coefficients, thermal conduc- 
complishments of the gas turbine. The idea of using hot _ tivity, and age-hardening data of these various alloys are shown 
gases to operate a turbine has been known for many hundreds of — in Tables 2, 3, 4, and 5. The endurance properties of the cast 
years. However, the practical application of the theories required alloys and the forged materials, as tested at the Westinghouse 
operations at temperatures and stresses that were beyond the Electric Corporation are shown in Table 6. Creep-test data, 
scope of commercially available alloy materials. As is generally | which are given in Table 8, are indicative of the long-time proper- 


TABLE 1 CHEMICAL COMPOSITION OF NEW ALLOYS 


HAYNES 


STELLITE Develop- - 
gnati C Cr Mio Cb Fe sig. ‘ef. 

signation C 

H. S. #2) 0.20-0.35 26-30 1.50-3.5 4.56.5 - - 2 Max. Bal. - lium NR-10 


-0.35-0.50 23-26 1.50 hax - - 4-7 sal. - 61 NR-63 


NR-60 


ran) 


S. 427 0.35-0.50 23-29 Bai. 5-7 - 2 “ 30 sin, 


Rol, 622-19 NR-12 


~ 
w 
~ 
' 
t 


C.35-0.50 Lie. 


H. S, #32 0.45-0.60 23-28 - - 6-9 1.59" Pal. 


MULTI MET 
(Low C) 0.12-0.20 19-23 19-23 205-4 7521.50 1.5-3-5 Bal. 19-23 N-155 NR-21 

MULTIMET 

(Med C) 0, 30-0.50 19-23 1G-23 265-4 675-1659 1.5-3.5 19-23 0,0 


-.20 N-155 - 


on 


2-6 - - 


HASTELLOY C .20-,40 0,06-0.15 13-15-65 - 15-18 3675-5625 465-7 - - - - 


the case, modern science can meet any need if sufficient time and Tae Ss SES 
effort are devoted to the problem. 

One of the early requirements in the recent war was for a MATERIAL MS em? e 
turbosupercharger that would permit efficient military aircraft 
operation at higher altitudes. The successful solution of this HAYNES STELLITE No, 21 8.30 


problem was a forerunner in the development of a military air- HAYNES STELL ITs No. 23 8.54 
HAYNES STSLLITS No. 27 8.21 

Pp he propelled by a gas turbine. The emphasis on both of these HAYNES STELLITE No. 30 

Projects was so great that a number of superalloys were developed sig 8.31 


HAYNES STELLITE No, 
to take care of the parts that operated under extremely high yay rqweT Mt Senet 31 8.61 


stresses at elevated temperatures. HASTELLOY B - Wrought an 
— HASTELLOY C 8.94 
Haynes Stellite Company. 


Contributed by the Metals Engineering Division and presented at 
the Semi-Annual Meeting, Detroit, Mich., June 17-20, 1946, of Tur __ ties that can be expected in these alloys. The short-time proper- 
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. es, at room and elevated temperatures, including ultimate ten- 
Nore: Statements and opinions advanced in papers are to be jn 

understood as individual encanta of their plea end net then sile strength, yield strength, elongation, reduction of area, and 


of the Society. modulus of elasticity for each of the alloys, are shown in Figs. 1, 
569 


H. S, #30 
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MATERIAL 


HAYNES 
HAYNES 
HAYNES 
HAYNES 


HAYNES 


STELLITE } 

STELLITE No, 
STELLITE No, 
STELLITE No, 


STELLITE No, 


MULTIMET (Med C) - Cast 


MULTIMST (Low C) - Wrought 


HASTELLOY B - Wrought 


HASTELLOY C 


MATERIAL 


TABLE 4 THERMAL CONDUCTIVITY, WATT PER CM PER DEG C 


MATERIAL 


HAYNES STELLITE 
HAYNES STELLITS 
HAYNES STELLITY 
HAYNES STELLITE 
HAYNES STELLITE 


HAYNES STELLITE 


TABLE 5 AGE-HARDENING DATA; 


As Cast 
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TABLE 3 THERMAL-EXPANSION COEFFICIENTS 
Mean Therm] Expension Coefficient - In. per In, per °F x 10-° 


70-6800°F 


79-600°F 
7-53 
7-64 
7-53 


7-02 


7296 
7296 
7-79 
7.86 
7.88 
5. 30 
8.89 
6.57 
7-35 


392°F 
200°C 


70-1000°F 70-1200°F 


AUGUST, 1947 


70-1500°F 


8.18 8.38 
8.18 8.48 
8.04 8.29 
8.07 
7298 8.18 
8.46 8.58 
9.10 9.40 
6.66 6.73 
7244 7.73 


572°F 752°F 932°F 
300°C 400°C 500°C 


8,68 
9.24 
8.67 
8.42 
8.43 
9.01 
9.77 
6.96 
8.07 


112°F 
600°C 


21 (Wrought) 


21 
23 
27 
30 


Soln, Treated 


2170 


2145 


2404 


Aging 
Temp.°F 


-186 0224 


189 


390 370 347 


ROCKWELL “A" VALUES 


2 Hrs, 5 Hrs. 24 Hrs. 


2242 
2205 


e212 


50 Hrs. 


0-1600°F 


100 Hrs. 


HAYNSS STELLITE No, 


HAYNES STELLITE No, 


HAYNES STELLITE No. 


HAYNES STELLITE No. 


HAYNES STELLITE No, 


MULTIMET (Med C) Wrought 


MULTIMET (low C) Wrought 


(Not Ht. tr.) 


(Not ht. 


1350 
1500 
1600 
1600 
1700 


1350 
1500 
1600 
1790 


1350 
1500 
1600 
1700 


1500 
1600 
1700 


1500 
1600 
1700 


1500 
1500 


1500 
1500 


66.5 


68.5 


71.5 


sera 


570 
30 7.70 8.54 
6.41 7.78 
. 
2) 65 65 66 69.5 
65 ° 67 67 68 69 69 
64.5 67.5 67.5 67.5 68.5 68.5 . 68.5 
65 66 66.5 67.5 67.5 68 69 
65 tr.) 66 68 625 72 71.5 71.5 
68 68 6795 «68.5 69 69.5 
68 68 69 69 69 71 
27 61 (Not ht. tr.) 62 66 66.5 67 67.5 67.5 
tees. 59 . 65 64.5 65 65 64.5 65 
fe 59.5 ° 62.5 62.5 62.5 62.5 64 64.5 
62 62 62.5 63 63-5 64 
65.5 (Not ht. tr.) 69 69.5 69.5 70.5 71 73 
65.5 . 67.5 68.5 69 70 70 72 
3) 64 (Not ht. tr.) 66 69.5 70 69.5 70 70 
64 66.5 67.5 67.5 67 68 70 
64 67 68 69 68.5 69.5 71 
60 63 625 6205 
ke igs SAA 61 (Not ht. tre) 62 62.5 62 61.5 62 62 
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TABLE 6 ENDURANCE PROPERTIES 
(Specimens stressed in alternate bending at a frequency of 120 cycles per sec.) 


Test Heat Treatment Endurance Strength, PSI 
Cast Alloys Temp. Solution Treatment Aging At 108 Cycles At 2.5 x 108 Cycles 


HAYNES STFELLITS 


Room None None 35 - 40,000 . 
1200°F ° " 000 
1500°F 33,000 - 


HAYNES STELLITE No. 23 1200°F 44, 000 
1500°F 38,000 38, 000 


HAYNES STELLITE No. 27 1200°F 41,000 - 


1500°F 31,000 30,000 


HaYNES STELLITE No, 30 1200°F 52,000 - 


HAYNES STELLITE No, 31 12C0°F 56,000 - 


Wrought Alloys 


HASTELLOY B 1 200°F 2000°, H20 Quenched 4& Hrs.-]200°F 66,000 64,000 
1500°F 2050°, Air Cooled 24 Hrs.-1900°F 34, 000 - 


MULTIMET (Low C) 1200°F None 50 Hrs .-1200°F 66,000 - 
1500°F . 50 Hrs .-1500°F 33,000 32,000 


MULTIMET (Mea C) 1500°F 2200°F, 1 re 50 Hrs .-1500°F 29,000 28,000 
H20 Quenched 


\ i 82k H.S. NO. 21 CAST------- H.S.NO. 21 
9 | i HS. NO. 23 CAST—e—*— H.S.NO23 
CAST —x—— H.S.NO.27 AGED —xx— 
“t 4 2 74 * ] H.S.NO. 30 CAST—o— | | 
| | ALL ABOVE ARE 
w HSNO. 21 | | | | a t 
- 4S NO 30 AGEO——-—= 
w S NO 31 CAST — + 42 = \ 
ROOM 400 600 800 1000 i200 1'400 i600 1800 2000 30 
TEMPERATURE, DEG. F. Room 2 6400 TEMPERATURE DEG. 1400 1600 1800 


Fic. Vartation Uttimate TEeNnsILe STRENGTH AT TEMPERA- 
TURES From Room To 1800 F ron Haynes HicH-TEMPERATURE AL- 
Loys IN Bors THe As-Cast AND AGED Conp1TI0Nns8 (1 Kip = 1000 Ls) 
(Note that short-time strength of aged alloys is considerably higher than the 
as-cast condition, particularly in temperature range of 1000 to 1200 F. 
Under normal operating conditions, all of these alloys age in service.) 


Fig. StrenetH UNpER Same ConpiTI0ns as Fig. 1 
(1 Kip = 1000 Ls) 
(Variation between as-cast and aged condition is particularly noticeable.) 


22/-4.S.NO. 30 CAST H.S.NO. 30 AGED 24 4 NO. 211 
| SPecimens ' | /: JEHS.NO.27 |_| 
| > (} : H.S.NO. 3! CAST=—=] ‘ 
a 6 PRECISION GAST 
w 4 / SPECIMENS | | 
ROOM ROOM 400 600 800 1000 i200 1400 1600 1800 2000 
DEG. TEMPERATURE, DEG. F. 


Fig. 3 Etoncation Curves SHowinc Attoys As-Casr Fie. 4 Repuction or AREA 
Have Berrer Ductitiry THAN WHEN AGED (The as-cast materials show more ductility.) 


571 
= 
: 
= 
: 
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MATERIAL 
HAYNES STELLIT: 
HAYNES STELLITE No, 
HAYNES STELLITE No. 
HAYNES STELLITE No, 
HAYNES STELLITE No, 
MULTIMET (Med C) - Ca 
MULTIM&T (Low C) - Wr 
HASTELLOY B - Wrought 


HASTELLOY C 


MATERIAL 


No, 21 


23 
27 
30 
st 


ought 


TRANSACTIONS OF THE A.S.M.E. 


TABLE 3 THERMAL-EXPANSION COEFFICIENTS 
Mean Therml Expension Coefficient - In. per In, per °F x 10-° 
79-600°F 


70-600°F 
7296 
7296 
7-79 
7.86 
7-88 
5. 30 
8.89 
6.57 
7-35 


70-1200°F 70-1500°F 
8.38 


8.48 


79-1000°F 
8.18 


8,68 


8.18 9.24 


8,04 8.29 8.67 


8.07 8.42 


7-98 8.18 8.43 


8.46 8.58 9,01 


9.10 9.40 9.77 


6.66 6.73 6.96 


7.44 8.07 


TABLE 4 THERMAL CONDUCTIVITY, WATT PER CM PER DEG C 


HAYNES STELLITE 


HAYNES STELLITE 


HAYNES STELLITY 


HAYNES STELLITE 


HAYNES STELLITE 


HAYNES STELLITE 


MATERIAL 


HAYNSS STELLITE No, 


HAYNES STELLITE No, 


HAYNES STELLITE No. 


HAYNES STELLITE No. 


HAYNES STELLITE No, 


MULTIMET (Med C) Wrought 


WULTIMET (low C) Wrought 


TABLE 5 AGE-HARDENING DATA; 


As Cast 


572°F 
300°C 


7152°F 
400°C 


932°F 
500°C 


1112°F 
600°C 


21 (*rought) 


en 
23 
27 
30 


Soln. Treated Temp.°F 


404 


Aging 


-186 224 2242 


2205 


390 370 2347 


ROCKWELL “A" VALUES 


2 Hrs. 5 Hrs. 24 Hrs. 50 Hrs. 


AUGUST, 1947 


10-1600°F 


100 Hrs. 


(Not Ht, 


(Not ht. 


(Nct ht. 


56 
(Not ht. 


tr.) 1350 
1500 
1600 
1600 


1700 


1350 
1500 
1600 
1790 


1350 
1500 
1600 
1700 


1500 
1600 
1700 


1500 
1600 
1700 


1500 
1500 


1500 
1500 


66.5 


7-83 
7.64 
7.70 8.54 
7.97 8.79 
7.96 
6.41 7278 
No, 2166 -181 -198 
65 (66 mm 68.5 69.5 71.5 
Fae eee 67 ° 69 69 68.5 69 69 70 
64.5 67-5 6745 67.5 66.5 68.5 6805 
Tae 70 69.5 70 7¢ 69.5 69 ( 
6868 6705 68.5 69 
68 68 69 69 69 n 
ee 59 . 65 64.5 65 65 64.5 65 
595 62.5 62.5 62.5 
yay . 61 ” 62 62.5 63 63.5 64 66 
65.5 (Not ht, tr.) 69 69.5 69.5 70.5 71 73 
eee 65.5 " 68 68.5 69 69 70 72 
eee ce CSN 64 (Not ht. tr.) 66 69.5 70 69.5 70 70 
ba 66.5 67.5 67.5 67 68 70 
64 67 68 69 68.5 69.5 
61 tr.) 65 65 64.5 64 63.5 
61 tr.) 62 62.5 62 61.5 62 62 


HAY? 


me 


STELLITE No. 


STELLITE No, 


STELLITE No, 


STELLITE No, 


“wrought Alloys 


Cast Alloys 
HAYNES STFLLITE No, 


2l 


30 


HASTE LLGY 


B 


SWEENY—HAYNES ALLOYS FOR HIGH-TEMPERATURE SERVICE 


Test 


Temp. 


(Specimens stressed in alternate bending at a frequency of 120 cycles per sec.) 


TABLE 6 ENDURANCE PROPERTIES 


Heat Treatment 


Endurance Strength, PSI 


Solution Treatment Aging At 108 Cycles At 2.5 x 


108 Cycles 


Room None None 35 - 40,000 
1200°F 44, 000 
1500°F 33, 000 


1200°F 


1200°F 
1500°F 


1200°F 
1500°F 


1200°F 
1500°F 


12CC°F 


4b, 000 
38, 000 


41,000 
31,000 


52,000 


56,000 


2000°, H20 Quenched 
2050°, Air Cooled 


& Hrs.-1200°F 
24 Hrs.-1900°F 


66,000 
34, 000 


MULT IMET 


MULTIMET (Low C) 


(Med C) 


1200°F 
1500°F 


1500°F 


50 Hrs .-1200°F 
50 Hrs .-1500°F 


None 


66,000 
33,000 


2200°F, 
0 


H 


1 Hr. 
uvenched 


50 Hrs .-1500°F 29,000 


U 


i 82k H.S. NO. 21 CAST------- H.S.NO. 21 
H.S. NO. 23 CAST—*—e— HS.NO23 AGED 
H.S.NO.27 CAST H.S.NO.27 AGED 
| AR | ALL ABOVE ARE 
w HSNO. 21 | 58 + ~~ PRECISION CAST L_ 
54}— 4S. NO. 23 AGED | | 
w HS NO 3! CAST — eco 42 
= ALL ABOVE ARE PRECISION CAST SPECIMENS ; te 
> i > | 
ROOM 400 600 800 1000 ‘200 '400 '600 2000 30 50 2 


Fic. Vartattion 1n Uttimate TENSILE STRENGTH AT TEMPERA- 
TuRES From Room to 1800 F ror Haynes HicH-TEMPERATURE AL- 
Loys IN Boru THe As-Cast AND AGED ConpiT10Nns8 (1 Kip = 1000 Ls) 
(Note that short-time strength of aged alloys is considerably higher than the 
as-cast condition, particularly in temperature range of 1000 to 1200 F. 

Under normal operating conditions, all of these 


(1 Kip = 1000 Ls) 


loys age in service.) 


Fic. 2 Yre_p StrENGTH UNDER SAME ConpiITIONS a8 Fia. 1 


(Variation between as-cast and aged condition is particularly noticeable. 


22-4.S.NO. 30 CAST H.S.NO. 30 AGED | WS.NO. 2111 
H.S.NO. 3) CAST H.5.NO. 31 AGED ‘i 
= ist 4 | HS.NO.231 
6 « § “ALL ABOVE ARE 
i | | ao / SPECIMENS | | 
: 800 1000 i200 1400 1600 1800 2000 
ROOM 4 000 1 1400 1600 1800 
TEMPERATURE, DEG, TEMPERATURE, DEG. F. 


Fie. 3 ELoneation Curves SHowinc Atioys As-Casr 
Have Berrer Ductitiry THAN WHEN AGED 


Fic. 4 Repuction or AREA 
(The as-cast materials show more ductility.) 


es 
571 
38, 000 
32,000 


572 TRANSACTIONS OF THE A.5.M.E. 


2, 3, and 4, and Table 7. It is significant to note that there is a 
gradual increase in strength from 1000 F to 1200 F, after which 
the curves then follow a relatively straight downward slope until 
1600 F, where there is a tendency to flatten out till 1700 F, when 
the downward trend is resumed. This is explained by the fact 
that these cast alloys age in certain temperature ranges with sub- 
sequent increase in strength and corresponding decrease in duc- 
tility. 

Some of the short-time physical properties at elevated tempera- 
tures are the result of work done at Battelle Memorial Institute 


AUGUST, 1947 


using extensometer arms made up of precision castings of Haynes 
alloys Nos. 30 and 31. 

Stress-rupture properties of these alloys, when stress is plotted 
against time on a log-log chart, are shown in Figs. 5 through 11. 
Various cast materials are compared at the temperatures of 12) 
1300, 1400, 1500, 1600, 1700, and 1800 F for a maximum of 10) 
hr. Average values are shown in Table 9. 

In evaluating the foregoing iaboratory data, it is well to keep in 
mind that forged Hastelloy alloy B and cast Haynes alloy No. 2) 
are the two alloys that have been used in mass production and 


TABLE 7 SHORT-TIME TENSILE PROPERTIES 


Test Ultimate 
Temp. Tensile 
MATERIAL Deg.F Strength 
HASTELLOY ALLOY "B" Room - Range 83, 400-85, 300 
Average 84, 200 
1000 - Range 74, 500-80,000 
Average 77,400 
1200 - Range 62, 900-68, 700 
Average 65,200 
"1500 - Range 55, 400-61, 400 
Average 58,500 
HASTELLOY ALLOY "C* Room - Range 76, 700-88, 500 
Average 81,200 
1000 - Range 63,000-73,100 
Average 67,000 
1200 - Range 56, 200-67, 200 
Average 62,100 
1500 - Range 50, 400-61, 400 
Average 56,700 
1750 - Range 30, 000-34, 000 
Average 32,000 
1950 - Range 14,000-16,000 
Average 15,000 
Test Ultimate 
Temp. Tensile 
MATERIAL Deg. F Strength 
MULTIMET (Med C) Room 82,100 
85,000 
82, 400 
85,500 
950 70,000 
71,200 
66, 700 
68,400 
1150 63,100 
64,000 
64,100 
1375 56,500 
55,600 
57,400 
55,400 
1500 47,700 


45,600 


Yield Elonga- Reduction 
Strength tion of Area Modulus of 
0.2% Offset in 1" Elasticity 
56,500-61, 500 9.5-15.0  9,.8-23.2 28.5 x 106 
57,800 11.9 13.9 
13.0-17.0 11.3-19.6 
15.0 16.4 
10,0-25.0 9.5-31.2 
14.7 16.8 
- 11.0-32.0 8.9-29.5 
18.8 18,0 
4h, 500-56, 400 8.0-12.0 8.9-14.9 24.5 x 106 
50,800 10.2 12.2 
10,0-17,0 723-2326 
12.5 14.9 
8.0-16.0 927-23.6 
15.5 15.7 
11.0-28.0 8.9-21.8 
18.2 15.4 
12.0-15.0 41.0-56.2 
= 14.0 49.0 
- 23.0-30.0 66.1-53.2 
27.5 60,0 
Yield 
Strength Elonga- Reduction 
0.4% tion of Area Modulus of 
Offset 1” Elasticity 
53, 600 10.0 10.9 2u x 10° 
56,200 11.0 15.9 
55,400 12.0 14.3 
55,400 14.0 14.3 
‘ 20.0 18.0 
- 19.0 18.8 
- 19.0 15.9 
- 16.0 15.9 
17.0 21.0 
18.0 20.2 
12.0 21.0 
bead 17.0 22.5 
11.0 14.3 
- 16.0 13.7 
15.0 15.9 
= 14.0 16.6 
- 24.0 39 4 
25.0 39.4 


. 
H 
‘ 
| 
BONG 


Pro- Yield Yield 
lest Ultimate portional Strength Strength Elonga- 
Temp. Tensile Limit 0.1% 0.4% Modulus of 
OF Str. (PSI) Offset Offset Elasticity Test Condition of Material 


TABLET (Continued) 


SWEENY—HAYNES ALLOYS FOR HIGH-TEMPERATURE SERVICE 


Room 
10C0 
1200 
12c0 
1350 
1500 
1700 
1700 
1800 


Test Ultimate portional Strength Strength Elonga- 
Temp. Tensile Limit 0.1% CH Modulus of 
OF Str. (PSI) Offset Offset Elasticity Test Condition of Material 


101,300 


69,100 
86, 2C0 
74, 20C 
89, 300 
79, 3C0 
59,000 
41.600 
42,500 


33, 30¢ 
32,900 


105,400 


77,100 
97,500 
82,900 
97,500 
79,606 
58,500 
45,800 
37,500 
43,600 
33,100 
33,000 


Pro- 


25,700 
34, 300 
27, 3C0 
39, 800 
34, 200 
25, 200 
15,500 


Yield 


37,000 
65,600 
36,200 
63,250 
56,400 
46, 60C 
30,200 


Yield 


82, 300 
39,100 
74,400 
3€, C00 
71, 300 
61,5CC 
49, 
32,800 


NO CW O@ 

Ww 


' 


Mm MW MW PM 


106 
106 


106 
196 
106 
106 
106 
106 
106 
106 


As Cast 

As Cast 

Aged 50 Hrs, @ 1350°F 

As Cast 

Aged 50 Hrs. © 1350°F 
ditto 


As Cast 
Aged 16 Hrs. @ 17CO°F 
As Cast 
aged 16 Hrs. © 1700°F 


As Cast 

As Cast 

Aged 50 Hrs. ® 1350°F 

As Cast 

Aged 50 Hrs. © 13500F 
ditto 


4s Cast 
Aged 16 Hrs. @ 17000F 
as Cast 
nged 16 Hrs. © 1700°F 


Room 
1200 
1350 
15c0 
1600 
1700 
1800 
1800 


Room 
1000 
1200 
1350 
1500 
1600 
1700 
1700 
1800 
1800 


Room 
1600 
1200 
1350 
1500 
1600 


82,500 
50,5C0 
48,900 
66,290 
51, 2c0 
41,400 
43,000 
45,400 
33,400 
33,700 


98,100 
62,900 
59,900 
77,800 
64,000 
48,900 
45, 200 
47,100 
36, 300 
37,800 


101,000 


80,100 
77,000 
754700 


59,600 
48,600 


23,300 
27, 400 
31, 300 
23,400 
16, 600 


34,1C0 
32, 700 
47,200 
36,000 
28,500 


395 706 
35,600 
53,6c0 
43,700 
33,5C0 


46,900 
36,600 
35,000 
C,8L0 
38, 200 
30, 800 


MK 


106 


106 


10° 


1¢6 


106 
106 


6 
1c 

106 
106 
1cé 
106 
10 


As Cast 


As Cast 
As Cast 
As Cast 
Aged 50 Hrs. © 1350°F 


As Cast 
As Cast 
As Cast 
Aged 50 Hrs, @ 1350°F 
ditto 
“ 


As Cast 
aged 16 Hrs. © 1700°F 
As Cast 
Aged 16 Hrs, @ 1700°F 


As Cast 

As Cast 

As Cast 

Aged 5C Hrs. @ 1350°F 
ditto 


As Cast 
Aged 16 Hrs. @ 1700°F 


Aged 16 Hrs. © 1700°F 


ditto 


WATERIAL 
H.S. #421 Room - - 36 2 
1000 35 106 
1600 106 
1700 - - - 
1700 - - - 
H.S. #23 - - 58,400 7.0 11.2 
23,800 39,306 4oc 14.8 24.1 
38, 8c0 64,300 72,500 1.7 kel 
26,500 36,700 4c,700 15.6 21.5 
42,300 66,100 74,700 1.8 6.6 
34,500 56,100 63,100 2.¢ 6.5 
24,500 38,000 40,600 7.8 12.7 
15,800 31,000 33,1CC 9.8 16,8 
- 18, 35-7 - 
HS. #27 - Te 10.3 28g 108 
3.8 8.0 27.0 10° 
11.5 20.1 18.2 
- - - 16. 
- - - 2h. 56.3 - 
#30 - - 55,100 50 3 = 
30,000 42,500 6.2 9.2 25.6 
24, 700 37,600 6.3 10.7 27.54 
39,600 61, 400 1.8 24.8 
26,500 47,660 3.0 25.6 
16,300 35,900 9.6 17.8 17.3 
- - - 17.C 26.6 gt 
- - - 24.0 3307 - 
#31 74,100 11.0 14.0 28 x 
27,000 38,000 40,200 20.0 33.5 33.5 x 
23,900 35,300 37,600 19.0 28.4 22.8 x 
32,200 48,300 53,600 726 23.9 x 
29,400 41,C00 44,500 10.3 14.1 19.3 x 
23,500 34,700 36,200 14.3 18.1 19.0 x 


Con- 
di- 
MATERIAL tion 


H.S. #30 
H.S. #30 
H.S. #30 
H.S. #31 
H.S. #31 


MULTIMST 
“(Low C) 
"(Low 
“(Med 
"(Med 
"(Med 
"(Low 
"(Low 
"(Low 
"(Low 
"(Low 


~ 
& 


Condition 1 -- 


Aged 50 hrs. 
1350 deg. F. 


Condition 2 -- 


Aged 50 hrs. 
1500 deg. F 


Condition 3-- 


Aged 50 hrs. 
1600 deg. F 


Condition 4- 


Hot Worked & 


Test 
Temp. Stress 
Deg.F p.s.i. 


Dura- 
tion 
Hours 


TRANSACTIONS OF THE A.S.M.E. 


Deformation 
Upon 

Application 
of Load 


TABLE 8 CREEP-TEST DATA 


Pee Cent Per Hour At 


Creep Rate 


AUGUST, 1947 


Per Cent At 


Total Deformation 


500 
Hours 


1,000 
Hours 


1,500 
Hours 


2,000 
Hours 


500 


Hours 


1,000 1,500 
Hours Hours 


2,000 
Hours 


1600 
1600 
1600 
1600 
1600 


9.000 
11,000 
12,000 

9,000 
17,500 


Wrought 
1350 20,000 
1350 15,000 
1350 20,000 
1350 15,000 
1350 12,000 
1500 10,000 
1500 8,000 
1500 7,000 
1500 12,000 
1500 9,000 


at 


at 


at 


Aged 


Condition 5-- 


Water Quenched & 


Aged 


Con- 
di. 


MATERIAL tion 


H.S. #21 
H.S. #21 
H.S. #23 
H.S. #23 
H.S. #27 
H.S. #27 
H.S. #27 
H.S. #30 
H.S. #31 


H.S. #21 
H.S. #21 
H.S. #23 
HS. #27 
H.S. #27 
H.S. #30 
H.S. #30 
H.S, #30 
H.S. #31 
HS. #31 
H.S. #31 
H.S. #31 


H.S. #21 
H.S. #21 
H.S. #23 
H.S. #23 
H.S. #23 
#27 
H.S. #27 
H.S. #27 


Data 
When 
When 
When 
ahen 
When 


2207 
2250 
2035 
1872 
2599 


2041 
2016 
2016 
2016 
2016 
1590 
2016 
2060 
175¢ 
3400 


0.044 
0.051 
0.080 
0.037 
0.156 


0.113 
0.094 
0,092 
0.073 
0.058 
0.054 
0.065 
C.041 
0.061 
0.064 


When discontinued at 
for 1300 hours, 
discontinued at 
discontinued at 
discontinued 
discontinued 
discontinued 
Specimen broken while removing it from test unit because of burn-out of heating 


at 
at 
at 


2000065 
2000085 
200027 
-0001 
00065 


.00031 
.00032 
200062 
.000116 
-0000y 2 
20002 
2000063 
.0CO122 
00020 


1800 hours. 


.000015 
.00002 
.00023 
.00006 
.00048 


.000165 
-000268 
00062 
.06079 
.000025 
00025 
-00004 3 
2000035 
-00027 


.000015 
.00002 
.00005 
.00070 


.0001 25 
.000361 
.000725 
00005 3 
000017 
200062 
.00C047 
.000124 
20003 


.00001(4) 
200002 
200028 
200005( j) 
.00178 


.0001 
.000612 
2000895 
.000038 
2000013 
2000048 
200002 
1) 
200038(m) 


+230 
284 
+700 
+165 
1.40 


2396 
366 
671 
e115 
308 
0157 
0137 
181 


fractured after overheating to 1650 deg. F. 


1656 hours. 
1728 hours. 


2256 
-880 
1.95 


2249 
2301 
815 
0195 
1.67 


0585 
651 
1.318 
2327 
2206 
0174 
e452 


2510 
0563 
975 
2415 
-180 
2154 
2238 
2310 


278C hours, rate .CO002%,per hour, total deformation 0.70%. 


1778 hours. 
2184 hours. 


furnace at 833 hours. 


When discontinued at 3400 hours. Total deformation 1.342, rate increasing 


Test 
Temp. Stress 
Deg.F p.s.i. 


Deformation 


Upon 


Creep Rate 


Per Cent Per Hour At 


2260 

+325 

-980 

243(j) 
2.58 (k) 


632 
893 
1.724 
0351 
-148 
2182 
323(1) 
2627(m) 


When discontinued at 2207 hours, rate less than .00001" per hour, elongation 0.26%. 
When discontinued at 1872 hours. 
Ruptured at 2599 hours, 7.0% elongation, 7.3% reduction of area. 
When discontinued at 1705 hours. 


Total Deformation 


Per Cent At 


Application 


of Load 


500 


Hours 


1,000 
Hours 


1,500 
Hours 


2,000 
Hours 


500 
Hours 


1,500 
Hours 


2,000 
Hours 


1350 
1350 
1350 
1350 
1350 
1350 
1350 
1350 
1350 


1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 


1600 
1600 
1600 
1600 
1600 
1600 
1600 
1600 
1600 


12,000 
15,000 
15,000 
20,000 
12,000 
15,000 
20, 000 
15,000 
15,000 


7,000 

7,000 
12,000 
12,000 
12,000 
12,000 
12,000 
12,000 
12,000 

9,000 


0.069 
0.068 
0,050 
0.068 
0.042 
0.076 
0,070 
0.058 
0.097 


0,036 
0.046 
0.080 
0.035 
0.078 
0.061 
0.069 
0.060 
0.065 
0.043 
0.074 
0.062 
0.062 


0,063 
0.089 
0.120 
0,035 
0.024 
0,058 
0.045 
0.050 
0.060 


200013 
20003 
200025 
200036 
» 000005 
200044 
200045 
2000210 
2000042 


0001 
2000224 
2000285 
000022 
00019 
00014 
200021 
000191 
000090 
000066 
2000037 
200014 
2900059 


.090036 
2000125 
.00033 
2000045 
00005 
00005 
00002 
200036 


0001 
00019 
200016 
00042 
000002 
200008 
200047 
000100 
2000069 


2000205 
20001 
-00011 
-000062 
00018 
~000030 
2000068 
2000079 
2000053 
2000035 
.000021 
200064 
2000035 


2000031 
-00013 
2000025 
2000036 
~0001(h) 
.00003 
-000013 
.00031 


-00008 
.00007 
-00014 
-00063(b) 
.000002 
.00008 
.00047 
.000020 
.000069 


.00011 
-00006 
000085 
-000024 
-00008 
.000030 
-000035 
.000061 
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AVERAGE STRESS-RUPTURE PROPERTIES AVERAGE STRESS- RUPTURE PROPERTIES 
1200 DEG. F. 90 1300 DEG. F. 
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H.S. NO. 2! > H.S. NO. 21 H.S.NO. 23 
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Fie. 5 Srress-Rupture Properties at 1200 F ror 100 ro 1000 uk Fie. 6 AvERAGE Stress-Ruptrurs Propertiss at 1300 F 


(At this temperature alloy No. 23 shows highest average strength although At this temperature alloy No. 31 reflects not only higher average strength 
values for all the alloys are approximately the same.) ut slope of curve is decidedly flatter.) 


AVERAGE STRESS-RUPTURE PROPERTIES AVERAGE STRESS-RUPTURE PROPERTIES 

50 1400 DEG. F. 44 50 +— 1500 DEG. F. +—+—+ 
-veceno- | | | | | | 
= 40 HS.NO. 21 NO. z 40 H.S.NU.2I——_ NO. 23 =- 
HS. NO. 27eeeeees HS. NO. 31 a H.S.NO. HS. 

™ « 30 
a 2 20 
- 
15 
10 
100 200 300 400 500 600 800 
TIME, HOURS 


200 300 400 500 600 800 
TIME, HOURS Fic. 8 Averacse Stress-Ruprure Propertizs aT 1500 F 


(Alloy No. 31 shows highest strength and flattest slope.) 


Fic. 7 Averace Srress-Rupture Properties at 1400 F 


(Alloy No. 31 and alloy No. 23 both show marked improvement in average 
strength over ae No. 21, as compared to lower temperatures.) AVERAGE STRESS—RUPTURE PROPERTIES 
25 + + 170 . F.+ — 
—LEGEND— 
AVERAGE STRESS -RUPTURE PROPERTIES | = 20-—— #.S.NO0. 21 
= H.S.NO.23 @27--* —H.S.NO. w 
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: 
a 
15 = 7 
10 5 
100 200 300 400 500 600 800 100 200 300 400 500 600 800 
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Fic. 9 Average Srress-Rupture Properties av 1600 F Fie. 10 AveRAGE Stress-RupTurRE Properties aT 1700 F 


th Lite. 31 shows higher strength, a flatter curve, and at this temperature (Stress-rupture characteristics of alloy No. 31 are superior, at this tempera- 
eodifference between alloys is more ppeenene than at lower tempera- ture.) 
tures. 
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Fig. 11 Averace Stress-Rupture Properties at 1800 F 


(At 1000 hr average strength of alloy No. 31 is 50 per cent greater than next 
best alloy.) 


have been proved under service conditions in short-time applica- 
tions such as jet engines for aircraft. Later laboratory data indi- 
cate that alloys Nos. 30 and 31 show even greater possibilities 
in future designs, particularly with respect to longer service life. 

The final choice of a high-temperature alloy depends largely on 
the design of the turbine blade and on the properties the de- 
signer feels are most essential for the successful operation of the 
turbine. Accordingly, many designers still use alloy No. 21. 
Others prefer alloys No. 23 or No. 27, while many have changed 
over to, or are starting out with, alloys Nos. 30 and 31, basing 
their choice upon the combination of properties which have been 
revealed in recent laboratory investigations. Of these two latter 
alloys, No. 30 alloy has given more consistent test results, al- 
though No. 31 alloy has a higher average value on stress rupture. 
Figures on endurance strength of Nos. 30 and 31 alloys have just 
been made available at 1200 F, and both are definitely superior 
to any of the other cast high-temperature alloys, with values 
of 56,000 and 52,000 psi, respectively, for 10* cycles. 


CoMPARISON OF ForGED AND Cast ALLOYS 


Comparison is frequently made between forged and cast high- 
temperature alloys. Both forms have their advantages. The 
forged materials have shown better endurance strength at tem- 
peratures in the range of 1200 F in both laboratory and field 
service. However, as noted in Table 6, the endurance strength 
of the cast materials at 1500 F is generally in the range of the 
forged materials. On stress-to-rupture the cast materials show 
definitely superior properties, especially at higher temperatures 
or for longer periods of time. This is significant in view of the 
fact that most designers are aiming for higher temperatures (to 
give greater efficiency) or longer life, or for both. 

The additional advantages of cast material over forged ma; 
terial are that they can generally be more economically produced, 
they can be made in more intricate shapes, and are more readily 
adaptable to mass production by means of the precision-casting 
process. Alloys for forging are handicapped by the fact that 
they are strong at elevated temperatures, making for the slow 
working of the metal and short die life. 


APPLICATIONS OF NEw ALLOyYs 


Let us now review the applications to which these alloys have 
already been adapted and the possibilities for the designer in the 
further use of these new materials. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1947 


The initial development was directly connected with the buck- 
ets required for the turbosuperchargers developed by the Genera] 
Electric Company. These buckets ultimately operated at a tem- 
perature of 1500 F at 26,000 rpm, or a tip speed of approximately 
930 mph. The No. 21 alloy was standard for this application, 
and altogether some 40,000,000 buckets were precision-cast, 
These buckets were assembled first mechanically, then by hand- 
welding with Type 316 stainless electrodes, and finally, in the in- 
terest of mass production, by the Linde Unionmelt machine-weld- 
ing process. Fig. 12 shows various styles of buckets for super- 
chargers. 


Fig. 12 Various Stytes or Cast BucKETs FoR 
CHARGERS 


Reading left to right: G.E. short-neck dovetail type; G.E. long-neck 


lovetail type; G.E. hand weld-type; Ford hand-weld type; G-E. original 
Unionmelt type; G.E. final Unionmelt weld ed G.E. repair bucket; and 
later more efficient G.E. design.) 


The next application was with one of the forged materials in the 
General Electric designed I-16 jet engine used in the P-59 Aira- 
comet. These buckets were forged from centerless-ground Hastel- 
loy alloy B bar stock. They were mechanically held in place by 
means of a Christmas-tree root. Nozzle vanes were tested in the 
I-16 unit, cast from alloy No. 21. These precision-cast vanes 
were welded into formed rings of Type 347 stainless steel. They 
gave superior results because of the unique high-temperature 
properties of this alloy, namely, resistance to oxidation, high 
strength at elevated temperatures; and relatively high hardness 
at high temperatures, giving excellent resistance against the 
impingement of the gases. 

No. 21 alloy sheet was tested in the inner combustion liner of 
I-16 engines and lasted from 3 to 8 times longer than any other 
material tested. However, this alloy was not adapted for either 
the nozzle vanes or the inner combustion liners during the war be- 
cause of the limitation of available raw materials for its produc- 
tion. 

Recent increases in exhaust-system temperatures on both in- 
ternal-combustion and jet engines resulted in a search for better 
heat-resistant alloys than the standard alloys commonly used in 
the past. 

Fig. 13 shows the short-time properties of some of the alloys 
available in sheet form which are currently being tested. Al- 
though No. 21 has more strength at the elevated temperatures, 
considerable attention is being devoted to Hastelloy alloy C 
because it is easier to form into the desired shapes than the 
other high-alloy materials. The significant factor behind the use 
of any of these materials is the strength at the elevated tempera 
tures, which minimizes the tendency to buckle and warp with re- 
sultant cracking. 

The I-40 jet engine was initially designed for Hastelloy alloy B 
forged turbine blades, which were also mechanically assembled. 
However, B could not be used because of the lack of available 
forging capacity. Almost overnight No. 21 blades were precision 
cast, a method which lends itself readily to mass production. 
It is noteworthy that the P-80 Shooting Stars, which recently 
flew across country in a little over 4 hr, were powered with 1-40 
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TABLE 9 AVERAGE STRESS-RUPTURE DATA 


Test 
Temp. Stress, p.s.i. For Rupture in 
MATERIAL Deg. F 10 Hrs. 100 Hrs. 500 Hrs. 1000 Hrs. 


HAYNES STELLITE No. 1200 70, C00 51,900 4h, 200 
1300 54,060 43,000 27,060 
1400 42,000 24, 000 15,090 
1500 22,000C 14, 200 
1600 - 16,700 13, 200 
176¢ 17,000 13,600 10,000 
1800 12,500 9,409 7,300 
2000 4, 200 


HAYNES STELLITE No, 1200 - 58,000 47,000 
1300 50,000 39,000 30, 00u 
1400 36,000 25,000 
1500 - 27, 200 21,8c0 
16090 16,000 12,006 
1700 17,0C¢ 14,0C0 11,50 
1800 12,500 8,600 5, 


HAYNES 1200 58,0c0 55,0Cc 46,°00 
1300 45,0C6 37,000 29,0090 
1400 35, COC 28, 09C 
1590 29,200 18,490 
- 10 12,090 
1700 16,006 ceo 8, 60¢ 
12,5560 C 6,809 


HAYNES STELLITE No, 1359 - ) 
1500 33,000 OG 21,706 
1600 24,200 alg) 14,800 
1700 19,c0c 11,500 
18L0 14,060 ( 7,160 
2006 5,5C0 


Test 
Temp. . Stress, p.s.i. for Rupture in 
MATERIAL Deg. F 10 Hrs. 100 Hrs. 500 Hrs. 1000 Hrs. 


HAYNES STELLITE No. 31 1200 - 55900 49,000 46,000 
1300 50,000 46,000 41,000 39,000 
1400 44, 000 36,000 29,000 26,500 
1500 35,000 28,400 24,600 23,400 
1600 - 21,000 19,000 18,000 
1700 20,000 17,000 15,300 14,500 
1800 13,000 11, 300 10,200 9,800 
2000 6, 300 4,000 


MULTIMET 
Regular 1500 28,000 21,500 16,500 
Low C 1500 23,500 18,8c0 - 
Modified (Med C) 1500 27,500 20,500 14,300 
Modified (Low C) 1500 26,000 19,000 13,000 
Hot worked & Aged (Low C) 1500 - 2c,0Co 12,500 
Hot Worked & Aged (Med (Low C) 1500 29,000 22,000 16,500 


Low C = Solution Heat-treated 1700 12,500 7,6C6 4,860 
ditto 1800 8,700 4,900 2,800 
Hot Rolled - Low C 1700 10,000 5,100 2,500 


HASTELLOY “B" ~ Forged 1500 24,160 14,200 8, 300 
1500 - 17,000 
15c0 27,000 16,200 
15c0 28,100 15,060 6,700 

HASTELLOY "B" 1500 29,000 17,600 10,700 


HASTELLOY "Cc" 1500 23,000 14, 300 8,900 
1500 18,806 14,100 10,700 
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ELEVATED TEMPERATURE PROPERTIES 
SHEET MATERIAL UNDER .040" THICK 
4 + 

| — LEGEND — | | 

4.S. NO 21 
74S. NO 27 
HasTeLLoy | | 
ALLOY “"C" ——e——e—o 


TENSILE STRENGTH, KIPS PER SQ. IN. 
ELONGATION, PER CENT 


200 400 600 800 1000 1200 1400 1600 1800 
TEMPERATURE, DEG. F 


Fic. 13 SHort-Time PropertTIES OF VARIOUS TYPES OF SHEET 
MATERIAL aT Room AND ELEVATED TEMPERATURES MADE ON 
Specimens THAT WERE UNDER 0.040 In. Tuick 


(Both tensile strength and per cent elongation are plotted. It is interesting 

to note that alloy No. 21 has appreciably higher strength at temperature 

range of 0 to 1600 F, but above latter temperature the curve converges with 

that of other materials. The good ductility of Hastelloy alloy C, as evi- 

denced by elongation, makes this alloy attractive for shapes which # re dif- 
ficult to fabricate or form out of less ductile material.) 


Fic. 14 Tursine Biape 1n As-Cast CONDITION IN FRONT OF 
Mreror To SHow Twists In I-40 ENGINE 


(This cast bucket of is currently being built 
y Allison Division, : 


engines which had cast No. 21 alloy turbine blades, as shown in 
Fig. 14. 

Simultaneously with the General Electric gas-turbine develop- 
ments was the Westinghouse designed 19XB jet engine. This 
engine had axial-flow compressors, as compared to centrifugal 
compressors used in the I-16 and I-40 engines. The mechanically 
held turbine blades used in the Westinghouse engines have been 
precision-cast of No. 23 aJloy, and forged or machined from K-42B 
alloy. No difference in the service performance of these two al- 
loys has been reported. The nozzle vanes for the Westinghouse 
engines have all been precision-cast from alloy No. 21. A num- 
ber of other parts for Westinghouse turbine developments have 
been precision-cast. Figs. 15 and 16 show turbine blades, nozzle 
vanes, and nozzle segments. 

One of the more intricate designs produced, which has proved 
efficient, is the Wright hollow turbosupercharger bucket, which 
was cast of alloy No. 21. Fig. 17 shows this bucket, as-cast. 

A somewhat different application for these high-temperature 


Fig. 15 As-Castr ALLoy No. 23 Turbine Biape Usep sy 
INGHOUSE IN 1YXB Jer ENGINE 


+ 


Fic, 16 Nozzie-VANE SEGMENT AND THREE “JESIGNS OF NOZZLE 
Vanes Usep IN WESTINGHOUSE JET ENGINES 
(All are made of No. 21 alloy.) 


Fic. 17 Wricut HoLLow TuRBosuPERCHARGER 
Bucket or No. 21 ALLoy, TAKEN IN Front OF MIRROR 
(View shows a bucket, as-cast, and sectioned to reveal cavity.) 
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Fic. 18 Two Views or Jet OutLet Nozz_e 


(Currently being tested by Lockheed in Stellite alloy No. 21 and Hastelloy 
alloy C.) 


TRAILING EDGES 
AND CURVATURES, 


Fic. 20 Rockwett Harpness Test SPECIMEN AND Two BEND 
7) Test WirES ON Wax CLUSTER OF SUPERCHARGER-BUCKET PATTERN 


(These are used, after casting, as a control to assure each mold being uniform 
and buckets meeting strict requirements on ductility and hardness.) 


be 

SECTION A-A 
Fig. 19 One or Tyree STeaM-TuRBINE Biapves Betnc Tresrep 
tn A 60-Kw TuRBOGENERATOR 


alloys is the jet outlet nozzle which is being tested by Lockheed 
in alloy No. 21 and Hastelloy alloy C. The design of this part, 
illustrated in Fig. 18, is not readily adaptable to fabrication. By 
the precision-casting method, however, the part can be produced 
from superior alloys having the desired physical properties. The 
casting shows definitely less tendency toward buckling, warping, 
or cracking. 

The gas turbine has also been used in locomotive propulsion. 

These high-temperature alloys have also been used in steam 
turbines. Fig. 19 is a view of an alloy No. 21 steam-turbine blade 
for test in a 60-kw turbogenerator, which is to operate at higher 
temperatures and higher pressures than has heretofore been 
possible. 

ContTROLLING CAsTING PRocEss 


Many engineers have been reluctant to rely on castings for 
parts which are highly stressed. In order to overcome this hesi- Fic. 21 Viewrnc X-Ray NEGATIVES oF TURBOSUPERCHARGER 
tancy, a number of controls have been established to assure that Buckets ro Assure Eacu Bucket Is MeTALLURGICALLY SouND 
each part cast in one of these high-temperature alloys is abso- 
lutely reliable. After a master heat of approximately 500 Ib is Once a part is cast, it is visually inspected for any possible de- 
made, a sample is submitted for chemical analysis, and precision- fects. Highly stressed areas are even viewed at magnification 
cast '/;-in-diam test bars are tested at both room and elevated when advisable. Each part is subjected to Zyglo inspection to 
temperatures. A hardness sample is also held at 1475 F for 50 determine if any cracks or other surface defects are present. 
hr to determine the aging characteristics of the heat. Ifthe heat Each part is subjected to x-ray inspection, and it is rather com- 
passes these tests, it is released for production and is then re- mon pra¢tice to take separate shots for sections of varying thick- 
melted and poured into individual molds. Asa further check on ness. Typical x-ray inspection is shown in Fig. 21. The parts 
each individual mold, a hardness specimen and a bend-test wire are then subjected to dimensional inspection by means of microme- 
are cast as part of each mold. Fig. 20 shows a cluster of super- ters and dial indicator gages, as well as guillotine or plate 
charger buckets with the hardness and bend-test specimens at- gages. 
tached. The mold temperature and the metal temperature are Some of the gages which have been used on the various 
ne accurately controlled in order to assure the desired metal- high-temperature turbine blades are shown in Fig. 22. Even 
Uurgical properties of the cast metal. though tremendous strides have been made in improving the 
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Fie. 22 Gaces Usep In CHeckInGc Dimenstonat Accuracy or Cast Gas-TuRBINE BLADING 


metallurgy of castings, it is recognized that there is still further 
work to be done. 


FurrHerR ADVANCES IN ALLOYS PossIBLE 


In the laboratory stage, there are new alloys which show even 
better properties at elevated temperatures. Undoubtedly, in the 
future many of these materials will be adapted to gas-turbine 
and other high-temperature applications. However, nearly all of 
these newer alloys show poor room-temperature ductility which 
may be a limiting factor in their ultimate use. In the meantime, 
the alloys which have been discussed offer the designer materials 
which are now suitable for commercial production. They repre- 
sent the best compromise between desired physical properties at 
elevated temperatures and ability to be handled in the shop by 
welding, machining, etc. All of these alloys can be supplied as 
rolled sheet, many of them as bars for forging, and all as precision 
or conventional castings. 

Since these new superalloys are now commercially available, it 
‘is confidently expected that the mechanical engineer will take full 
advantage of them in designs which were heretofore not practical 
because he had not previously had materials with the properties 
required for efficient operation. 


Discussion 


W. O. Brnper.? The author has presented an interesting sum- 
mary of the properties of high-temperature precision-casting al- 
loys and has ably shown the advantages of these materials in the 
field of high-temperature service, particularly in the development 
of gas turbines. Inasmuch as the mechanical properties of these 
alloys have only recently been published, because of restrictions 
imposed by the Army and Navy during the war, there has been 
insufficient time for engineers to assimilate,them and to compare 
them with the properties of materials with which they are more 
familiar. 

With this thought in mind, the curves shown in Fig. 23 of 
this discussion were prepared as they reveal at a glance the 
extent of improvement in high-temperature alloys made during 
the war period. To simplify the construction of this graph, the 
materials developed during the war have been divided into there 
classes. Class A represents the wrought alloys which exhibit 


2 Metallurgist, Union Carbide and Carbon Research Laboratories, 
Inc., Niagara Falls, N. Y. 
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high strength at elevated temperatures as a result of strain-hard- 
ening, and class B the wrought alloys which develop their strength 
at elevated temperatures as a result of heat treatment. Class C 
contains the alloys that are used in the cast condition, and it in- 
cludes Haynes Stellite alloys Nos. 21, 23, 27, 30, and 31, discussed 
in this paper. 

In comparison with wrought carbon steel and lower alloy steels, 
it is seen that the metallurgical advances in the field of high- 
temperature alloys has been appreciable. As already pointed out 
by the author, and also brought out by the chart, cast materials 
have a strength advantage over wrought materials at tempera- 
tures above about 1500 F, which is significant in view of the 
greater efficiency that may be obtained by increasing the tem- 
perature of the inlet gases. Comparative creep-test data, which 


are given in Fig. 24 of this discussion, are indicative of the long- 
time properties that can be expected. They also reveal that 


cast materials are superior in strength to wrought materials at 
temperatures above about 1500 F. 


AvuTHOR’s CLOSURE 


Mr. Binder has shown clearly that these cast materials are 
superior to wrought materials in both strength and creep at 
temperatures above 1500 deg F. This characteristic makes the 
precision investment-casting process a particularly attractive 
method for producing parts subjected to high temperatures. 
Experience has indicated that this process is best suited to shapes 
and alloys which cannot be obtained by conventional means of 
manufacture such as forging, screw-machining operations, coin- 
ing, stamping, and other low‘cost mass-production methods. 
Gas turbines and other high-temperature parts, when precision- 
cast, can combine the best features of material and design at the 
lowest possible production cost. 
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This paper presents a detailed account of the metallur- 
gical principles involved in the development of precipita- 
tion-hardened alloys for gas turbines, together with typi- 
cal data on heat-resistant alloys “‘K42B,” “‘Discaloy,”’ “‘Re- 
fractaloy 26,” and “‘Refractaloy 70.”’ Selection of base alloy 
and hardening agent, choice of heat-treatment for opti- 
mum properties, and the use of short-time tensile and creep 
rupture tests in evaluating the effects of composition and 
heat-treatment variables are discussed in Part I. The 
creep rupture properties of K42B, Discaloy, Refractaloy 
2%, and Refractaloy 70 are given in Part II in the form of 
design curves for each alloy at one or more temperatures 
in the range 1200 to 1600 F. The factors governing choice 
of alloy for rotor and blading service are discussed to- 
gether with some considerations on forging, machining, 
welding, and heat-treating these gas-turbine components. 


ATE in 1940, there developed a military application for a 
heat-resistant alloy which combined exceptional amenas 
bility to plastic deformation and machining with high 

strength in the temperature range 1200 to 1400 F. Precipitation- 
hardening alloys appeared to be well qualified for these demands, 
and one having promising properties was already known. Ac- 
cordingly, intensive development on that alloy, K42B1,? 
was started and led to its ultimate successful use for the rotating 
blades of aviation gas turbines. Other precipitation-hardened 
alloys have also been developed to meet other requiréments. The 
experience acquired in developing and applying these alloys 
provides the basis for this paper. 

Precipitation-hardened heat-resistant alloys are comparable 
to the high-strength aluminum-base alloys which date back to 
the first world war. Like them, they are soft and easily formed 
when given a solution treatment which is equivalent to an- 
nealing. Full hardness is developed by an aging treatment at a 
lower temperature. The hardness increment on aging is nota- 
ble, 100 to 200 Brinell, depending upon the type of service for 
which an alloy is designed. ‘They differ, however, in important 
particulars from aluminum-base alloys, having, for example, con- 
siderably more latitude in selection of heat-treatment. 

During the development work required to adapt K42B to 
aviation service, various factors influencing strength at high 
temperatures were recognized. These factors were found to be 


‘Manager, Metallurgical and Ceramic Department, Westing- 
house Research Laboratories, Westinghouse Electric Corporation, 
Rast Pittsburgh, Pa. ; 

’ Manager, Metallurgical Development Section, Materials Engi- 
neering Department, Westinghouse Electric Corporation. 

*G. P. Halliwell, U. S. Patent 2,044,165, issued June 16, 1936. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on Properties of Metals and presented at the Annual Meet- 
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as important as composition in determining properties. In fact, 
not until they were brought under close control could the effects 
of composition variation be determined reliably. ' Because of this 
situation, attention was directed to the control of properties be- . 
fore undertaking the accumulation of extensive design data. 
Such studies are pertinent also to the reproduction in finished 
blades of good test-specimen properties. 

Though a specific composition was available, further work was 
required to determine the optimum composition for various ay 
plications and permissible ranges thereof. In this, as well as 
other fields of alloying for attainment of bigh mechanical strength, 
there is a disconcertingly wide range of compositions from which 
to choose. The range of choice may, however, be materially 
narrowed by consideration of the broad principles of composi- 
tion selection. In fact, it was considered imperative to restrict 
laboratory efforts to a very few alloy types and that each type 
should be as simple as possible so that unambiguous results could 
be obtained. 

The precipitation-hardened alloys may be considered as solid- 
solution bases, hardened by addition of an element of variable 
solid solubility. Properties being determined in part by the 
base components, attention is given first to the selection of 
these components. There is available also some choice among 
precipitation-hardening agents which are considered next and 
contrasted with other devices used for the improvement of me- 
chanical properties. 


SELECTION OF Base ALLOY 


Heat-resistant alloys in gas-turbine service are subjected to 
hot corrosive gases, a major effect of which is to cause oxida- 
tion of exposed surfaces. Chromium is universally used to pro- 
vide resistance to deterioration by oxidation and apparently con- 
fers resistance to other active elements in combusted gases as 
well. It performs this function so well that no substitute has 
been seriously sought in this country. A content of 11 per cent 
in iron is adequate for many applications such as steam-turbine 
blades, but a range of 13 to 28 per cent is commonly used in gas- 
turbine alloys. Contents in that range assure adequate oxida- 
tion resistance if selected with due regard to service tempera- 
ture and to the effects of other components on that property. 
Peculiarly, chromium content, so limited, has no prominent direct 
effect on mechanical properties, although an effect may be dis- 
closed when preparation factors influencing properties are 
brought under better control. 

Two classes of high-chromium alloys are widely recognized, 
namely, ferritic and austenitic. The former are essentially iron- 
base and have a body-centered cubic-crystal lattice, while the 
latter contain sufficient nickel to assure a face-centered cubic- 
crystal lattice. This distinction is notable because the austenitic 
alloys are inherently stronger, Fig. 1. On this account they are 
used exclusively when a premium can be paid for high strength 
as is the case for the alloy types considered here. 

The most familiar austenitic alloy is 18:8. Its nickel content, 
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8 per cent, is a minimum and is inadequate when a con- 
siderable addition of a ferrite-forming element is made. On this 
account, nickel contents of 20 per cent or more are the rule. 
As in the case of chromium, nickel does not appear to have an 
important direct effect but does have major secondary effects on 
mechanical properties, one of which has already been mentioned. 
Thus the ratio of nickel to iron content in the austenitic alloys 
ean be varied rather widely even to the exclusion of iron. For 
economic reasons, however, sufficient iron to permit use of ferro- 
alloys is desirable, as they are less expensive and more readily 
introduced in the melt than pure metals. 

Cobalt, which also forms a solid solution with iron, nickel, 
and chromium, is frequently used in blading alloys. Substituted 
for nickel, it appears to increase ductility and forgeability and 
has important indirect effects. The ductility gain resulting from 
its use can be converted into a strength increase as is shown 
presently. 

The oxidation-resistant austenitic alloys just described are 
uniformly soft and highly ductile throughout the wide range of 
compositions covered when annealed. Though superior to fer- 
ritic alloys when hot, their mechanical properties are still far short 
of those needed in rotating components, a condition improved 
materially by hardening. Hardness at room temperature is of 
course not a direct criterion of hot strength, but the fact remains 
that useful strength is not obtained either hot or cold without sub- 
stantial hardening. Accordingly, attention is next given to 
means for hardening these soft solid-solution alloys. 


HARDENING OF AUSTENITIC ALLOYS 


A commonly employed means for hardening austenitic alloys 
is that used on pure metals, namely, cold-working. It improves 
elastic strength markedly at moderate temperatures, but the gain 
is eliminated by annealing, that is, heating above the recrystal- 
lization temperature. If that temperature is higher than the 
service temperature, the gain may be fairly stable. Homogeneous 
hardening can be so obtained, however, only in strip and bar 
stock so this device has quite limited applications. 

Hardness is enhanced also by mechanical working at an ele- 
vated temperature so long as it is below the recrystallization tem- 
perature of the alloy. Large masses such as rotor disks can be 
hardened in that manner, resistance to deformation being much 
less at the elevated temperature than when cold. The hardness 
gain, however, is not uniform. During the upsetting of a cylin- 
der into a disk, plastic flow is restrained at the middle of the flat 
faces but is a maximum on diagonals through the perimeter of 
those faces, hardness necessarily following that pattern. Proper- 
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ties accordingly vary with the position from which a specimen is 
cut. 

Because of the foregoing limitations to work-hardening, much 
attention has been given to the hardening of austenitic alloys by 
the addition of compound-forming elements. Carbon is a_po- 
tent hardening agent of this type. Hardening with it is due, as in 
ordinary structural steels, to carbides which are much harder than 
the matrix. This mechanical mixture of hard and soft com- 
ponents has good mechanical properties but hardness cannot be 
varied greatly by heat-treatment so machining must be done in 
what is essentially the fully hardened condition. Forgeability 
also appears to be impaired more than is commensurate with the 
gain in strength. Another objection to hardening with carbon is 
that carbon combines with chromium in which form chromium 
is less effective in protecting against oxidation than when in 
solid solution. Thus higher chromium contents are required in 
the presence of carbon than in its absence to obtain the same 
degree of oxidation resistance. 

To avoid the objectionable and complicating effects of car- 
bon, development work at the company’s research laboratories 
was confined to precipitation-hardening alloys which are sub- 
stantially free from carbon. Their hardenability is derived from 
an element which forms a complex compound whose solid solu- 
bility varies considerably with temperature. “Solution treat- 
ment,” that is, heating to a temperature in the solid-solution 
range and quenching, dissolves most of this compound and re- 
tains it in solid solution. The solution treatment is selected to 
produce complete recrystallization so the product as quenched is 
fully annealed. Hardening is then induced by aging, which is 
exposure to a considerably lower temperature for a longer time 
than for solution treatment. 

One of the effective precipitation-hardening agents is beryl- 
lium. The characteristic aging temperature of beryllium- 
hardened alloys, however, is so low that serious overaging occurs 
in the service-temperature range, lowering the hardness below 
that normal for the alloy. Thus a hardener is required which 
provides a characteristic aging temperature at or above the ex- 
pected service temperature. Titanium meets this requirement 
and alloys hardened with it have served well in the temperature 
range 1100 to 1400 F. 

Apparently the first published example of a titanium-hard- 
ened heat-resistant alloy is K42B, a _nickel-cobalt-chromium 
base developed in the research laboratories of the authors’ com- 
pany and reported by Austin and Halliwell.‘ Solution-treated at 
1740 F and aged 72 hr at 1200 F, it yielded excellent short-time 
strength at 1112 F. Further tests on this alloy have been made 
and reported by Brace.* His creep tests made at 1000 and 1472F 
showed a marked superiority over solid-solution austenitic heat- 
resistant alloys. Data on many properties are given. 

Though this alloy had promising properties, it still had to 
meet the test of practical production in commercial quantities. 
Titanium is a very active element, combining with nitrogen and 
carbon as well as oxygen, which property introduces major 
problems in melting, casting, and forging. Practical solutions to 
these problems were found, however, and commercial production 
was attained. 

The prospects for successful production of titanium-hardened 
alloys being speculative in the early stages, an intensive study 
was made of another promising hardening agent, namely, moly b 
denum. Useful hardening is obtained in forgeable compos! 
tions, but only when the molybdenum content is balanced in a2 


“Some Developments in High-Temperature Alloys in the Nickel 
Cobalt-Iron System,” by C. R. Austin and G. P. Halliwell, Trans: 
A.I.M.E., vol. 99, 1932, pp. 78-96. 

5“A New Alloy for Working at High Temperature,” by P.- H. 
Brace, Metal Progress, vol. 41, March, 1942, pp. 354-360. 
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exacting manner against the content of solid-solution metals.* 
Content of these elements thus determines the degree of harden- 
ing obtainable with a given molybdenum content and hence 
indirectly affects the mechanical properties. 

The molybdenum-hardened alloys have a considerably higher 
characteristic aging temperature than those hardened with 
titanium, which indicates their adaptability for service at higher 
temperatures. Increase in service-temperature rating, however, 
is not achieved without some loss in forgeability. The titanium- 
hardened alloys, therefore, appear at this time to offer the better 
compromise between forgeability and mechanical properties for 
service at 1100 to 1400 F, with the molybdenum-hardened type 
preferred for higher temperatures, especially at 1500 F and above. 

Discussion of hardening would be incomplete without men- 
tion of that induced by phase change. Alloys of this type harden 
when given the equivalent of a solution treatment with a further 
increment on aging which suggests precipitation-hardening. Ob- 
viously various combinations of the several types of hardening 
are encountered and in fact are difficult to avoid. Thus pre- 
cipitation-hardening can be induced in many commercial alloys 


‘under favorable conditions and particularly when they are cold- 


worked. Precipitation-hardening is therefore not considered 
to be a dominant factor unless there is a characteristic and sub- 
stantial hardness increment on aging in the absence of work- 
hardening. 

An important example of combined hardening mechanisms is 
that of carbon plus precipitation-hardening. Added to an alloy 
precipitation-hardened with molybdenum, carbon increases 
hardness as solution-treated but reduces the increment on ag- 
ing so there is little net change in available hardness. Also, the 
characteristic aging temperature is lowered, and the alloy is made 
more complex at a time when simplicity is essential for the relia- 
ble determination of basic relations between composition and 
properties. Carbon is of course avoided in the titanium- 
hardened alloys, because it combines with titanium and thereby 
renders the combined fraction inactive as a precipitation-harden- + 
ing agent. 


PRECIPITATION-HARDENING WitTH TITANIUM 


To select appropriate heat-treatments for gas-turbine service 
it is necessary to have a broad understanding of the response of 
precipitation-hardening alloys to the major heat-treatment 
variables. The hardness changes during aging reveal the de- 
sired information very well. Three alloys distinguished chiefly 
by their base composition, Table 1, are used to illustrate the 


TABLE 1 NOMINAL COMPOSITION OF WESTINGHOUSE TI- 
TANIUM-HARDENED HEAT-RESISTANT ALLOYS 


cent 
Discaloy 42 Refractaloy 26 


aging characteristics conferred by titanium. Despite the wide 
range of base components, there is little variation among them 
in aging characteristics or titanium content required to obtain a 
given hardness. 

Hardness tests were all made on the Vickers machine using a 
50-kg load or more to neutralize surface work-hardening effects. 
The diamond-pyramid hardness (DPH) numbers are not so 


* Howard Scott and R. B. Gordon, U. 8. Patent 2,403,128. Issued 
July 2, 1946. 
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familiar as some other scales, so a conversion relation to Rockwell 
C hardness for titanium-hardened alloys is given in Table 2. 
That test is most satisfactory for routine inspection and control of 
production heat-treatment. 

Aging curves for a particular heat of K42B are shown in Fig. 
2, time being plotted on a logarithmic scale. It is immediately 
evident that hardness goes through a maximum for each aging 
temperature which is reached in a shorter time the higher 
that temperature. Also, the maximum hardness is higher the lower 
the aging temperature. Since the service-temperature range 
overlaps the aging-temperature range, it is necessary to consider 
stability, that is, resistance to change in properties at service 
temperatures. 

Rate of softening after the maximum is reached, at, say, 1400 F, 
is extremely slow. Consequently, the best aging condition for 
stability of properties is that producing maximum hardness or a 
hardness somewhat short thereof. A long aging time, that is, re- 
duced aging temperature, also enhances stability. Practical 
considerations, however, limit aging to a relatively short time. 
On this account, an aging time of 20 hr was adopted at an early 
stage in this work and used consistently, although longer times 
are indicated when an extremely long service life is sought. 

Having adopted a standard aging time, it becomes necessary to 
find the temperature producing maximum hardness in 20 hr. 
This is easily done by interpolating to that time after plotting the 
aging time producing maximum hardness against aging tempera- 
ture, as in Fig. 3, for several heats of different composition. The 
corresponding maximum hardness is found in the same way and 
is identified by crosses. The aging temperature and hardness so 
defined are characteristic and comparable properties of these al- 
loys referred to hereafter as the “20-hr aging temperature” and 
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‘“*hardness,” respectively. Based upon studies such as these, an 
aging temperature of 1350 F has been used for most test speci- 
mens and products made from K42B. 

A generalized means for demonstrating the degree of hard- 
ness change with time at temperatures other than the 20-hr 
aging temperature was sought. Plotting the hardness obtained 
in 20 hr at other temperatures minus the 20-hr maximum against 
the difference between the 20-hr aging and actual aging tem- 
perature, Fig. 4, appears to do this fairly well. To depict more 
accurately the realities of service, however, it would be desirable 
to vary aging time with the relative aging temperature so that 
plus temperature exposures are progressively shorter and minus, 
longer. So doing, the slope of the curve to the right of the origin 
would be less and to the left, greater, thus approaching a straight 
line of intermediate slope. It appears from these considerations 
then that a single 50-deg F excursion in service temperature either 
way from the 20-hr aging temperature will not change the dia- 
mond-pyramid hardness more than 15 points. Actual field ex- 
perience confirms this evidence that hardness changes during 
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1500 and 1350 F brought its hardness 
down from 30 to 26 Rockwell C, a drop 
of 28 points DPH. In terms of service 
behavior this is an appreciable drop but one compensated by ex- 
posures at temperatures under 1350 F. 

Finally, an effort was made to reduce hardness permanently by 
solution treatment at a lower temperature after solution treat- 
ment at 1950 F and aging at 1350 F. No effect on hardness was 
discernible, however, until the re-treatment temperature was 
dropped to 1600 F, when a loss of 20 points DPH was observed. 
Thus no means has been found for reducing permanently and 
substantially the hardness of titanium-hardened alloys aged 
to the 20-hr maximum when they are exposed to variable tem- 
peratures in the vicinity of their 20-hr aging temperature. As 4 
result, hardness in such service is controlled chiefly by the cor 
position of the alloy. This conclusion does not imply, however, 
that aging is unnecessary since damage can then be done by 
stresses, easily sustained as aged, acting before maximum 
hardness is reached. 

Reasoning by analogy with steels, the question has arisel: 
Will these alloys harden fully after cooling from the solution 
temperature in large sections, the cooling rates of which are very 
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slow? Using Discaloy which was developed for use in rela- 
tively large forgings, the effect of cooling rate was studied with 
the results shown in Fig. 7. Cooling rate is measured by the 
time required for cooling from the solution temperature of 
1950 F to 1200 F, the temperature range of significant reaction 
rates. Despite a 2000:1 range in cooling time, an effect on the 
hardness as aged is barely discernible. Thus the critical cooling 
rate of titanium-hardened alloys is extremely slow, so slow that its 
determination is not a matter of much concern. 

The hardness values as cooled to room temperature before 
aging are of considerable interest. Aging obviously occurs during 
slow cooling, the hardness as cooled at the slowest rate changing 
little on aging at 1350 F. Nevertheless, sections at least 6 in. 
thick can be cooled in air without their hardness exceeding 
250 DPH, a machinable value. At the other end of the range, 
there is a distinct minimum, the rise to its left being attributed 
to plastic deformation induced by the steep temperature gradi- 
ents of water-quenching. Since this effect is likely to be variable 
and to contribute to inconsistencies, oil is the preferred quench- 
ing medium. 

In the results considered so far, a single solution treatment 
of 1 hr at 1950 F has been used. A number of other factors have 
been varied and no substantial change in hardness found which 
would suggest that the mechanical properties might be changed 
advantageously by departure from the standard aging condi- 
tions. There remains, however, the possibility of obtaining use- 
ful variation in properties through choice of solution temperature 
or of time of soaking thereat. It is known, for example, 
that grain size has an important effect on creep strength and that 
grain size is determined, after suitable preparation, chiefly by 
those variables. Hardness is little affected by grain size, but it 
can be used to find how far solution treatment can be varied 
without serious impairment of hardness or response to aging. 

Hardness of Discaloy, as quenched in oil from solution tem- 
peratures of 1800 to 2200 F, is plotted in Fig. 8. It drops 30 
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points DPH in that range but only 10 points as aged at 1350 F for 
20 hr. K42B shows a similar and more prominent effect of 
solution temperature. This characteristic is a favorable one since 
the Ioss in creep strength with reduction in grain size is partially 
compensated by the gain in hardness. Effects of solution tem- 
perature on the aging curves, if any, have not been clearly dis- 
cerned and are certainly small so the data for 1950 F solution 
treatment are representative of a fairly wide range of tempera- 
tures, 


Soaking time also has little effect on hardness so long as re- 
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crystallization is complete. Not being critical, a standard time 
of exposure at the solution temperature of 1 hr has been adopted, 
chiefly on the basis of reproducibility. Much shorter times are 
less reproducible and longer times are apparently unnecessary. 
Thus hardness considerations impose little or no restriction on 
the choice of a solution treatment. If, however, a lowered solu- 
tion temperature or soaking time fails to produce complete re- 
crystallization, aging characteristics are changed radically. 

Effects of incomplete recrystallization are shown by aging 
curves for Refractaloy 26 solution-treated at several low tem- 
peratures, Fig. 9. Bar stock was cold-rolled with a reduction 
in area of 56 per cent after annealing at 1950 F to establish a 
uniform initial condition. Evaluation of degree of recrystalliza- 
tion was possible by microexamination because of the difference 
in grain size between original and recrystallized grains and the 
severe cold-working. Incomplete recrystallization affects hard- 
ness in the same direction as does solution temperature when re- 
crystallization is complete, but two characteristics of the aging 
curves permit establishment of the presence of residual work- 
hardening: (1) The hardness as quenched increases much more 
rapidly with decrease in solution treatment when work-hardening 
is not eliminated. As quenched from 1600 F, it is as high as when 
aged to maximum hardness after the 1800 F solution treatment; 
(2) the rate of aging in the presence of work-hardening is much 
higher, maximum hardness being reached in 2 hr at 1350 F after 
solution treatment at 1600 F, whereas 50 hr are required after solu- 
tion treatment at 1800 F. 

The presence of work-hardening in precipitation-hardened 
alloys is objectionable for gas-turbine service. Furthermore, 
it is unnecessary since, as is shown presently, higher hardness than 
required for optimum strength can be obtained by precipitation- 
hardening alone. Thermal stability is reduced and another 
and highly critical source of variability in mechanical properties 
is introduced. It has undoubtedly been responsible for much of 
the inconsistency in early mechanical test results and possibly 
responsible in part also for the general preference for coarse- 
grained alloys. To eliminate this factor, however, we must have 
a criterion for it. Microstructure is satisfactory only under the 
favorable conditions already mentioned, being incompetent 
when the recrystallized grain size is close to the original and work- 
hardening is moderate. Hardness as solution-treated can detect 
a residue of possibly 5 per cent, but the problem of finding a more 
sensitive and readily applied criterion remains unsolved. 
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TABLE 3 NOMINAL COMPOSITION OF REFRACTALOY 70 


Element Per cent 
20 
4 
2 


PRECIPITATION-HARDENING WITH MOLYBDENUM 


As service temperatures rise above 1500 F, precipitation- 
hardening with titanium becomes less attractive as a result of 
softening through overaging. Fortunately, a series of alloys has 
been developed which employ molybdenum and tungsten as the 
precipitation-hardening agent. A typical alloy of this type is 
Refractaloy 70 whose nominal composition is given in Table 3. 

Aging curves for a representative heat of Refractaloy 70 are 
given in Fig. 10 and illustrate the remarkable thermal stability of 
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the alloy. Periods in excess of 300 hr are required to attain maxi- 
mum hardness at an aging temperature of 1500 F. Although 
aging is slightly more rapid at higher temperatures, such as 
1600 and 1700 F, the maximum hardness is lower so that a stand- 
ard aging time of 240 hr at 1500 F has been adopted. As will be 
shown later, the properties of Refractaloy 70 are ideally suited 
to the requirements of gas-turbine power plants expected to 
operate for many thousands of hours. For such demanding 
service this long aging period does not appear excessive. 

Because of the very high thermal stability of the molybdenum- 
hardened alloys, they are structurally quite stable in the 1200 to 
1500 F range, where present service temperatures lie. This of 
course means that the short-time properties will not deteriorate 
in service. At temperatures above 1500 F, structural changes 
will occur but at an extremely low rate, at least up to 1700 F. 


SHort-TimeE TENSILE Properties 


Under static load at high temperatures, plastic flow occurs with 
time which is then a major factor determining strength. When 
the extension or creep so produced in a rotating turbine blade is 
sufficient to cause interference, failure by creep has occurred, so 
this phenomenon requires intensive study. Creep-testing, how- 
ever, is time-consuming, particularly when long life issought. De- 
velopment of alloys requires tests on many compositions at sev- 
eral temperatures each with different heat-treatments. To make 
favorable progress, it was obviously necessary to use short-time 
tests. Two alternatives were available and were used, namely, 
the short-time tensile test and relatively short-life creep tests. 
The former test, which eliminates time as a variable, is particu- 
larly useful for exploration of the basic effects of test tempera- 
ture, composition, and heat-treatment, and is so used here as an 
introduction to creep-testing. Also, it yields useful design data at 
low temperature levels where creep strength is of no concern. 
Turbine blades also may fail in fatigue from superimposed 
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oscillating stresses. Such failures have directed attention to 
endurance strength which is now recognized to be as important as 
creep strength. Although there are fewer data available on en- 
durance strength than on creep, it is quite clear already that 
high creep strength is no guarantee of high endurance strength. 
Nevertheless, high endurance strength is not attained without 
short-time elastic strength. To that extent, the following dis- 
cussion of tensile properties is significant with respect to endur- 
ance strength. Also, the possibility exists that once the basic fac- 
tors, controlling both properties are identified, endurance 
strength can be predicted from the tensile test. 

Tensile tests were made at a constant strain rate of 800 per 
cent per hr = 13.3 per cent per min in a machine designed by 
Nadai and Manjoine.’?’ A specimen 0.200 in. diam over a 1-in. 
gage length is used. Strain is measured from the movement 
of the shoulders which are 3/,; in. diam. An autographic curve of 
plastic strain versus load is drawn up to rupture. Elonga- 
tion values are taken from that curve and are usually somewhat 
lower than those obtained in the conventional manner after 
fracture. 

Typical stress-strain curves for Refractaloy 26, as given heat- 
treatment Code C of Table 4, are replotted in Fig. 11. The curves 


TABLE 4 HEAT-TREATMENTS USED ON SPECIMENS SUBMIT. 
TED TO MECHANICAL TEST 


-———Solution treatment——. ——First aging—~ —Second aging— 


Temp, Time, Cooling = Time, Temp, _ Time, 
Code deg hr deg br deg hr 
A 1950 1.0 Furnace 1350 20 None 
B 1950 1.0 Oil 1350 20 None 
Cc 2100 1.0 Oil 1500 20 1350 20 
D 2350 4.0 Oil 1500 240 None 
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for tests at 1200 and 1350 F appear to be out of line with the 
others, but the cause of this disturbance becomes clear when 
selected tensile properties are plotted against test temperature, 
as in Fig. 12. Here temperatures are squared to open the 
scale at high temperatures where strength changes are most 
rapid. It is now apparent that yield strength, instead of drop- 
ping continuously with increase in test temperature, actually 
rises above the value at 1000 F for tests at 1200 and 1350 F. 
Ultimate strength appears to be affected in the same direction 
also. This aberration is attributed to precipitation-hardening on 
slip planes during the test; rate of aging being accelerated by 
plastic deformation as shown in Fig. 9. This effect undoubtedly 
contributes to the maintenance of yield strength at the high value 
of 90,000 psi up to 1350 F. 

Ductility is a secondary consideration in blading from the 


7 “High-Speed Tension Tests at Elevated Temperatures— Parts ? 
and 3,” by A. Nadai and M. J. Manjoine, Journal of Applied Me 
chanics. Trans. A.S.M.E., vol. 63, 194], p. A-77. 
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. viewpoint of mechanical design, but is a major factor in metal- 
lurgical design. As will be shown presently, ductility can be ex- 
changed for higher strength over a wide range of values by vary- 
ing composition. Because of the inverse relation between 
strength and ductility, strength has little significance unless duc- 
tility is given and vice versa. Thus to compare strengths of al- 
loys as affecteu by composition or treatment, it is necessary to 
make the comparison at the same ductility values. A specific 
ductility value is, however, difficult to hit exactly either by modi- 
fication of composition or treatment so one or the other must be 
varied, preferably composition, to permit interpolation to the 
desired ductility. That has been done for Refractaloy 26, 
three heats of well-spaced hardness being tested at 1350 F. 

From the results, plotted in Fig. 13, ductility and static 


d strength are seen to be very sensitive to hardness. It is more 
convenient, however, to relate strength to ductility directly as 
" - Fig. 14, where yield strength is plotted against elongation. 
Yield strength, besides being a valued mechanical-design prop- 
9 erty, is not influenced by rupture occurring while the load is 
e Tising as is ultimate strength when ductility is low, for example, 


the hardest heat of Fig. 13. Values for three heats tested at 
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five temperatures from 1000 to 1600 F are plotted in Fig. 14 
and conform remarkably well to a hyperbolic curve, only one 
being remote from it. The constant of the equation for this 
curve (the product) evaluates inherent strength, namely, that 
at a particular ductility. A better alloy or treatment will yield a 
higher value and a poorer one a lower value than 19,000. 

Having now a yardstick with which to measure relative merit, 
an alloy on which a single test result is available may be compared 
with the base alloy represented by the curve. For example, an 
early heat, differing slightly in composition, has a yield strength 
at 1350 F of 68,000 psi and elongation of 14.8 per cent. From 
Fig. 14 a strength of 89,000 psi is expected at that ductility so 
this alloy is inferior as the result of a difference in composition. 

In the same manner, effects of heat-treatment variables may be 
disclosed. Since there is most latitude for change in solution tem- 
perature and it is expected to have important effects, tests were 
made at 1200 F on Discaloy specimens solution-treated at 
several temperatures and aged to maximum hardness, Fig. 15. 
These data show that a considerable change in ductility at the 
same strength level or vice versa can be produced by variation in 
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Fic. 16 Spring-LOADED CREEP-AND-RupTuRE Test MACHINE 


solution treatment. Grain size is reduced by the drop from a 
1950 to an 1800 F solution temperature, changing from No. 4.5 
A.S.T.M. to No. 6.5 A.S.T.M. It is generally assumed that the 
change in grain size is the major factor in such property improve- 
ments, but rigorous proof thereof remains to be made. Reac- 
tion to aging may be changed slightly so that conditions at the 
two grain-size levels are not strictly comparable, but it is highly 
probable that grain size is the dominant factor. 

Short-time tensile tests are here found to be capable of dis- 
closing important effects of heat-treatment and composition on in- 
trinsic mechanical properties at high temperatures. Time at load, 
however, has prominent effects on strength and ductility which 
remain to be studied before an optimum composition and treat- 
ment can be selected for long service life. 


CrEEP AND RupTuRE STRENGTH 


Turbine blades usually operate under a steady stress, decreas- 
ing from the base to zero at the tip, while temperature varies in- 
versely, at least in the region of high stress. Of course vibratory 
stress may be imposed on the static stress but the blades must 
withstand the static stress whether or not there are load oscilla- 
tions. As a consequence, static strength of blading alloys has 
received most attention though endurance strength is now not 
neglected. 

Strength under static loads, that is, creep strength, is a func- 
tion of both the time under load and the permissible extension 
so both must be specified. Both factors vary considerably with 
the type of service anticipated, so comprehensive design data 
require extensive tests. For the purposes of composition and 
heat-treatment study, a life of 100 hr was chosen. Gas-turbine 
blades being relatively short, permanent extensions of 1 per cent 
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in length can usually be tolerated, so creep strength is here speci- 
fied as that unit load which produces 1 per cent plastic elonga- 
tion in 100 hr. By use of this short-time creep test, compositions 
and treatments worthy of long-time tests and basic problems in 
creep-testing are revealed. 

Rupture under static load is also a criterion of failure, in fact, 
it may occur before an extension of 1 per cent is reached under 
some conditions. Rupture strength consequently is of much 
concern and is evaluated in our laboratories on the creep-test 
specimen, a new type of test machine having been designed es- 
pecially for these relatively short-time tests, Fig. 16. An auto- 
graphic curve of plastic strain versus time is drawn continuously 
to the rupture point and elongation values are taken from it as 
from the short-time tensile curves. This machine is described 
in detail by Manjoine.’ A test specimen 0.357 in. diam over a 
2 or 3-in. gage length is used. 

The relation found between short-time yield strength and 
ductility suggests that maximum strength will be found at zero 
elongation. This possibility could not be checked by fast ten- 
sile test because ductility of the available heats was too high. 
When, however, the time to rupture is greatly increased by 
lowering the test load, as in the creep test, ductility drops sharply 
so its range is favorable to location of a maximum in strength. 
Such a maximum is disclosed by tests on 12 heats of K42B 
among which there was variation in titanium content and, cons- 
quently, in ductility. These heats of K42B were given heat- 
treatment, Code B, after hot-rolling and then tested at 1350 F 
under loads of 45,000 and 40,000 psi to permit interpolation to the 
same life value. Time to 1 per cent plastic strain and to rupture 
was plotted on the customary logarithmic time scale against test 
load, as in Fig. 17, for a typical heat. The test loads were too 
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high to evaluate 100-hr strengths so 50-hr strength and elonga- 
tion values were taken. As in the case of tensile results, we are 
interested in the relation of strength to ductility, so these values 
were plotted against each other. A maximum in strength was 
clearly though not very accurately established in the range of 2 
to 3 per cent elongation. The data were incomplete, but ob- 
servations on other alloys leave no doubt either of its existence or 
its location in that ductility range. It is evidently a major fac- 
tor in the selection of composition and heat-treatment. 
High-temperature strength is not fully evaluated unless data 
are available for several test temperatures in the range of pros 
pective use. Several heats of Refractaloy 26 have been tested 
at 1200, 1350, and 1500 F, and 100-hr properties determined. Test 
temperatures now being remote from the aging temperature and 
exposure thereto long, change of properties during test is of some 
concern. To minimize these changes, all specimens tested at 
temperatures more than 50 deg F above or below the aging tem- 
perature were stabilized by heating at the test temperature for 


8 “New Machines for Creep and Creep-Rupture Tests,” by M. J. 
Manjoine, Trans. A.S.M.E., vol. 67, 1945, pp. 111-116. 


eee 
590 
| 
| 
ae 
7 
FONG 
ay. 


SCOTT, GORDON 


__TEST 4 
'200°F 


10%» CREEP STRENGTH -1000 PS) 


} 
| 

| 

| 

| 
| 


20 
ELONGATION IN 3° AT RUPTURE -% 


Fie. 18 Revation Between 100-Hrk Creep StreENGTH AND Dvuc- 
TILITY OF RBFRACTALOY 26, aS VARIED By HarpENER CONTENT 


20 hr before testing. So stabilized, the diamond-pyramid-hard- 
ness change during a 100-hr test is about 10 points gain at 1200 F, 
little or none at 1350 F, and less than 20 points loss at 1500 F. 

The creep-strength values obtained at each temperature are 
plotted against corresponding elongation in Fig. 18. Elonga- 
tion values are at least 1.5 per cent, so there is no indication of a 
maximum, although loss in strength with increase in ductility is 
evident. Now the strength-ductility relation is no longer inde- 
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pendent of temperature as with the short-time tests of Fig. 14. 
For 100-hr exposures, test temperature is evidently the dominant 
factor determining strength. 

Having now both short- and long-time strengths and ductili- 
ties of two heats given the same treatment, Code C, it is of inter- 
est to compare them. The 100-hr creep strength is found to be 
75 per cent of the short-time yield strength at 1200 F, 48 per cent 
at 1350 F, and 31 per cent at 1500 F. Ductility, however, varies 
in the reverse direction. Elongation at rupture in 100 hr is as 
low as 20 per cent of the short-time elongation at 1200 F and 
equal or higher at 1500 F. These results serve to emphasize again 
the large effect of time under load on static properties. 

The data in Fig. 18 are adequate to establish optimum com- 
position for 100-hr creep strength with the Code C treatment if a 
satisfactory convention for arriving at it can be found. Pre 
vious considerations show that maximum strength is found with 
about 2 per cent elongation at a particular test temperature. 
Ductility, however, varies with test temperature, going through a 
minimum close to 1200 F, in the case of titanium-hardened al- 
loys. If the composition i; chosen for maximum strength at 
1500 F, ductility and consequently strength at 1200 F will be 
well below that at the maximum for 1200 F. Of course strength 
at this temperature will still be much above that at 1500 F, 
but the fact remains that rupture strength at 1200 F may 
be impaired still further by creep under 1 per cent at higher 
temperatures. Experimental data on this possible effect not 
being available, it seems preferable at the present time to 
limit maximum hardness to that producing at least 2 per cent 
elongation with rupture at 1200 F in whatever service life is 
contemplated. 
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Precipitation-Hardened Alloys for 
Gas-Turbine Service—II 


Design and Application Data 


By HOWARD SCOTT! anp R. B. GORDON? 


Minimum creep rates along with strain intercepts have been 
used for extrapolating data on steam-turbine materials to periods 
greatly exceeding the longest test observation. While this 
practice is useful when applied to highly ductile alloys, there is 
reason to doubt its applicability to the highly alloyed metals in 
which ductility is necessarily lowered to obtain higher strength. 
Ductility normally drops when time to rupture is increased by 
lowering the test load. It may then become so low with very 
long tests that rupture occurs before the specified creep, in which 
case rupture rather than creep determines life. There are indi- 
cations that the load-versus-life curve then has considerably 


produce exactly service conditions. Blades, for example, 
can be considered to have a uniform temperature and stress 
only over a small fraction of their length. Rotors present prob- 
lems in combined stresses and temperature distribution not pres- 
ent in standard creep-test specimens. The accepted test pro- 
cedures nevertheless have been fairly satisfactory to the design 
engineer and permit at least evaluation of the merit of new alloys 
relative to those on which service experience is available. Also 
obvious adjustments can be made to test results on the basis of 
known service temperatures and stress distributions. On this 


ji HE idealized conditions of laboratory creep testing fail to re- 


basis the alloys considered here were tested and the results are 
reported in a conventional manner. 

There are four variables in the evaluation of creep strength 
which are of primary importance to both the design and metal- 
lurgical engineer. They are test load or stress, creep or plastic 
strain, test temperature and time under load at the test tempera- 
ture. Creep-testing determines the relations between these 
variables for a particular alloy and heat-treatment, from which 
relations significant strength values can be readily taken. 

The results of creep tests can be plotted in many ways but one 
type of plot known as a ‘design curve”’ has been favored by de- 
sign engineers. Accordingly, the available data on ‘‘Discaloy,” 
“K42B,” “Refractaloy 26,” and ‘“‘Refractaloy 70” are presented 
in this form. Time to produce a given total strain, that is, plastic 
plus elastic strain, is plotted on a logarithmic scale against test 
load for a particular test temperature, Figs. 19 to 30, inclusive. 
Several values of total strain such as 0.2, 0.5, and 1.0 per cent are 
used covering allowable deformations of interest to the design en- 
gineer. Thus load can be interpolated to a reference time pro- 
viding a value of creep strength for a specified deformation. 

Creep data alone, however, do not provide a complete de- 
scription of static mechanical properties. Another significant 
property is rupture strength, obtained by interpolation to a speci- 
fied time on a plot of time to rupture against test load included 
in the design curves. Ductility values observed at the per cent 
extension when rupture occurs are also entered opposite each 
Tupture-time observation. It can then be seen that creep 
strength approaches rupture strength more closely the lower the 
ductility of the alloy tested. The transition point, between sec- 
ond- and third-stage creep, arbitrarily defined as that at which the 
creep rate increases 10 per cent over the minimum or second- 
Stage rate, is also a significant property. It too is plotted, and 
values of strain at transition entered opposite each observation. 


1 Manager, Metallurgical and Ceramic Department, Westinghouse 
Research Laboratories, Westinghouse Electric Corporation, East Pitts- 
burgh, Pa. 

* Manager, Metallurgical Development Section, Materials Engi- 
gineering Department, Westinghouse Electric Corporation. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on Properties of Metals and presented at the Annual Meet- 
ing, New York, N. Y., December 2-6, 1946, of THE AMERICAN 
Soctery oF MECHANICAL ENGINEERS. 
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greater slope than when creep controls life. Extrapolations of 
present data can nevertheless properly be made if done with due 
regard to the ductility values entered in the design curves. Ac- 
tually there has been little need for extrapolation since the fore- 
most recent applications demanded only short life, in the order 
of 100 hr. Minimum creep rate is of some interest, however, in 
present considerations for it makes possible quite accurate re- 
construction of an observed creep-versus-time curve from design- 
curve data. 


Data 


The first example of design curves, Fig. 19, applies to a repre- 
sentative heat of Discaloy tested at 1200 F. This test tempera- 
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ture is one of primary interest in present rotor designs although 
top rotor-operating temperatures are still somewhat lower. Test 
specimens were cut from a. forged disk, heat-treated in accord- 
ance with heat-treatment, Code A, before machining. So pre- 
pared, recrystallization is complete, and properties are uniform 
and reproducible throughout the section. 

Discaloy, the material of lowest alloy content considered 
here, has excellent creep and rupture strength at 1200 F, com- 
bined with adequate ductility. Supplementary design data at 


’ “Interpretation of Creep Test Data,” by P.G. McVetty, Proceed 
ings of the A.S.T.M., vol. 43, 1943, pp. 707-727. 
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1000 and 1350 F are now being obtained and will be published 
Yield strength exceeds 90,000 psi over the temperature 
range 70 to 1200 F, with ductility progressively improving as the 
temperature is dropped. Thus high ductility as well as strength 
is obtained near the axis of a rotor where temperature is lowest, 
stress is a maximum, and ductility is most needed. 

Design curves for K42B are presented in Figs. 20, 21, and 
22 for test temperatures of 1200, 1350, and 1500 F, respectively. 
The test specimens were machined from hot-rolled bar stock of 
average composition. Their heat-treatment, Code B, was chosen 
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for anticipated steady service as blades at temperatures around 
1350 F. Actually K42B blades have been exposed to a mean 
service temperature in the hottest zone of some duration up to 
1400 F without distress. This temperature was estimated from 
the hardness drop in service due to overaging. Of course the gas 
temperature was several hundred degrees higher. 

As treated for 1350 F service, the properties at 1500 F are 
somewhat lower than could be obtained by treating for maximum 
strength at that temperature. Nevertheless, they are adequate 
to resist occasional overheating of short duration to that tempera- 
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ture. Strength at 1200 F is considerably higher than at 1350 F 
30 that cooler portions of the blade have an excess of strength. 
Specifically, from Figs. 20 and 21, K42B under a stress of 
25,000 psi at 1350 F, will fail by rupture in 2000 hr, but under the 
same stress at 1200 F, its life exceeds 10,000 hr. 

The ductility of K42B is quite low in the service-temperature 
range, elongation at 1200 and 1350 F for rupture in 100 hr being 
1 per cent or less. When its application in blades was first con- 
sidered there was much concern over this low duct lity. Subse- 
quent service experience with this as well as other alloys in the 
same ductility range has nevertheless been quite satisfactory. 
Though duct lity is low on long-time test, it is quite high when 
the meta is deformed rapidly, tensile tests yielding an elongation 
around 20 per cent. In fact, rotating blades hit by foreign objects 
at service temperature bend without breaking. 

Incomplete data on Refractaloy 26, as heat-treated for 1500 
F service, are plotted in Figs. 23, 24, and 25. They permit, 
nevertheless, evaluation of 100-hr strength at 1200, 1350, and 
1500 F, respectively. More extensive tests have been made 
at 1500 F on the same heat by Battelle Memorial Institute and are 
plotted in Fig. 26. The 100-hr strength values at 1500 F thus ob- 
tained independently agree very well, Table 5, being 25,000 and 
24,600 psi, respectively, for 1 per cent creep in 100 hr. 

Now the advantage gained over K42B by the apparently 
minor composition difference of Refractaloy 26 can be clearly 
seen. Comparing 100-hr rupture strength of K42B with 1 per 
cent creep strength of Refractaloy 26, as entered in Table 5, 
which is unfavorable to the latter alloy, it exhibits, nevertheless, 
5 per cent greater strength at 1200 F, 32 per cent at 1350 F, and 
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45 per cent at 1500 F. The gain at 1200 F is of course insignifi- 
cant, but no gain is needed because strength there is already more 
than adequate for the types of service now contemplated. 
Higher temperature ratings are the present demand, and the large 
gain in strength at 1350 and 1500 F is equivalent to a substantial 
increase in temperature rating for a given design stress. This 
improvement has been made moreover with an actual gain in 
ductility. : 

While Refractaloy 26 has useful properties at 1500 F, this 
temperature appears to be the upper limit for steady operation. 
Excursions of short duration to higher temperatures can un- 
doubtedly be withstood, but for long-time service it is best 
adapted to service in the range 1300 to 1450 F. The sharp loss in 
strength and gain in ductility above 1500 F are in fact virtues of 
Refractaloy 26, being essential to the attainment of forge- 
ability, in combination with high strength at lower temperatures. 
Refractaloy 26 appears to be unexcelled in this regard. 

For operation at temperatures of 1500 F or higher for periods 
of long duration, the high thermal stability of the molybdenum- 
hardened alloys is required. Refractaloy 70 is the best of the 
wrought molybdenum-hardened alloys developed up to this time, 
and its creep-rupture properties have been evaluated at tempera- 
tures of 1200, 1350, 1500, and 1600 F, Figs. 27, 28, 29, and 30, 
respectively. All of the data of Fig. 30 and part of that for Fig. 
29 were obtained by Battelle Memorial Institute. Creep and 
rupture strength values for a life of 100 and of 1000 hr are given 
in Table 5. 

Short-time strength of Refractaloy 70 at 1500 F is not re- 
markable, being lower than that of ‘‘Refractaloy 26’ for 100-hr 
life. Its superiority is manifest, however, at long-life service. 
The slope of its load-time curves, Figs. 29 and 30, drops rapidly 
with test load and consequently with time at load. Thus its 
10,000-hr strength for creep of 1 per cent at 1500 F is 13,600 psi 
by a slight extrapolation, and at 1600 F is close to 9000 psi. 
Design loads for long service life in this temperature range are 
compatible with these properties. 


TENSILE PROPERTIES 


Useful as the creep-test data are, they fail to give a complete 
picture of mechanical property variation with test temperature. 
To correct this deficiency, tensile tests were made at a standard 
rate of loading on specimens 0.20 in. diam over a 1-in. gage 
length. Yield strength for 0.5 per cent plastic strain and nominal 
stress at maximum load are plotted against test temperature given 
as (deg F)? in Figs. 31, 32, 33, and 34. Test temperature is 
squared to spread the data at higher temperatures where proper- 
ties change most rapidly. The maximum load is of course the 


TABLE 5 CREEP STRENGTH AND RELATED PROPERTIES OF PRECIPITATION-HARDENED HEAT-RESISTANT ALLOYS 


Heat- 
treat- Test Creep strength (1000 psi) Rupture 
Fabricated ment temp, Specified ————for total strain of ————_ strength Elongation, 
Alloy name form code deg F ife, hr 0.2 percent O.5percent 1.0percent (1000 psi) per cent 
ge, PRE Forged disx A 1200 100 ae 39.2 42.5 52.0 6.0 
aS eee Forged disk A 1200 1000° én 35.2 36 38.2 5.5 
K42B Rolled bar B 1200 100 36.8 60.0 66 1.0 
ERI Rolled bar B 1200 1000 32.8 os 40.8 0.7 
Rolled bar B 1350 100 31 37.0 0.8 
K42B Rolled bar B 1350 1000 21.2 26.8 0.8 
| Seo Rolled bar B 1500 100 ll 15 a 17.2 6 
Rolled bar B 1500 1000 6 8 10.5 2.5 
Refractaloy 26........ Rolled bar Cc 1200 100 - - 69.5 73.5 1.5 
Refractaloy 26........ Rolled bar Cc 1350 100 44 47.5 49.0 51.0 2.5 
efractaloy 26........ Rolled bar Cc 1500 100 20 24.3 25.0 29.5 19 
Refractaloy 26........ Forged bar Cc 1500¢ 100 21.7 23.2 24.6 28.7 20 
Refractaloy 26........ Forged bar Cc 1500¢ 1000 15.1 15.5 16.1 18.1 17 
Refractaloy 70........ Forged bar D 1200 100 23 31.3 37.8 55.5 25 
Refractaloy 70........ Forged bar D 1200 1000 = 20 28.8 42.0 8+ 
efractaloy 70........ Forged bar D 1350 100 16 19 22.1 33.4 23 
Refractaloy 70........ Forged bar D 1350 1000 a 17 23.8 28 
efractaloy 70........ Forged bar D 1500 100 13 14.9 16 18.7 27 
efractaloy 70........ Forged bar D 1500 1000 12 13.5 14.8 15.0 12 
fractaloy 70........ Forged bar D 1600 100 9.8 - 10.9 11.6 15 
Refractaloy 70........ Forged bar D 1600 1000 9.0 9.6 10.0 6 


« Tests made by Battelle Memorial Institute and reported in U. 8. Department of Commerce PB16466, OSRD report No. 6563, 1946. All other tests 


made in Westinghouse Research Laboratories. 
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ultimate strength in most cases, but not so labeled because in 
some cases fracture occurs before the actual ultimate is reached, 
that is, before the stress-strain curve flattens. What is ob- 
served then is breaking strength, which is a different property. 
Plotted to the same scale also are values of creep strength for 1 
per cent extension in 100 hr. Entered opposite each observation 
of maximum load and of creep strength are elongation values at 
fracture. 

It is notable that the three titanium-hardened alloys have a 
yield strength of at least 100,000 psi at room temperature and 
that it drops very little up to 1200 F. Creep-strength curves 
extended to lower temperatures would intersect the yield-strength 
curve close to 1000 F. This fact suggests that yield strength is 
adequate for determining design loads for these alloys at tem- 
peratures up to 1000 F. 

Ductility whether measured by short-time or 100-hr tests goes 
through a minimum in the temperature range 1200 to 1350 F. 
Ductility on 100-hr tests is usually considerably lower than on 
short-time tests of the titanium-hardened alloys, there being one 
exception, however, Refractaloy 26, tested at 1500 F, Fig. 33. 


The properties shown for these alloys are not necessarily the best 


that can be obtained, but a compromise based upon practical 
fabrication requirements. When forming conditions are favor- 
able, a considerably better combination of strength and ductility 
is available by change in composition.and heat-treatment. 

The property changes with test temperature of Refractaloy 
70 are in striking contrast to those of the titanium-hardened 
alloys, Fig. 34. Short-time strength decreases progressively 
with increase in temperature, but not so rapidly at and above 
1500 F. Ductility is a minimum at room temperature although 
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still adequate for practical use and increases continuously with 
test temperature up to 1600 F at least. Ductility for rupture i 
100 hr is consistently high and close to that for short-time tests. 
There is a plausible explanation for. these differences between the 
two types of alloys, but its elaboration is beyond the scope of this 
paper. 
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ENDURANCE STRENGTH 


While major attention has been directed to the creep and rup- 
ture properties of gas-turbine alloys, the possibility of failure by 
fatigue has been anticipated. In fact fatigue failures have been 
experienced in the larger blades now in use. Fortunately, ma- 
chines for determining endurance strength at high temperatures 
had been developed by Welch and Wilson‘ of these labo- 
ratories. These machines, Fig. 35, are being used in a systematic 
study of the effects of composition and treatment variation on the 
endurance strength of the alloys considered here. Tests to date 
have been made chiefly at 1200 F, but there are indications 
that this temperature is rather critical with reference to endur- 
ance strength. Endurance strength appears to drop with in- 
creasing test temperature less rapidly than creep strength which 
latter property accordingly is more likely to determine failure 
at higher temperatures. More important, however, is the in- 
verse distribution of temperature and stress in blades which is 
favorable to failure in a cooler zone near the base. 

Tests have been made at 1200 F on Refractaloy 26 given 
the Code C treatment. Its endurance strength for 100,000,- 
000 cycles of reversed bending so treated for maximum creep 
Strength at 1500 F is 52,000 psi. That number of cycles is 
sufficient to establish a true endurance limit at 1200 F. A con- 
siderably higher endurance strength can be obtained by change in 
heat-treatment, but at some loss in creep strength at 1500 F. 
Thus with this alloy, heat-treatment can be adjusted to modify 
the ratio of creep to endurance strength according to the exi- 
gencies of service which can hardly be predicted in advance. 

It would of course be preferable to improve endurance 
strength at 1200 F without loss in creep strength at 1500 F. 
That objective has been approached closely by modification of 
both composition and heat-treatment. For example, an en- 
durance strength exceeding 80,000 psi at 1200 F has been so ob- 
tained with a creep strength at 1500 F of 18,000 psi and at 1350 F 
of 47,000 psi for 1 per cent strain in 100 hr. Elongation for rup- 
ture in 100 hr at 1200 and 1350 F is then over 2 per cent and con- 
siderably higher at 1500 F. These properties represent the 
Practical limit in attainment of endurance strength relative to 


‘A New High-Temperature Fatigue Machine,” by W. P. Welch 


= a Wilson, Proceedings of the A.S.T.M., vol. 41, 1941, pp. 
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creep strength in contrast to the other extreme given in the pre- 
ceding paragraph. Of course other intermediate relations be- 
tween these extremes are available. 

The properties cited are readily attained in test specimens 
prepared in the laboratory from hot-rolled bar stock, all details 
of fabrication of which are closely controlled. Attainment of 
the same properties in finished blades, however, is more difficult 
the higher the endurance strength demanded. Thus with the 
Code C heat-treatment a minimum of control is required, whereas 
to obtain 80,000-psi endurance strength at 1200 F requires exact- 
ing control of all operations. At present that endurance 
strength is attainable only in blades machined from solid bar stock 
which has been hot-rolled under carefully controlled conditions. 
Means for obtaining the same properties in blades forged to shape 
are currently being sought. 


THERMAL EXPANSION AND DENSITY 


The physical constants of greatest interest to gas-turbine de- 
signers are the thermal-expansion coefficient and the specific 
gravity. The data on Discaloy, K42B, Refractaloy 26, 
and Refractaloy 70 are given in Table 6 for fully heat-treated 
material. A volume change accompanies precipitation-harden- 
ing so that the density of the alloys is slightly different for various 
conditions. As shown in Table 7, the density is a minimum in the 
solution-treated condition and a maximum in the solution-treated 
and aged condition. The density of material in the ‘‘as-rolled” 
or “‘as-forged” condition lies somewhere between these extremes, 
depending upon the cooling rate following hot-working. 

Discaloy, being an iron-base alloy, has the lowest density and 
the highest thermal-expansion coefficient of the four alloys. 
K42B and Refractaloy 26, having a nickel-cobalt base, are 
somewhat higher in density and lower in thermal-expansion co- 
efficient. Refractaloy 70 has the highest density as a result 
of its content of molybdenum and tungsten. However, its ther- 
mal expansion is the same as K42B at least up to 1200 F. 


OXIDATION AND CoRROSION RESISTANCE 


Very few quantitative data are available on the resistance of 
the alloys to various corrosive media. However, on the basis of 
qualitative observations in the laboratory and actual operating 
experience, it can be stated with considerable assurance that 
each of the alloys has a high degree of resistance to attack in 


24% STRAIN AT RUPTURE | 
| 
| 
| 
j 33 
“nae | | REFRACTALOY 70 
| 19 | 23 
: 
5 
AR 


Discaloy 
Density: grams per cucm...... 7.99 | 
0.288 
Linear coefficient of thermal 
expansion from 70- 200 F.... 8.5 X 1076 
70- 400 F.... 8.7 
70— 600 F 9.1 
70— 800 F 9.4 
70-1000 F 9.5 
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TABLE 7 EFFECT OF HEAT-TREATMENT ON DENSITY 


Refractaloy 
Condition Discaloy K42B 70 
7.969 8.180 8.618 
Solution-treated.............. 7.960 8.140 8.611 
Solution-treated and aged..... 7.989 8.230 8.626 


oxidizing atmospheres at temperatures well above the limits 
set by its creep-rupture strength. This is due in part to their 
low carbon content which permits complete utilization of the 
chromium in the alloys. Discaloy with a nominal content of 
13 per cent chromium has its oxidation resistance enhanced by 
the titanium, aluminum, and silicon content, with the result that 
it is considerably better than required for turbine rotors operating 
up to 1350 F. As a result of their higher chromium and lower 
iron content, K42B, Refractaloy 26, and Refractaloy 70 
form a dense, adherent oxide scale at 1500 F. This character- 
istic has proved of value in high-temperature bolting appli- 
cations where it helps to prevent sticking or seizure of the threads. 


FORGEABILITY 


The compositions of the alloys have been so balanced that a 
high degree of forgeability in open and closed dies has been ob- 
tained. All of the alloys may be forged at temperatures from 
2200 F down to a black heat without causing cracking of the 
material. Billet-forging is started at 1950 F (1050 C) for Disc- 
aloy, 2100 F (1150 C) for K42B and Refractaloy 26, and 
2150 F (1175 C) for Refractaloy 70. No protective atmos- 
pheres need be employed in heating for forging since all the 
alloys have excellent resistance to scaling at these temperatures. 
In the customary oxidizing atmosphere of a gas- or oil-fired fur- 
nace there need be no fear about decarburization since the alloys 
contain less than 0.1 per cent carbon. In the production of 
rotor and blade forgings, it is important that an exacting schedule 
of temperatures and reductions be followed at all stages of the 
work. This schedule must be determined for each individual 
job, depending upon the properties desired in the final part. 
Only in this manner can forgings be produced which will have 
reproducible properties after heat-treatment. 

The titanium-hardened alloys are quite plastic at the recom- 
mended forging temperatures as a result of their low carbon con- 
tent and the relatively soft solid-solution structure at these tem- 
peratures. Die wear is low relative to competitive materials, 
improving dimensional control and reducing maintenance costs. 
This situation does not apply to Refractaloy 70, which retains 
its high-strength characteristics at temperatures up to and in- 
cluding the forging range. Complete solution of the hardening 
compound is not achieved until temperatures of about 2300 F 
are reached. This means that more reheatings and smaller re- 
ductions per heat are required than with the titanium-hardened 
alloys, the inevitable price of higher-temperature performance. 


MACHINABILITY AND WELDABILITY 


The titanium-hardened alloys have excellent machinability 
relative to other alloys in their class. This is a result of the low 
hardness obtainable in the solution-treated condition which is 
in the range from 140 to 180 Bhn. Rough-machining in this 
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TABLE 6 PHYSICAL CONSTANTS OF FULLY HEAT-TREATED ALLOYS 


AUGUST, 19117 


Refractaloy Refractaloy 
K42B 26 70 
8.23 8.21 8.62 
0.297 0.296 0.311 
7.4 7.9 7.6 
7.8 8.0 7.8 
8.1 8.1 8.1 
8.3 8.2 8.3 
8.5 8.4 
8.9 
9.1 


condition may be done with feeds and speeds similar to those 
used for 18-8 stainless steel. Finish-machining is usually done 
after aging, and an excellent surface finish can be obtained using 
ordinary high-speed steel tools. As in the case of forgeability, 
Refractaloy 70 has poorer machinability than the titanium- 
hardened alloys. In the solution-treated condition, with a hard- 


ness of about 200 Bhn, it work-hardens quite rapidly so that a . 


positive feed must be used at all times. Machining of the fully 
aged material can be done with high-speed steel or carbide tools 
as desired. 

All of the alloys can be readily welded using austenitic rods and 
a procedure similar to that used for stainless steel. Sound joints, 
free from cracks and other defects, can be obtained by hand- 
welding, but some difficulty has been experienced in initial at- 
tempts at automatic welding of complex assemblies. Wherever 
possible, it is recommended that a solution treatm ‘nt be givin to 
the entire assembly after welding. However, in cases where 
dissimilar materials are being joined, it may be necessary to 
solution-treat before welding and age after welding. The heat- 
affected zone in the parent metal is given what amounts to a 
solution treatment with full hardness being regained on aging 
The limiting properties of the welded assembly are those of the 
weld metal itself both at room and elevated temperatures. 


SuMMARY AND CONCLUSIONS 


Precipitation-hardened heat-resistant alloys are particularly 
well adapted to service in the hot and highly stressed parts of 
gas turbines. To take advantage of their useful characteristics, 
however, consideration must be given to their significant metal- 
lurgical characteristics which are outlined in Part I of this 
paper. 

A duplex heat-treatment is required to develop best mechanical 
properties. The initial or solution treatment performs the 
double function of dissolving the hardening compound and caus- 
ing complete recrystallization, a condition essential for uni- 
formity and reproducibility of properties. A second or aging 
treatment at a lower temperature causes the hardness to increase 
from a minimum to a maximum, determined by the duration o! 
aging and the alloy composition. The actual aging temperature 
is rather inflexible, being determined by a number of considera- 
tions including composition of the alloy, so that properties as 
affected by heat-treatment can be varied substantially only by the 
solution treatment. By studying the effects of solution tempera- 
ture on mechanical properties, it was found that a better com- 
bination of strength and ductility can be obtained with a low 
solution treatment than with a high one. 

Comparisons between the four alloys considered here are made 
with solution treatments selected on the basis of the intended 
service and probable method of fabrication for that service. 
These standard treatments are not necessarily the best for 4 
particular application and are subject to modifications indicated 
by the specific conditions of that application. 

To assess the merit of these alloys for high-temperature servic, 
creep data are essential and are presented in the form of desig® 
curves for the test temperatures used, which are in the range 
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120-CycLe ELectTROpYNAMIC REVERSED-BENDING ENDURANCE-TESTING MAcHINES TO DETERMINE ENDURANCE 


STRENGTH AT HIGH TEMPERATURES 


1200 to 1600 F. These curves are sufficiently complete to permit 
reconstruction from them of a creep-versus-time curve at a se- 
lected test load. 

Creep-strength values taken from these curves are plotted 
against temperature to show the effect of this variable. Tensile- 
yield and ultimate-strength values are also plotted to the same 
scale. Creep strength appears to approach yield strength so 
closely at 1000 F that the latter is an adequate criterion for de- 
sign loads in the temperature range of 1000 F and below. 

The creep tests distinguish clearly between the two basic types 
of precipitation-hardened alloys considered here. Titanium- 
hardened alloys are shown to have excellent short-time creep 
strength in the temperature range 1200 F to 1500 F, combined 
with unusual forgeability. In molybdenum-hardened alloys, 
forgeability and short-time strength are sacrificed in favor of 
long-time creep strength in the temperature range 1500 to 1600 F. 
Ductility of titanium-hardened alloys is found to go through a 
minimum in the temperature range 1200 to 1350 F. Alloys hav- 
ing an elongation in 1 in. of 1 per cent at the minimum neverthe- 
less have given satisfactory service as turbine blades. Creep 
strength at higher temperatures may be improved by sacrifice of 
ductility, and even strength, in this temperature range. How 
far the metallurgist may go in this direction is a matter for 
decision by the design engineer. 

Usually ductility decreases with test load and consequently 


with the time at load required to rupture. The molybdenum- 
hardened alloy Refractaloy 70, however, is a notable exception 
to this rule. Ductility, being a basic factor limiting the strength 
attainable by conventional hardening expedients, deserves in- 
tensive study. 

Endurance strength at elevated temperatures is a property 
second only to creep strength in importance. Available data 
show that it is not necessarily proportional to creep strength. 
A heat-treatment for maximum creep strength in Refractaloy 
26 at 1500 F does not provide highest endurance strength at 
1200 F. However, by modification of heat-treatment and com- 
position along with exacting control of fabrication, an endurance 
strength of 80,000 psi can be obtained at 1200 F with moderate 
reduction of creep strength at 1500 F. 
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Materials for Power Gas Turbines 


By C. T. EVANS, JR.,1 JEANNETTE, PA. 


The materials used in the construction of the first power 
gas turbine built by the author’s company are described. 
These include 19-9 W-Mo for Diesel-engine turbochargers 
and for the rotating parts of the first 2500-hp 1200 F mar- 
ine unit. S-590 has been selected for the rotors and 
blades of the 3000-hp marine units which are being con- 
structed at the present time to operate at 1400 F. Out- 
standing among the reasons for selection of these alloys 
is their tendency to good retention of ductility at heat, 
which should be helpful in minimizing the effect of repeti- 
tive thermal stresses which occur upon starting and stop- 
ping the turbines, particularly at points of stress concen- 
trations such as blade-root fastenings. Design factors and 
construction details are discussed from the standpoint of 
materials for use in machines designed for 100,000-hr 
life (11'/, years). Alloys low in cobalt and columbium are 
desirable from an economic viewpoint. Processing may be 
the most important factor in the performance of heat- 
resisting components. Machined bar stock, forgings, 
weldments, and castings are felt to be dependable in that 
order. 


INTRODUCTION 

ECRECY restrictions on the so-called ‘‘super’’ heat-resisting 
S alloys were lifted early in 1946. Since that time considera- 
ble information has been published on these compositions, 
and the basic metallurgy involved. It is not the purpose of this 
paper to add appreciably to these data, which were made availa- 
ble during the war, as soon as they were obtained, to govern- 

ment contractors including the author’s company. 

Using the alloy information at hand at the time, this manufac- 
turer has designed several power gas turbines for production, 
three of which will be discussed in this paper. 

A description of the high-temperature materials used in each 
design will be given, together with reasons for their choice, 
and a brief discussion of the turbine construction and some of the 


Evuott-Bucut Four-Cycte Dieser-ENGINE TURBOSUPER- 
CHARGER 


As distinguished from the aircraft turbocharger, which has 
the primary function of maintaining sea-level ratings at high 
altitudes, the Diesel-engine turbocharger normally operates at 
low altitudes, where it increases the power rating of convention- 
ally designed Diesels by as much as 50 percent. It is designed to 
operate for at least 100,000 hr (approximately 11'/2 years). Sev- 
eral units have been in nearly continuous operation for over 
40,000 hr. Several thousand of these machines have been built 
since 1941, to operate on stationary Diesels, locomotives, P-C 
boats, mine sweepers, tugs, and other marine applications. 

Although an auxiliary, and therefore not strictly a power gas 
turbine, the Diesel turbocharger is designed on much the same 
principles as the complete power plants. Since it is the fore- 
runner of the complete plants, a brief discussion of the materials 
used in its construction is in order. 

Fig. 1 shows the materials and temperatures involved in this 
unit. Rotor blades are constant-circulation reaction type ma- 
chined from bar stock, and the disks are machined from pancake 
forgings. Die forgings are being tried for both these parts. A 
mechanical blade-to-disk fastening is used. Maximum average 
stress conditions are 26,000 psi, in the blades with a maximum 
temperature of 1020 F on units made from 19-9 W-Mo, which was 
one of the first of the super alloys, as developed by Universal- 
Cyclops Steel Corporation. An improvement on this alloy, 
made by the same company and known as 19-9 DL, is not yet in 
substantial production for this turbocharger, but is being tried 
out for higher engine-exhaust temperatures. 

It will be noted from Fig. 2 that the design point of 26,000 psi, 
1020 F, gives factors of 51 per cent of the stress to produce rup- 
ture in 100,000 hr (extrapolated), and 168 per cent of the stress 
for a secondary creep rate of 1 per cent in 100,000 hr. The ef- 
ficiency of a turbosupercharger is relatively unimportant com- 
pared to a complete gas-turbine power plant, and clearances can 


TABLE 1 TYPICAL ANALYSES OF ALLOYS USED IN ELLIOTT POWER GAS TURBINES 
1%-8 (Cast) (Wrought) Low Carbon (Cast) 

22-9 WeMo DL 19-9 NicResist 16-8 Columbium 25°20) _ 25-20 ~ Lncone) 
c 0.10 0.30 0.10 3.00 0.07 0.07 0.35 0.12 0.40 0.15 0.35 0.09 
Mn 0.60 0.75 1.50 1,25 1,00 1,00 0.75 1.25 0.75 1,00 1,00 0.75 
Sa 0.50 0.50 0.50 1.50 0.50 0.50 1.00 1.75 0.65 0.50 1.25 0.30 
Cr 19.00 19,00 21.00 2.00 18.50 18,50 25.00 25.00 20.00 21.00 24.00 13.50 
ML 9.00 9.00 9. 14.00 9.50 11.00 20.50 20.50 20,00 20.00 24.00 78.00 
Mo 0.40 1.25 0.50 oone 4.00 3.00 
Cb 0.40 0.40 1.15 core wore 10XC min, 4.00 1.00 
Others (Iron Remainder) Cu = 6,25 


*Nelding Rod Bare Wire Amlysis 


metallurgy involved. Chemical analyses of the various alloys 
discussed are listed in Table 1. 

The temperatures given throughout are estimated or measured 
metal temperatures, rather than gas temperatures. 


Chief Metallurgist, Elliott Company. Mem. A.S.M.E. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Commit- 
tee on Effect of Temperature on the Properties of Metals and pre- 
sented at the Annual Meeting, New York, N. Y., December 2-6, 
1946, of Toe AMpRICAN SocrETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


601 


be quite large. This permits designing primarily on rupture 
strength. The metallurgy of 19-9 W-Mo will be discussed more 
in detail under the next heading. 

The nozzle assembly is made up of 18-8 alloy blades formed 
from flat bar stock and cast into a Ni-Resist ring in our own 
foundry. Stresses are of a low order, and oxidation resistance is 
the primary requirement. Ni-Resist has a coefficient of thermal 
expansion approximately equal to 18-8 alloy. 


Exuiotr 2500-Hp Gas TuRBINE 
The design of this pioneering plant was essentially completed 


‘ 
far 
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To diesel.cylinders cial 19-9 WX welding rod was developed. This construction 
was used primarily because large forgings of certain quality 
are quite difficult to obtain in even the less highly alloyed super 
metals. Average weld stresses are kept below 1000 psi. 

Backplote Because of the general lack of forging capacity in 1943, and 
meehonite — the fact that the disks were difficult to forge, owing to an undesira- 


Turbine cosing ’ bly large diameter-to-thickness ratio, it was decided to fabricate 
meehonite the disks by cutting them out of cross-rolled plate. Thicknesses 
= Blower casing 
10 


MS eehonite up to 23/, in. were rolled on the 206-in. mill at Lukens from slab 
ingots made by Universal-Cyclops, and this method of produe- 
Nozzle ring tion proved quite practical for the job at hand. 
ni resist —~—__- = || Both rotating and stationary blades (reaction type) were ma- 
18-8 blades : ( chined from bar stock. Mechanical fastenings of the pine-tree 
Pa or type were used, ard the slots in the disks were broached at a 45- 
From BZ Shoft deg angle to the face of the disk, the first time an operation of 
Bence | S.A.E.4130 this type had been attempted. 
Air inlet 
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1 Ssction or TuRBOCHARGER FOR Four- 
Cycis DigseL ENGINES, SHOWING MATERIALS OF CONSTRUCTION 
AND OPERATING TEMPERATURES a 


STRESS, PS 
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~|'0,000 C* STRESS TO PRODUCE SECONDARY 


in 1943, and is based on a 100,000-hr life. After extensive 
tests, it was accepted by the United States Navy in December, ‘ee We tanare 4 
1944, the first complete gas-turbine power plant to operate suc- 

200 400 600 600 900 1000 1100 1200 1300 1400 
cessfully in the United States. It is still undergoing tests at the Change sm Scale TEMP, °F 
Jeannette plant, but will shortly be shipped to the Naval Engi- fig. 2. Curves or Hicu-Temperatune Deston Data ror 199 
neering Experiment Station at Annapolis, Md., for installation W-Mo in Hot-Rot_ep Stress-RELIEVED ConpITION 
in the new gas-turbine building. 

By developing an over-all thermal — a 
efficiency of around 29 per cent, this HIGH PRESSURE TURBINE fs \ 25°20 FLAME CONE. (1800F) 
unit has demonstrated that gas-turbine guages ovscs cp 
power plants, operating at moderate 25-12 CASINGS _ a ~ LOW PRESSURE 
temperatures and stresses, could be 
constructed from economical materials inn i CASING 
to compete with existing forms of ie, “i, = 
power. The design and operation of 
this plant has previously been discussed 
before this Society (1).? 

Fig. 3 details the materials and tem- 1050F REGENERATOR 
peratures used in the construction of  , ow pressure dl INCONEL TUBES 
this unit. It will be noted that 19-9 COMBUSTION- 
W-Mo was used throughout the tur- 
bines, except for the bolts, which are CONES (le00F) pea 
19-9 DL, and was also used for most of LINER @ SHELL 
the hot-duct work. 

A 25-20 alloy was used throughout 19-9w-MO 
the combustion chambers for the cone 
(cast) and liners, details (2) of which are ; ___ HIGH PRESSURE 
shown in Fig 4. + COMPRESSOR 

The stub shafts were also made from CR eecasing 
19-9 W-Mo, and they are shown in the 
turbine section (1), Fig. 5. Note that : $38 
these shafts are welded to each end 2 


disk and that the disks are welded to $-590 ROTATING BLADES, DISCS,BOLTS INTERCOOLER 


each other to form the rotor. A spe- w-i55 DIAPHRAGMS 70-30 TUBES 


100,000 ¢ 


° 


Numbers in parentheses refer to the Fig. 3 D1aGram or 2500-Hr Suip-Propusion Gas-Tursine Cycie SHowinc Materials OF 
Bibliography at the end of the paper. Cons?RUCTION AND OPERATING TEMPERATURES 
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Fig. 5 Section or 2500-Hp Gas TuRBINB 


At the maximum temperature of 1200 F, this turbine was de- 
signed with maximum average disk and blade stresses of 6000 psi. 
Referring to Fig. 2, it will be noted that this design point allows 
for factors of 27 per cent of the stress to produce rupture in 100,- 
000 hr (extrapolated) and 92 per cent on the stress for a second- 
ary creep rate of 1 per cent in 100,000 hours. 

Although this might appear to be an abnormally high factor 
of safety on the rupture life, it will be noted from Table 2 that the 
extrapolation involved is quite large. Also, to obtain high ef- 
ficiency, reasonably close clearances had to be designed into 


this machine so that creep became the limiting consideration. 

It will be noted from Table 2 that 19-9 W-Mo retains its duc- 
tility to fracture under load at temperature through at least 2100 
hr at 1200 F, and 1500 hr at 1400 F. Before these data became 
available, it had been thought that all austenitic-type materials 
gradually lost their ductility to fracture at temperatures much in 
excess of 1000 F, with the fracture changing from transcrystal- 
line to intercrystalline. Fig. 6 shows that 19-9 W-Mo has a high 
percentage (approximately 30 per cent) of ferrite phase, which 
converts to sigma phase upon prolonged heating in the tempera 
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Fic. 6 Typrcat PHoromMIcroGRAPHS OF 19-9 W-Mo Bar Srock, Hot-Ro.uep anp Stress RELIEVED aT 1200 F 
(Etchant, ferric chloride; magnification = 100.) 


TABLE 2 STRESS TO Sorte ON 19-9 W-MOIN VARIOUS 


alloy and the heat-treatment applied are exceedingly important 
as related to the retention of ductility-to-fracture characteristic. 


Temps. °F, Stress, Psi Table 2 and Fig. 7 reveal that 19-9 W-Mo in cast form, or in weld- 
Hot rolled tar stock, 1200 60,000 z7.0 62.3 ments, has the gradual drop in elongation characteristic of mate- 
— 527000 5.40 24.0 65.6 rials such as 18-8 in any form. Also, it has recently been shown 
4 that high anneals or “solution” heat-treatments of wrought stock 
30,000 2109.00 240 56.8 also tend to produce the conventional rupture pattern of gradual 
Mot rolled bar stot, 1400 44.700 loss in ductility. 

1200°F. 39.8 Since the retention of ductility-to-fracture characteristic ap- 
a 730.50 345 2 pears to be tied up so definitely with processing, it has been sug- 
32,500 1236.0 24.0 47.8 gested that the segregations normally associated with castings 
or weldments are broken up to the point where they do not tend 
tare, 30,000 15.0 2.3 to inaugurate brittle-type fractures so readily. This would not, 
SS 000 2.50 8.5 10.4 however, seem to allow for the return to progressive brittleness 

or at interface.) after solution heat-treatment. 
om Under the next heading, we will show that alloy S-590, with 
26,000 high solution heat-treatments and no ferrite or sigma, shows ex- 


ture range of 1200-1600 F. It was thought for a time that the 
presence of this other phase might be solely responsible for the 
retention of ductility to fracture. It has since been demonstrated 
in other alloys that while ferrite or sigma is helpful, their pres- 
ence as revealed by metallography at room temperature is not 
absolutely necessary. 

Furthermore, it can be shown that the processing given the 


cellent retention of ductility to fracture through at least 1500 F. 
Thus it is obvious that we are dealing with a highly complex 
phenomenon about which sweeping conclusions cannot be drawn 
at this time. 

Alloy 19-9 DL usually contains about 5 per cent of the ferrite 
phase. This alloy is approximately 20 per cent stronger than 
19-9 W-Mo through 1200 F. It has been more extensively in- 
vestigated than 19-9 W-Mo, and rather complete design curves 
(3) at 1200 F are given in Fig. 8. This material also has good 
retention of ductility to fracture under load at temperature. 
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Fie. 8 Design Curves For 19-9 DL ar 1200 F 
(Samples taken from hot-worked disk, 20 in. diam X 31!/, in. thickness, stress-relieved at 1200 F.) 


It will be noted in Fig. 8, however, that the slope of the stress- 
rupture curve is considerably steeper than any of the total-def- 
ormation curves. Theoretically, this means that at some finite 
time the material will fracture at low ductility regardless of the 
indications of retention of high ductility in rupture tests up to a 
few thousand hours. In the case of 19-9 DL, however, extra- 
polation of the design curves shows that this material in this form 
at 1200 F should not fracture with only 1 per cent elongation for 
at least 1,000,000 hr. 

Extrapolations of this kind are of course highly questionable, 
but we believe that this matter is of great theoretical importance. 
Such vital turbine parts as blade-root fastenings and bolts are 
subject to appreciable stress concentrations from thermal gradi- 
ents throughout the life of the unit. It is felt that if these con- 
centrations can be- relieved by local yielding in the material, 
failure should be avoided. Naturally, it is difficult to know how 
much ductility must be present, as revealed by percentage 
elongation in the standard rupture bar. It is our inclination, 
however, to favor materials which retain at least 5 per cent 
elongation to fracture through 2000 hr of testing. 

It should be pointed out that without exception, and regardless 
of form, all of the so-called superalloys share the characteristics 
of the better-known austenitic materials in becoming increasingly 
brittle at room temperature after testing at elevated tempera- 
tures. This means that repairs will have to be handled even 
more carefully than initial construction and leaves many ques- 
tions to be answered about material behavior during heating- 
up and cooling-off periods. 

Table 3 shows why 19-9 DL was chosen over 19-9 W-Mo for 
the bolts of the 2500-hp plant, since it has a 5:1 advantage in 
10,000-hr relaxation stress. It will also be noted that unre- 
strained creep ratios do not give a good approximation of the 
restrained creep (bolting) comparison, so that relaxation tests 
cannot be avoided in evaluating bolting materials. 


3000-Hp Gas TuRBINES 

Three plants are at present under construction in our shops, 
two for the Navy Department, Bureau of Ships, and one for the 
Maritime Commission. These plants are essentially duplicates, 
and all will be placed on ships for sea duty. 

The cycle is similar to that which was devised for the first 2500- 
hp plant, and design calculations are based on a 100,000-hr 
life, but turbine operating temperatures are about 200 F higher, 


TABLE 3 BOLTING STRESS? AT 10,000 HR FOR HOT-ROLLED 
AND STRESS-RELIEVED 19-9 DL BAR STOCK 
10,000 Hour 
Te Relaxation Stress. Psi? 
1050 22,465 
1200 13,0508" 
1350 4,5 


*With constant strain corresponding to 50,000 psi bolting 
stress at room temperature. 5 
**10,000 psi obtained by Rigid-Frame (Mochel”) method, 


Relationships at 1200°F, Between 199 DL and 199 Blo 
for 10,000 Hour Relaxation Stress, Restrained and 
Unrestrained Creep Rates 


10,000 Hour Relaxation Stress, 10,000 2,000 5:2 
Psi (Rigid Frame Method) 
Stress, Psi for Unrestrained 22,000 17,000 1.332 
Secondary Creep Rate of 1¢ 
in 10,000 Hours 
10,000 6,500 1.5412 


Stress, Psi for Unrestrained 
Secondary Creep Rate of 1% 
in 100,000 Hours 


= Robinson (4), creep relaxation. 


so that over-all thermal efficiencies in the neighborhood of 35 
per cent may be achieved. Fig. 9 gives the materials which have 
been selected. Features inadvertently omitted from the figure 
include S-590 as the material also used in the rotor shafts and an 
Inconel duct from the low-pressure turbine into the regenerator. 
Construction details will be essentially the same as revealed in 
Figs. 4 and 5 for the first turbine. 

It will be noted that a wider variety of materials will be present 
in the new turbines. There are several reasons for this, including 
material availability and cost. Using so many different materials 
has created a number of coefficient-of-expansion problems. It 
will be noted from Fig. 10 that a connection between 18-8 
Columbium and 8-590 at 1400 F is essentially the same as having 
a temperature differential from 1200 F to 1400 F across a joint 
with both parts constructed of 18-8 Columbium. Such radical 
examples will be avoided, and in the case of welds it is believed 
that average stresses can be kept at a low order. However, 
where S-590 bolts will be present in 25-12 flanges, thermal-com- 
pensating bushings will be provided. 

It will be noted from Fig. 10 that S-816, a high-cobalt com- 
position quite widely used in aircraft gas-turbine constructions, 
has a lower thermal expansion than carbon steel. This alloy has 
the same analysis as S-590 with twice as much cobalt. 
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HIGH PRESSURE COMBUSTION CHAMBER 
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Fig. 9 DrtacRam oF 3000-Hp Suip-Proputsion Gas-TuRBINE CycLe, SHOWING MATERIALS OF CONSTRUCTION AND OPERATING 
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Fig. 10 CURVES FoR VARIOUS ALLOYS 


The material for the main rotating components of the 1400 F 
3000-hp machines, S-590, was developed by the Allegheny- 
Ludlum Steel Corporation in 1944. Regular disk and stub shaft 
forgings have been supplied by Allegheny along with rhomboid 
rolled sections for the blades which are being broached. Heppen- 
stall Company, working for Allegheny, installed a special quench 
tank near the forging furnace to solution-heat-treat these large 
forgings successfully. 

Figs. 11, 12, 13, and Table 4 describe S-590 alloy. Many of the 
rupture tests shown in Fig. 12 are remarkably long, consider- 
ing how recently the alloy was developed. Particularly note- 
worthy are the test for 5161 hr at 1350 F, and the test of 10,956 
hr(1!/, years) at 1500 F. 

Referring to the ductility-to-fracture discussion under the pre- 
ceding heading, it will be noted in Fig. 13, and Table 4, that 
5-590 retains excellent ductility to fracture through at least 


Fie. 11 Typicat PHoromicroGrRaPH OF 8-590 Bar Stock, SOLUTION 
TREATED FOR 1 HR at 2300 F, WaTeR-QUENCHED AND AGED FOR 
16 Hr at 1400 F, Arr-Cootsp 


(Etchant, aqua regia; magnification = X 500.) 


1500 F, but that at 1700 F and 1800 F a steady drop in ductility 
fracture is observed. Fig. 11 shows that this alloy does not 
normally contain ferrite or sigma but is composed of a heterogene 
ous austenitic matrix with carbides. ; 

Fig. 12 shows that the design point of 8000 psi 1400 F give 
factors of 61.5 per cent of the stress to produce rupture in 100; 
000 hr, and 89 per cent of the stress to produce a secondary cree? 
rate of 1 per cent in 100,000 hr. Only experience will demo 
strate whether these factors are insufficient or actually too ©! 
servative. 
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Fig. Stress-ro-Ruprurk Curvss aT 1200 To 1800 F ron Wrovucur 8-590 Bar Stock, SoLuTION-TREATED AND AGED, SHOWING Per Cunt 
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ALLOY IN SOLUTION-TREATED AND AGED CONDITION 


TABLE 4 STRESS-TO-RUPTURE TESTS ON WROUGHT 38-590 
BAR STOCK, SOLUTION-TREATED AND AGED 


Test Stress, Time te Elong. Red. in 
Reference Heat Treatment Teup,, “F. _ Psi 
6 2325°F., Lhr.,w.g. 1200 50,000 u49 31 n 
1400°F. 16 hrs., a.c. 45,000 433 % 
40,000 1213 x” 49 
35 ,000 2901 40 43 
6 2300°F., hr.,#.q. 1350 35,000 35 2. 20 
1400°F,, 16 hrs., a.c. 30,000 131 19 
25,000 658 13 20 
20 ,000 5161 21 23 
6 2250°F., lhr..w.q. 1500 15,000 1607 u 25 
1500°F., 16 hr.,a.c. 12,500 10,956 n 26 
(.56 C material) 

6 23000°F., Lhr.,w.c. 1500 20,000 72 10 
1500°F., 16 hrs., 4.c¢. 17,500 15 23 
15,000 995 15 

7 2300°F,., Lhr.,w.q. 1600 16,000 16.5 2 24.6 

1600°F,, 50 hrs., a.c. 14,000 6.0 a 28.9 

17,000 148.0 32 33.4 

11,000 232.0 25 28.6 

9,500 762.0 21 

2,500 1290.0 20 19.€ 

8 2270°F., 1 hr., w.q. 1700 16,000 2.5 59 62.5 

1700°F,, 16 hrs., a.c. 11,833 36.0 40 60.9 

9,000 94.5 31 bho? 

2,000 252.0 28 31.9 

7,200 17.8* 

8 2270°F,., 1 hr., w.q. 1800 12,000 2.65 53 54-3 

1800°F., 16 hrs., a.c. 7,000 3%.0 33 38.8 

5,000 185.0 23 21.2 

4.200 374.0 2.2 


water quench 


*Broke in gage marks. 
a,c. - air cool 


Fig. 14 illustrates the extrapolated 100,000-hr rupture life of a 
number of the alloys being built into these turbines. Factors of 
60 per cent or less are usually applied in figuring the maximum 
allowable average working stresses. With the exception of the 
rotor casings, deformations can be quite large in the stationary 
parts. Nevertheless, creep information is studied closely in 
order to check on the accuracy of the rupture-test extrapolations. 


GeneRaL ConsmpERATIONS IN SELECTION OF MATERIALS FOR 
Power Gas TURBINES 


It will be noted from a comparison of the design factors applied 


(9-9 WROUGHT-CONTROLLED HOT WORK STRESS RELIEVED | 
DL. WROUGHT CONTROLLED HOT WORK- STRESS REWIEVED. 
LC ISS WROUGHT-CONTROLLED HOT WORK- STRESS RELIEVED 
S-S90(W) WROUGHT-SQLUTION TREATED-AGED 
CAST 
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Fic. 14 Piotr or 100,000 Hr 
Versus TEMPERATURE FOR VARIOUS H1GH-TEMPERATURE ALLOYe 


to the 1400 F 3000-hp machines with those applied to the 1200 F 
2500-hp machines that as temperatures go up. the application 
of a suitable factor of safety to the rupture data tends to become 
more and more the limiting design consideration. Although 
this comparison is with two different materials, it can be seen 
that the ratio of rupture strength to creep strength increases with 
temperature for both alloys. In fact, the author is not aware of 
any exceptions to this observation. 

Fig. 14 gives an indication of the interesting point that above 
1600 F the long-time strengths of the so-called superalloys are 
very little, if any, improved over such standard compositions as 
25-12 and 25-20. Accordingly, there is little incentive to use 
the newer materials in such parts as combustion-chamber cones. 

This figure also illustrates the all-important influence of pro- 
cessing variables. The curve for low-carbon N-155 represents 
the material in the hot-worked and aged condition. Note the 
rapid falling off in strength above 1350 F. In the solution- 
treated and aged form, this alloy would not have as good strength 
at 1200 F but it would be nearly equivalent to S-590 above 1350 F. 

Also note that the form of processing for 19-9 W-Mo and 19-9 
DL is given as controlled hot work. This means that the data 
are for material which can be readily produced commercially in 
the forms desired, but that such factors as rolling-mill or forge- 
finishing temperatures must be carefully watched. For these 
alloys, it appears that 1500 to 1750 F is a practical and desirable 
finishing range. Since recrystallization temperatures are ob- 
viously very high for these compositions, probably above 1700 F 
in all cases, it may be said by some definitions that such finishing 
is actually “hot cold work.” In the usual sense, however, this 


term is applied to processing at around 1200 F, the effects of 
which are dissipated in a relatively short time at operating tem- 
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perature (usually less than 2000 hr). Working in the temperature 
range of 1200 to 1350 F also tends to produce forging bursts ow- 
ing to the inherent strengths of these alloys at those tempera- 
tures and the fact that carbide precipitation is occurring simul- 
taneously with the forging operation. In this connection it is 
interesting to observe in Fig. 5 that center holes are machined 
in the disks for these large power gas turbines. This greatly 
simplifies the forging problem and has only a small effect on the 
total average stress. 

When the materials are to be subsequently solution-heat- 
treated, cold work is likewise to be avoided because it will tend 
to produce abnormally large and mixed grains on recrystalliza- 
tion, particularly when sections are nonuniform and critical per- 
centage deformations can be reached as in bucket forging. 

A detailed discussion of processing variables cannot be at- 
tempted, however, in this paper. Several excellent references 
are available on the subject (10, 11, 12). In order to promote 
additional discussion and study on this important subject, the 
author’s current opinion of the dependability of the various 
forms available for service beyond 1000 hr is listed as follows in 
the order of the most dependable to the least dependable: 

Bar stock, machined, solution-treated and aged. 

Bar stock, machined, controlled hot-worked and aged (or stress- 
relieved). 

Forgings, solution-treated and aged, subsequently machined 
or ground. 

Forgings, solution-treated and aged, unfinished. 

Forgings, controlled hot-worked and aged, subsequently 
machined or ground. 

Forgings, controlled hot-worked and aged, unfinished. 

Yeldments. 

Castings. 

In the important matter of the fastening of the rotating blades 
to the disks, it is the author’s opinion that welding is not yet 
satisfactory for long-time service in this relatively high-stressed 
area, because of the tendency for cracks to form and extend be- 
tween each bucket. A great deal of work, however, is being 
done on this problem, and a satisfactory solution may soon be 
found. 

Fatigue has not been discussed in this paper, since we are just 
beginning to collect some significant data on this subject. Actu- 
ally, the large power gas turbines described herein are of the full- 
admission, multistage, reaction type which contain no large ex- 
citing forces. 

The economics of the power gas turbine is closely allied with 
the material problem and is a subject by itself. Cobalt and 
columbium are the most expensive alloy additions, so that it is 
desirable to develop usable alloys low in these ingredients. 

Inspection is a major problem, and full use of x ray, gamma 
ray, Zyglo, and the new supersonic reflectoscope must be made 
and tied in with test or service experience before proper criteria 
can be established. 


CoNncLUSIONS 


Materials for the power-gas-turbine plants constructed thus 
far by the author’s company have been described. Turbine 
design and fabrication details are briefly discussed. In the 
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wrought form, the alloys selected for the rotating parts, 19-9 
W-Mo and 8-590, have excellent retention of ductility in stress- 
rupture tests at the working temperatures. This characteris 
tic is believed to be helpful in order to avoid premature fracture 
in units designed for long-time service. 

Allowable stresses in the newest units are shown to be taken as 
approximately 60 per cent of the extrapolated 100,000-hr rupture 
life or 100 per cent of the stress to produce a secondary creep 
rate of 1 per cent in 100,000 hr, whichever is smaller. As tem- 
peratures increase, the rupture data become more and more the 
limiting factor. The importance of processing variables is briefly 
discussed, with heat-treated machined bar stock listed as the 
most reliable form currently available, in the author’s opinion. 
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Nickel-Chromium Alloys for Gas-Turbine 


Service 


By C. A. CRAWFORD,' NEW YORK, N. Y. 


The author describes two interesting nickel-base alloys 
developed with properties useful for gas-turbine applica- 
tions at temperatures up to at least 1500 F. The first of 
these alloys, Inconel X, is a wrought material, readily 
forged and welded, with high rupture strength at all tem- 
peratures up to 1500 F and possibly higher. In addition to 
its use in gas turbines, Inconel X appears to offer promise 
as a spring material operating at temperatures of 900 F or 
more. The material has also been supplied experimen- 
tally in sheet form for aircraft manifold assemblies, tail 
pipes, and similar components. It has been produced 
commercially in ingot sizes as large as 5000 lb and is availa- 
ble in billets, simple rod sections, wire, sheet, and strip 
and may soon be available in tubing form. The second of 
the two alloys is a cast material primarily suited for ex- 
tended service applications requiring high creep resistance 
in the neighborhood of 1500 F. The alloy has good casting 
qualities and is resistant to thermal shock, thereby making 
possible the use of high-temperature heat-treatment. 


INTRODUCTION 


LLOYS for gas-turbine service have been a subject of 
A interest to the author’s company both in the United 
States and in England, and research on such alloys has 
been carried on during recent years at the Works Laboratory at 
Huntington, W. Va., at the Research Laboratory at Bayonne, 
N. J., and also at the laboratory of the Mond Nickel Company 
in England. Each of these laboratories has achieved interesting 
results in developing practical nickel-base alloys whose proper- 
ties indicate that they will be useful in gas-turbine work for tem- 
peratures at least up td 1500 F. 

This paper is written to record the properties of the alloys de- 
veloped in the United States, with a brief discussion. No attempt 
is made to supply the history of the alloy in detail nor to offer 
metallurgical theories to explain the structures on which the high 
properties are based. It is expected that at some early date the 
inventors of these alloys will have an opportunity to prepare 
more extensive papers on them which, when written, will prove 
very interesting to engineers and metallurgists who are following 
the very rapid development in high-temperature alloys that has 
taken place during the past 5 years. 

A description of the British alloy is not included in this record 
because disclosure of detailed information on the alloy is under 
restriction. The alloy developed in England is known as Nimonic 
80. This is the most important of a group of alloys all carrying the 
name ‘“‘Nimonic.’’ Many engineers have heard of Nimoniec 80 
and know that it has found general acceptance in England for 
aircraft gas turbines and has had a splendid record of service in 


' Development and Research Department, International Nickel 
Company, Inc. Mem. A.S.M.E. 
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this application during the war. It is being produced in commer- 
cial quantities for this purpose and is a carefully controlled prod- 
uct with uniformly good high-temperature properties. 

In the following paragraphs there are recorded the properties 
of the alloy Inconel X as determined to date. Inconel X is the 
latest and best of a series of age-hardenable alloys based on In- 
conel. The earlier form of the alloy, Inconel W, was discovered 
and perfected by Messrs. C. Bieber and M. P. Buck of the Hunt- 
ington Works laboratory, and Mr. W. F. Sumpter contributed to 
the development of Inconel X. 

The last part of this record is a brief discussion of a casting alloy 
which was developed at the Research Laboratory of the com- 
pany by Messrs. A. M. Talbot, D. E. Furman, N. B. Pilling, and 
G. R. Brophy. 


INcONEL X ALLOY 


Beginning with the earliest days of the Huntington Works, 
the author’s company has been interested in the hardening of 
nickel-base alloys with minor additions of a group of elements 
which include aluminum, titanium, and silicon. Compounds 
formed with these elements can be brought into solution and pre- 
cipitated in such a way as to give high strength and hardness to 
nicke]-base alloys. 

Prior to 1938-1939, the objective in hardening Inconel was 
aimed at strength at ordinary room temperatures or subnormai 
temperatures and up to what was then considered high tempera- 
tures for moving parts, that is, the upper limit of steam tem- 
peratures of that day, 900 to 1000 F. With the onset of the war 
there was a demand for metal for components of turbosuper- 
chargers and this led to the exploration of the properties of the 
age-hardenable Inconel at 1200 F. 

As the war progressed, the engineers and metallurgists involved 
in the design of gas turbines for airplanes in the United States 
insisted on having material that would be useful at least up to 
1500 F. A relatively small change in composition with improve- 
ments in melting, forging, and heat-treatment finally resulted in 
the alloy which is identified by the name Inconel X. 

Inconel X has a high rupture strength at all temperatures up 
to 1500 F. We have not yet had time to explore its possibilities 
at higher temperatures but believe it will be a useful alloy up to 
1600 F or possibly higher. 

In sheet form Inconel X may prove useful in components sub- 
ject to high stress at high temperatures. We have some early 
qualitative indications upon which to base such a hope. 

Inconel X shows low creep rates under high stresses at 1200, 
1350, and 1500 F. It is very strong at room temperature, and 
the high strength is the result of composition and heat-treatment 
alone and does not depend upon the so-called “hot cold work.” 
This is a distinct advantage in forgings of any considerable size, 
such as a gas-turbine rotor wheel, because it is not easy to procure 
uniform properties throughout a large section by cold work. 
On the other hand, strength based upon heat-treatment is uni- 
form throughout the section. 

At this point mention can be made of Inconel W, which is 
an earlier modification of the age-hardenable Inconels. Inconel 
W is of almost the same composition as Inconel X, except that it 
contains no columbium. It has about 80 per cent of the strength 
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of Inconel X at room temperature and up to 1200 F. However 
at 1500 F, Inconel W has less than one half the strength of In- 
conel X. 

These alloys are new, and we are still inthe process of de- 
veloping information on them. Studies of heat-treatment and 
structure are telling us more and more about the alloys and lead- 
ing to a better understanding of them and, in a practical way, 
have resulted in increasing the high-temperature strength even 
beyond that initially effected by control of the composition. 

The data in the following paragraphs reflect the latest progress 
in melting, processing, and heat-treatment of Inconel X. 


PROPERTIES OF INCONEL X 


Composition. A typical analysis of Inconel X in per cent is 
as follows: 


Cc Mn Si Cr Ni Cb Ti Al Fe 
0.04 0.50 0.40 15.0 73.0 1.0 2.5 0.70 70 
General Physical Properties: 
8.3 
0.300 lb per cu in. 
Mopvu.vs oF ELAsTIcITy AND Porsson’s Ratio 
Temp, Modulus of elasticity-—— Poisson's 
deg F Tension Torsion ratio 
80 31,000,000° 11,000,000° 0.29% 
500 28,700,000 10,200,000 tte 
1000 25,000,000 9,000,000 
1200 23,000,000 8,100,000 
1350 21,000,000 ae 
1500 18,500,000 


* Measured at Huntington Works Laboratory. 
> Measured at the Massachusetts Institute of Technology. 


Coefficient of Expansion: 
Units inch per inch per degree F X 106 
—Temperature, deg Mean 
From To coefficient” 

100 200 7.6 
100 500 7.8 
100 700 8.0 
100 900 8.1 
100 1000 8.2 
100 1200 8.4 
100 1350 8.7 

- 100 1500 9.0 
100 1600 9.2 


* Based upon composite curves of three melts. Measured at Re- 
search Laboratory of author’s company. 


Coefficient of Thermal Conductivity: 

The thermal conductivity rises from a mean in centimeter- 
gram-second units at room temperature of 0.03 to 0.065 at 900 C 
(1652 F). 

In Btu per sq ft per hr per deg F per in. the corresponding range 
is 87 to 189. . 


Specific Heat: 
20-100 C (room to 212 F)..............00. .. 0.10-0.11 
20-000 C (room to 1652 0.13 
M elting Range: 
1395-1425 


Electrical Resistance: 122.8 microhms per cu cm. 

Magnetic Permeability: 1.0028 

Hardness at Room Temperature: Hardness measured on hot- 
rolled rods and forgings in the following typical conditions falls 
within the ranges given: 


Treatment 


2100 F /2-4 hr, air-cooled 

1850 F 30 min, air-cooled 

1650 F /24 hr, air-cooled 

1650 F/24 hr ac + 1300 F/20 hr ae 

2100 F/2-4 hrs ac + 1550 F/24 } 
+ 1300 F/20 hr ac 


Condition 


(a) Solution-treated.. . 
(b) Annealed...... 

(c) Equalized:...... 

(d) Equalized anid aged. . 
(e) Fully heat-treated 


rae 


HARDNESS 


Condition BHN Rockwell 
(a) Solution-treated...... 140-180 77Rb- SRe 
(b) Annealed........ ... 140-180 77Rb- 8Re 
(c) Equalized.......... 140-230 77Rb-21Re 
(d) Equalized and aged... 320-400 34Re—-42Re 
(e) Fully heat-treated.... 280-340 28Re-35Re 


Short-Time Tensile Data: 
Condition: HR st 2100 F/4 hr ac, a 1550 F/24 hr ac, a 1300 F/20 br 


0.2 per cent Elonga- 
Tensile yield tion, Reduction 

Temp, strength, strength, per cent in in area, 

deg F psi psi 2 in. per cent 
80 167000 102000 21 26 
1200 120000 79000 ll 14 
1350 93000 77000 6 12 
1500 60000 50000 19 25 

Condition: HR and aged at 1300 F/20 hr 

80 184000 132000 26 41 
900 164000 118000 25 39 
1200 142000 111000 12 17 


Stress-Rupture Data: 
—Rupture strength at———— 


Temp, 100 hr, 500 hr, 1000 hr, 
deg F psi psi psi 
1200 80000 72000 69000 
1350 58000 48000 42000 
1500 28000 21500 18000 
Creep Data: 


—0.00001 per cent/hr— -—0.0001 per cent/hr— 


creep rate creep rate 
—Total plastic— Total plastic 
Temp, Stress, deformation Stress, deformation 
deg F psi 100 hr 1000 hr psi * 100 br 1000 hr 
1200 48000 0.001 0.010 60000 0.030 0.180 
1350 30000 0.001 0.015 37500 0.014 0.200 
1500 15000 0.001 0.200 180002 


ene peanen, A test at 20,000 gave 0.025 total plastic deformation in 
r. 


Fatigue Resistance: 
for failure-—————— 


10° 10’ 108 
Temp, cycles, cycles, cycles, 
deg F psi psi psi 
1200 67800 60100 53800 
1350 51500 49500 48500 
1500 53000 39500 35000 


These fatigue data were obtained on bar-stock specimens givel 
the three-step heat-treatment herein described. The test ma- 
chines were Krouse rotating-beam, 3450 rpm. The test section 
of the specimens was 0.350 in. diam. 

The values are lower than those obtained by Westinghouse 0! 
the same material in another type of fatigue-test machine. The 
Westinghouse estimated stress for failure at 108 cycles at 1200 
on Inconel X is 63,000 psi, compared with the value 53,800 ps! 
in the foregoing table. 

We are not satisfied that the method of measuring the fatigue 
resistance so far employed gives values which truly reflect the 
conditions of gas-turbine service. We would like to have a method 
of testing that will include some of the more obvious condition 
met in service. Such conditions are the very high frequency ©! 
the impulses, the fact that bending stresses are superimpe 
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upon centrifugal tensile stresses and that there may be forces 
which tend to set up interrupted torsional stresses. We know 
that new types of testing machines are being devised to meet some 
of these requirements, and when these come into use they may be 
able to give better information than is now available on high- 
temperature fatigue. 

Impact Resistance. Impact tests have not been made on 
Inconel X. This is included in our testing program. We have 
every reason to believe that the resistance to impact of Inconel 
X will not be less than for Inconel W on which we have the follow- 


ing data: 
Cuarpy Impact Data; W 
Test V-notch, Keyhole 
temperature deg F ft-lb notch, ft-lb 
Room 42 36 
400 68 
600 73 
1000 77 wa 
1200 72 33 
1350 59 28 
1400 54 
1500 82 42 


Stress-rupture data on Inconel W are included at this point for 
reference and comparison. 


Sress Ruprure; INconeL W 


Rupture strength at 


Temperature 


deg F 100 hr, psi 1000 hr, psi 
1200 65000 50000 
1500 18000 8000 


Heat-Treatment. The heat-treatment of Inconel X has been 
developed through several stages until today we believe the best 
all-round combination of properties can be obtained by the 
following method: 

Hot-working should be carried out between a maximum tem- 
perature of 2225 F and a minimum of 1800 F. For large forgings, 
the upper part of this range is required; on small forgings, such 
as blades, the lower part of the range may be used. 

The heat-treatment is then as follows: 


Solution treatment at 2100 F for 2-4 hr; air cool 

High-temperature age at 1550 F for 24 hr; air cool (or drop furnace 
temperature for third step) 

Age at 1300 F for 20 hr; air cool ’ 


This is the treatment that was applied to the specimens upon 
which the data herein are based, with exceptions as noted. This 
is the heat-treatment which we recommend for components to 
be stressed at temperatures above 1000 F. 

For other components upon which the maximum stress will be 
imposed in areas that operate at temperatures from room up to 
900 or 1000 F, and when there will not be highly stressed areas 
operating above 1000 F as, for example, in turbine rotor wheels, 
4 heat-treatment has been recommended and used which will give 
much higher low-temperature strength (see “Short Time Tensile 
Data”). This treatment also avoids the increase in grain size 
which occurs in the 2100 F solution treatment. The heat-treat- 
ment for components to operate below 1000 F, such as rotors, 
bolts, and springs is as follows: 

Heat at 1650 F for 20 hr, air cool or cool in furnace; age at 
1300 F for 20 hr. 


AVAILABILITY OF INCONEL X 


Inconel X is on trial in several places as a spring to operate at 
temperatures of 900 F or even hotter. In some cases, direct 
aging at 1300 F after cold-drawing has been used. In other 


cases, solution treatment and aging have been used. More ex- 
perience is necessary in order to establish the best heat-treat- 
ment for springs for various temperatures of use. 

Inconel X has been supplied experimentally in sheet form for 
manifold assemblies, tail pipes, and similar components. In this 
case, the tendency to buckle precludes drastic solution treatment. 
Up to date, we have applied a stress-equalizing anneal in the 
sheet mill at about 1850 F, and recommend that the sheet-metal 
parts be fabricated and then aged at 1300 F. 

Inconel X and W are good forging alloys and are worked to 

best advantage between 2225 and 1800 F. These alloys can be 
machined, provided suitable slowdown and regulation of cut is 
made as is required on any material of similar strength and tough- 
ness. 
’ These alloys can be welded by are, resistance, gas, or shielded- 
arc methods. Practical results ef high quality have been obtained 
with metallic are welds using standard Inconel electrodes for 
welding the alloy to itself. Problems arise in welding to other 
alloys, but progress in this direction is being made. 

In Inconel X there is offered a material which compares favor- 
ably in strength at gas-turbine temperatures with many alloys 
which contain larger amounts of less plentiful or more costly ele- 
ments in their composition. It is already a practical mill product 
poured in 5000-lb ingots which provide billets of at least 3000 Ib. 

It is available in billets, simple rod sections, wire, sheet, and 
strip. Tubes may be available later. The cost is not out of line 
with the care required to make it and the properties offered. 


Heat-Treatep, Cast 50 Per Cent Nicket 20 Per Cent CuHro- 
MIUM ALLOY 


A casting alloy has been developed at the Bayonne Research 
Laboratory of the author’s company by Messrs. Talbot, Furman, 
Pilling, and Brophy as mentioned at the beginning of this paper. 

This casting alloy, in the heat-treated condition, has some 
attractive elevated-temperature properties. The material is 
primarily suited for extended service applications requiring high 
creep resistance in the neighborhood of 1500 F. It was originally 
developed to meet the Bureau of Ships requirements for gas- 
turbine material. The alloy has good casting qualities and is 
resistant to thermal shock which makes possible the use of a high- 
temperature heat-treatment. 

A typical analysis of the alloy in per cent is as follows: 


Ni Cr Cc Mn Si Cb Ti Ca 
50 20 0.5 0.4 0.6 0.6 0.25 0.025 


The alloy is solution-treated by water-quenching from 2300 F, 
and is usually aged at 1300 F for 12 hr, followed by 18 hr at 
1500 F. A single aging treatment at the latter temperature may 
be used but the double treatment results in a reduced first stage 
of creep. 

The tabulations that follow are typical properties of the heat- 
treated alloy. The creep rates given are average for tests of 
2000-hr duration. However, individual tests of 4000-hr duration 
indicate a continued decrease of the secondary creep rate, and no 
indication of an increased rate was found in the case of another 
material of similar composition tested for 7500 hr with 10,000 
psi stress. 


Rupture Properties at 1500 F: 


Stress, Elongation in 

psi 1.5 in., per cent 
100-hr rupture life............... 16000 12 
500-hr rupture life............... 14000 8 
1000-hr rupture life............... 13000 6 


Creep Properties at 1500 F: 


7000 psi stress.......... 


0.15 per cent in 10000 hr 
0.04 per cent in 10000 hr 
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Tensile Properties: 
02 per cent 
offset Elonga- 
Tensile yield tion Reduction Modulus of 

Temp, strength, strength, in 2 in., of area, elasticity, 
deg F psi psi per cent per cent psi 

RT 85000 55000 5 5 26 X 10° 

1200 70000 40000 6 13 eee 

140 50000 32000 23 40 eee 

1500 40000 28000 25 40 eee 

1600 33000 23000 27 42 eKe 


Mean coefficient of expansion from 70 to 1500 F: 9.3 X 10* per deg F. 


CoNncLUSION 

The nickel-chromium alloys described in this paper, Inconel 
X for wrought forms, and the heat-treated 50 nickel 20 chromium 
alloy in cast forms, offer the gas-turbine designer useful combi- 
nations of properties not only for components of aircraft gas 
turbines but also for application to ship propulsion, to railroad 
locomotives, and to stationary engines. In these alloys the re- 
quirement for rare or costly metals is small, resulting in ad- 
vantages in both availability and cost. 


of 


So 
| 
3 


PRIMARY AIR 
AND COAL 


Fie. 1 


In order to determine the practicability of burning 
crushed coal in the horizontal cyclone burner, tests were 
conducted some years ago on a 3-ft-diam model. Subse- 
quently, a 5-ft-diam burner together with a secondary 
chamber and boiler were constructed and operated as a 
pilot plant, proving the feasibility of the burner and 
achieving many advantages in economy of construction 
and operation. Asa result of successful pilot-plant oper- 
ation, a developmental installation was made at the Calu- 
met Station of the Commonwealth Edison Company of 
Chicago. This was an installation involving a steam- 
generating unit of 150,000 to 180,000 lb steam capacity per 
hr. The unit has been operating since September, 1944, 
during which time much experimental work has been done 
to improve the operating characteristics. The perform- 
ance of this horizontal cyclone burner has definitely 
proved the principles involved to be sound, providing a 
simple, reliable, and efficient means of burning coals, 
particularly of the poorer grades having a high percentage 
of ash with low burning temperature. 


OME years ago The Babcock & Wilcox Company ap- 
proached the problem of utilizing advantageously the 
generally considered undesirable characteristics of the ash 

in coal. It was felt that if the ash liberated from the coal upon 
combustion could be kept where it belonged, namely, in the fur- 
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DIaGRAMMATIC PRESENTATION OF PRINCIPLES OF CYCLONE BURNER 


The Horizontal Cyclone Burner 


By A. E. GRUNERT,' L. SKOG,? ano L. S. WILCOXSON: 
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PRIMARY AIR 


nace, one could not only effectively and efficiently use poorer 
grades of coal, but at the same time largely eliminate the slag- 
cleaning problem so prevalent with both stoker and pulverized- 
coal firing. Furthermore, by increasing the rate of burning of 
the coal, the size of the furnaces necessary for a given capacity 
could be reduced. This would result in a reduction in the cost of 
making steam, which would be attributable to decreased capital 
expenditure for the equipment involved, as well as savings in its 
operation and maintenance. These savings would result from the 
following: 

1 A very considerable reduction in the amount of slag de- 
posited on the heat-absorption surfaces of the unit; a correspond- 
ing reduction in the existing large item of cost of labor for keeping 
such surfaces clean, and the possibility of minimizing boiler out- 
ages due to slag. 

2 Reduction in the size of the furnace and the entire boiler 
unit. 

3 Simplification of equipment for with attendant reduction in 
cost of the removal of ash from combustion gases to avoid objec- 
tionable atmospheric pollution. 

4 If instead of pulverizing the coal, it could be crushed to 
some larger size, much less work on the coal would be required 
prior to burning, which would involve savings due to the substi- 
tution of a crusher in place of pulverizers, with some correspond- 
ing decrease in equipment and maintenance costs. 

5 The considerable reduction in the amount of ash in the com- 
bustion gases, with resultant lack of necessity for lancing, etc., 
would permit pressure operation of the unit with possible elimi-_ 
nation of induced-draft fans, with resultant savings in installation 
costs and corresponding reduction in cost of operation and main- 
tenance. 

6 With the accomplishment of the foregoing savings, there 
would be a reduction in size of building required to house the 
entire unit, with corresponding reduction in building costs. 

To achieve these results, it was decided to employ the principles 
of a cyclone, which can best be described by reference to diagram- 
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matic sketch Fig. 1. If crushed coal is admitted tangentially to 
a cylindrical burner in a stream of air at a sufficiently high veloc- 
ity, the particles of coal will be thrown to the surface of the cylin- 
der and will be carried in the air stream along the wall of the 
cylinder in the form of an increasing-pitch helix until the energy 
of the entering stream of air has been dissipated. If, in addition 
to the primary air, sufficient secondary air for complete combus- 
tion of the coal is admitted in a path parallel to the primary air 
and coal, and at a correspondingly high velocity, and if at the 
same time the temperature is sufficiently high to promote and 
maintain combustion, the volatile matter in the coal will first be 
distilled and burned; then the remaining carbon will be burned, 
and finally the ash will be left. Provided the fusing temperature 
of the ash is lower than the temperature obtained on combustion 
it will be in a molten state as slag. This resulting slag, due to the 
energy in the stream of products of combustion, will be in contact 
with the surface of the burner, so that it becomes entirely coated 
with molten slag. 

By inclining the axis of the cylindrical burner, the molten slag 
will drain toward its low point, from which it can be removed 
continuously. As this molten-slag surface of the burner is estab- 
lished, further crushed coal admitted with the primary air, on 
being thrown to the surface of the burner by the energy of the 


conveying air, will be caught by the slag. The movement of the - 


slag on the surface of the burner, due to its viscosity, is very 
much less than the velocity of the entering air, and this provides 
an intense scrubbing action of the high-velocity air on the com- 
bustible of the coal particles entrapped and moving with the slower 
moving film of molten slag, with resulting extremely high com- 
bustion rates. 

In establishing these fundamental principles by models in the 
laboratory, it was clearly indicated that a number of factors had 
to receive careful consideration in the design and installation of 
production units, such as, for example: 


1 Relationship of diameter to length of cyclone burner. 

2 Positioning of axis of cyclone burner horizontally and ver- 
tically. 

3 Velocities of primary air and coal, and secondary-air ad- 
missions, and angle of admission relative to the axis of the cyclone 
burner with respect to resulting helical flow in the burner. 

4 Sizing of the coal admitted to the burner, both with respect 
to functional operation and economics. 

5 General nature of the ash characteristics of the coal, par- 
ticularly with respect to its fusing temperature. 


Following a number of model tests, culminating in a 3-ft- 
diam cyclone burner, a 5-ft-diam horizontal cyclone burner 
together with a secondary chamber and boiler were constructed. 


Pitot-PLANT INSTALLATION 


The general arrangment of the 5-ft-diam-burner pilot plant is 
shown in Fig. 2. The cyclone, the axis of which is inclined 10 
deg to the horizontal plane sloping downward toward the gas 
outlet, is water-cooled by three coils of 2'/:-in-OD tubes fully 
studded and covered with plastic chrome ore; one coil forming 
the 5-ft-diam cylinder of the cyclone burner, a second coil forming 
the truncated conical coal inlet, and the third coil forming the cy- 
clone end and gas outlet. These three coils are connected in series 
and arranged for forced circulation of water at approximately 
1000 psi, the water being fed from a triplex positive-displacement 
pump through the gas-outlet coil; thence through a section of a 
convection air heater, followed by the cylindrical coil; through 
a second section of the convection air heater, followed by the 
truncated conical coil at the coal inlet; and finally, after pass- 
ing through the third and last section of the convection air 
heater, through a water cooler to the suction of the pump. 


FEEDER 


EXPANSION JOINT J 


AIR INLET VALVE ORIFICE 


EXPANSION JO 


GAS-AIR | 


ORIFICE 


DAMPER __| 
SEC AIR 


3-0°0.0 


CONVECTION AIR HEATER 
ELEVATION 


Fig. 2 GENERAL ARRANGEMENT OF 5-F?-Ditam Hortzonrat- 
CyYcLONE-BURNER Pitot PuLant, Bascock & Witcox Company, 
BARBERTON, OHIO 


Following the cylone burner in the direction of gas flow is heat- 
absorption surface, consisting of a water-cooled furnace chamber 
with upper and lower banks of steam-generating tubes. The 
furnace chamber consists of a double-walled shell forming an en- 
tirely water-cooled enclosure having an opening for the gases to 
enter from the cyclone burner. Extending across this water- 
cooled chamber are banks of 3!/,-in-OD steam-generating tubes, 
the two lowermost banks being in the form of screens, the tubes 
being fully studded and covered with plastic chrome ore. The 
two uppermost banks are in the form of boiler banks. This heat- 
absorbing surface, the primary function of which in this pilot 
plant was to provide means for observing and measuring gas flow 
and temperatures, slag and fly-ash carry-over, etc., was operated 
at essentially atmospheric pressure, the steam being released to 
the atmosphere from the steam space indicated. 

In operating the pilot plant, raw coal, as received, is fed to a 
hammer crusher simultaneously with preheated air of 350 F to 
400 F and crushed to 100 per cent through No. 4 mesh. The 
crushed coal is then fed to a coal hopper, from which, through a 
table feeder, it is admitted to the primary-air supply. The air 
from the two forced-draft fans at approximately 45 in. H,0 static 
pressure, passes through steam-heated and gas-heated air heaters 
in series and is heated to between 350 Fand 400 F. The primary 
air is taken from the main air duct after the air heaters and picks 
up the coal discharged from the table feeder and admits it to the 
cyclone burner tangentially at high velocity. The secondary air 
for combustion is admitted at the 5-ft-diam section of the cylin- 
drical portion of the burner. 

In operation, the molten slag resulting from the high rate of 
combustion of the coal forms a molten layer on the surface of the 
cyclone burner, to which the newly admitted coal adheres, with 
a certain portion of the finer coal and resulting particles of coke 
churning around continuously within the burner. The secondary 
air, also admitted tangentially at high velocity, provides an in- 
tense scrubbing action with resulting high combustion rate. 
The gases of combustion leave the cyclone burner through the 
central outlet at its end, and enter the secondary chamber, pass 
ing over the two screens and two boiler banks in series and are 
discharged to the stack. The molten slag in the cyclone burner 
drains to its lowermost point, which is below the gas outlet, and 
flows continuously into the secondary chamber, from which it can 
be tapped continuously or intermittently, as required. 

Many tests were run on this pilot plant, burning mostly Ohio 
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and Illinois coals, and on December 12 and 13, 1940, a 24-hr test 
was conducted burning Illinois coal from Christian County, No. 
6 seam. The over-all results of this pilot-plant experience and 
the specific performance during the 24-hr test were very satisfac- 
tory. 


INSTALLATION OF DEVELOPMENTAL UNIT AT CALUMET STaTION 


The Commonwealth Edison Company and Sargent & Lundy, 
of Chicago, had been following the pilot-plant work very closely, 
and subsequent to the 24-hr test referred to, it was apparent that 
the development work had reached a point where the next step 
would be to build a cyclone together with a suitable steam-gener- 
ating unit to go with it, so that all of the advantages of the cyclone 
method of burning crushed coal could be demonstrated in a thor- 
oughly practical manner. With this end in view, it was finally 
agreed that a steam-generating unit of about 150,000 to 180,000 lb 
steam capacity per hr should be installed in one of the Common- 
wealth Edison Company’s plants and put into commercial oper- 
ation. 

The Calumet Station was chosen for the installation, as there 
appeared to be fewer difficulties in making a suitable layout at 
this plant than in any of the other plants. Due to wartime re- 
strictions of materials, etc., existing at the time this decision was 
made, it was decided to remove boiler No. 20, as practically all of 
the building steel and gallery steel could be re-used, thus not only 
obviating the use of any new steel, but at the same time keeping 
building changes to a minimum. It was appreciated that this 
installation, to be known as boiler unit No. 20-A, would be an 
experimental unit for the purpose of determining the feasibility 
of the cyclone burner for future large installations burning low- 
grade Central Illinois coals. 

A typical analysis of the Kincaid coal normally burned in 
boiler unit No. 20-A is given in Table 1. It will be noted that 


TABLE 1 TYPICAL ANALYSIS OF KINCAID COAL, CHRISTIAN 
COUNTY, USED IN BOILER UNIT NO. 20-A AT CALUMET STATION 


Moisture, per cent 
Volatile matter, per cent 
Fixed carbon, per cent 
Ash, per cent 


Total per cent 


Btu per Ib, as fired 
Btu per |b, dry 
Btu per lb of volatile matter 


Sulphur, as fired, per cent 
Grindability, Hardgrove 


Coal-Ash Fusing Temperatures: 
Reducing 


Oxidizing 
atmosphere 


atmosphere 


2190 
2370 
2490 


this coal has a high ash content and a low ash-fusion temperature. 
These characteristics have presented difficulties in the operation 
of pulverized-coal installations due to the rapid fouling of heat- 
absorbing surfaces, and it was hoped that the cyclone burner 
would offer a satisfactory solution to this problem as well as the 
fly-ash problem. 

While it was intended mainly to determine the performance of 
the horizontal cyclone burner with the lower grades of Central 
Illinois coal, other coals have been burned in small quantities 
when they have been available. While operating experience in 
burning other grades of’coal has been limited, the adaptability of 
the burner to handle a wide range of high-volatile Midwestern 
fuels has been definitely shown. 

In conformity with the anticipated design of cyclone burners 
for large installations, the unit for Calumet Station was designed 
48 a vertical quarter-section of a theoretical 750,000-Ib per hr 
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steam-generating unit. The design maximum capacity is 180,- 
000 lb of steam per hr at 350 psi and 650 F, with a feedwater tem- 
perature of 220 F. 


DESCRIPTION OF UNIT 


The unit, shown in Fig. 3, as installed at the Calumet Station, 
consists of a radiant water-tube-type boiler, 600-psi design pres- 
sure, equipped with a horizontal cyclone burner; a continuous- 
tube pendant-type superheater, 600 psi design pressure and 900 
F; a welded-tube-element vertical-type air heater; a submerged- 
tube welded-shell-type attemperator; a desuperheater of the 
same design as the attemperator; water-cooled furnace walls, 
floor, and furnace-platen tubes; and a coal crusher. The de- 
superheater is peculiar to this particular boiler unit. 

Since this was a test unit, it was considered desirable to con- 
form to the design of large installations with respect to both 
pressure and temperature, and as the station operating require- 
ments are 350 psi and 650 F, it was necessary to reduce both pres- 
sure and temperature below design conditions for operation. 
Temperature control for operating conditions necessitated the 
desuperheater in addition to the attemperator, as the most prac- 
tical solution to this problem. In operation, the attemperator is 
manually controlled to maintain the superheater-outlet tempera- 
ture at approximately 850 F. This temperature is reduced to 
650 F and is maintained constant by automatic control of the 
desuperheater. 

Tables 2 and 3 describe boiler, cyclone burner, and control 
equipment. Boiler data include equipment design affected by the 
cyclone burner. The cyclone burner ts shown in relation to the 
equipment in Fig. 3 and in more detail in Fig. 4. The burner, 
arranged for natural circulation, is 8 ft diam, 11 ft long, with a 
primary-air and coal-inlet port on the front end, secondary-air- 
port section along the upper burner periphery, and an outlet 
throat section at the discharge end. The rear wall and throat of 
the cyclone burner are formed by a section of the front wall of the 
secondary chamber. A continuous-slag-tap opening is located in 
this wall at the bottom of the cyclone burner. Slag from the 
cyclone burner passes through this opening to the secondary 
chamber and is discharged through a side-wall tap. The side- 
wall slag tap in the secondary chamber was installed instead of a 
bottom tap because of the difficulty of designing a bottom tap 
with the narrow furnace of this unit. Future cyclone-burner 
installations would have the conventional bottom tap. To aid 
slag removal from the cyclone burner its axis is tilted 5 deg 
from the horizontal. 

Boiler water from the 30-in. drum is supplied to the cyclone- 
supply make-up headers through seven 3'/,-in. and two 4-in-OD 
supply pipes. Water discharged from the cyclone tubes is col- 
lected in a common header connected to seven 4!/;-in. riser tubes 
which pass up along the front and across the top of the boiler to 
the 60-in. drum. The outlet end of the cyclone burner is bolted 
to the front wall of the secondary chamber. The weight of the 
cyclone burner is supported by the riser tubes through spring 
hangers at their upper ends. 

Primary-, secondary-, and tertiary-air ducts furnish air at 
between 30 to 40 in. H,O pressure to the cyclone burner. Pri- 
mary and tertiary ducts are connected tangentially to cylin- 
drical entry ports. In each of these ducts near the port there is 
an adjustable-velocity damper. The air attains a high velocity 
going by the dampers, and a rotary motion going through the 
ports. The secondary-air duct, connected tangentially to the 
cyclone burner, has five adjustable-velocity dampers. In addi- 
tion to controlling the high air velocity at the secondary-air port, 
these dampers enable the operator to control air distribution to 
various zones in the cyclone burner. Coal enters at the front of 
the cyclone with the primary air. 


Initial deformation, deg 1955 
Softening temperature, deg F............... 2030 
Fluid temperature, deg 2270 
Total iron in coal ash (as Fe), percent......... 17.0 A RIE oe. 
Total iron in coal ash (equivalent percent 24.3 
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Fie. 3 Sipe View or Borer Unit No. 20-A, Catumet Station, COMMONWEALTH Eprson Company, Cuicaco, 
FIRING 


The combustion-control system is shown in Fig. 5. This 
equipment provides for remote manual control of the induced- 
draft fan, forced-draft fan, fuel-feeder speed, attemperator and 
desuperheater by-pass valves with automatic control of furnace 
draft, final steam temperature, and automatic proportioning of 
fuel feed to total air. The boiler is protected in the event of fail- 
ure by an electrical interlock system. 


SrartTinG UP THE UNIT 


A unit of this size, pressure, and temperature conditions is 
normally started up in about 3'/; hr. This has proved feasible 
with the cyclone burner by firing intermittently during 5-min 
periods at 20-min intervals. Coal ignition is obtained by use of a 
removable air-atomizing oil burner inserted at the front in prox- 
imity to the periphery of the cyclone burner. The oil burner 


itself is ignited with a wick-type torch, the use of which necessi- 
tates reducing air flow to a minimum and adjusting the furnace 
draft practically to zero. Coal ignition occurs almost imme 
diately, with the possible exception of the initial lighting in a cold 
furnace, and there is no tendency to puff or flare back. As soon 
as ignition of coal is sustained, the oil burner is removed from the 
furnace. Fuel-oil requirements have been about 75 gal (140,000 
Btu per gal) per unit firing up. 

During the 5-min starting-up periods, coal is fired at a rate 
approximately equivalent to 40,000 lb per hr evaporation. 

The initial start is made using cold air, preheated air becoming 
available as the unit warms up. The initial start with cold air 
would be expected to be the most difficult, but so far no trouble 
has been experienced sustaining ignition of the coal. 

During the period of starting up, slag does not flow from the 


Sawa 


[Kins = ig | 
— — 
Ng 
mee 
1 


TABLE 2 DESCRIPTION OF EQUIPMENT; UNIT NO. 20-A, 


CALUMET STATION 
Boiler: 
Furnace: : 


Dimensions: Plan....15 ft X 9 ft below 23-in. drum, 11 ft 9in x 9 ft 
above 23-in. drum 

Secondary-furnace-wall construction: 
Rear wall tubes below intermediate 23-in. drum; side-wall and front- 
wall tubes are 3'/,in. OD on 4!/3 in. centers. 

Floor: Bailey block construction. 

Following sections are full-stud construction: 
Front wall below reflecting arch over cyclone discharge; side walls 
under reflecting arch, and also to approximately the top of the 
lower section of platen tubes, and the rear wall from the furnace floor 
to approximately the top of the lower section of platen tubes. The 
remaining wall sections have flat-stud construction. 

Reflecting arch construction: 
Tubes 31/4 in. OD, slag-screen section fully studded and on 13'/2 in. 
centers. Baffle section fully studded and arch section studded only 
on side facing floor are spaced on 4!/; in. centers. Remaining section 
abovearch, bare tubes on 13'/3in. centers. 

Platen-tube construction: 
Tubes 3'/4 in. OD, spaced on 13!/3 in. centers. Lower section, fully 
studded. Remaining section, bare tube. 

Cyclone-burner construction: 
Burner walls 11/3-in-OD fully studded tubes on 21/; in. centers. Por- 
tion of tube section at secondary air inlet bare with blocks welded be- 
tween tubes for smooth air entry. Each tube made in two semi- 
circular sections of 8 ft diam. Rear wall and throat formed by fully 
studded front-wall tubes of secondary furnace. Slag-tap opening in 
bottom rear wall. Inlet cone at front of cyclone 1!/:-in-OD tubes 
on 17/s in. centers, bare tubes with blocks welded on tubes for wear 


surface. Burner axis slopes 5 deg toward discharge end of furnace. 
Air Heater: 
Vertical-tubular type enclosed in circular casing 
Eftective heating surface, aq ft, 
508 


Oe, Mee 130,000 cfm at 350 deg F, 9 in. static pressure 
Si nieces mcenwesne< Two-speed motor, 360 and 705 rpm, 350 hp, 2300 v 
Volume and pressure control.............. Damper on discharge duct 

Forced-draft fan: 
B. F. Sturtevant Co., No. 250, 365 compressor 
Capacity....... 60,000 cfm at 80 deg F, 62 in. static pressure at 3557 rpm 
Constant speed 1000 hp, 2300 v 
Volume and pressure control.............eeseee0: Adjustable inlet vane 


Raw-coal scales: 


cyclone-burner tap, and some solid material is blasted through 
the tap opening into the secondary chamber. 

Minimum continuous steaming rate to keep slag flowing from 
cyclone and secondary chamber without too much attention is 
about 75,000 Ib per hr. 

The maximum evaporation rate presumably has been estab- 
lished at 180,000 Ib per hr. Combustion conditions at a higher 
tate of 200,000 Ib per hr were satisfactory, but this proved to be 
about the limit of induced-draft-fan capacity, and any further 
increase in combustion rate would have been with positive pres- 
sure in the secondary chamber. While the forced-draft fan in- 
stalled with this unit has sufficient static head to operate the unit 
under pressure, no attempt has been made to date to operate 
without the use of the induced-draft fan. It is intended that a 
trial with pressure operation will be undertaken in the near future. 
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TABLE 3 CONTROL AND REGULATING EQUIPMENT; UNIT 
NO. 20-A, CALUMET STATIO 


control: 


Republic Smoot combustion control 
lements and their method of control: 


Furnace-draft control: By induced-draft fan, either manually or b 
automatic control through S-67 furnace-draft 
controller 
Air-flow control: Manually by forced-draft fan 
Regulators and controllers: 
S-73 regulator, air loaded with air-operated power piston 
8-67 furnace-draft controller, operated from furnace draft to supply 
air loading to S-73 induced-draft-fan regulator 
Excess-air recorder-controller (Bailey Meter Co.), operated by meas- 
urement of oxygen content of flue gas to furnish air loading to 
8-73 fuel regulator for balancing fuel feed to air flow 
Regulating valves: 
Manual to automatic bon rome | used for fuel feed air flow, furnace- 


draft control. Manual, used for boiler manual control 
Temperature Control: 
lements and their method of control: 


Regulators and controllers: 
S-73 regulator, air loaded with air-operated power piston 

Bimetal temperature element with reset relay, operated from steam- 
temperature measurement to deliver air loading to the S-73 desuper- 
heater control regulator 


Feedwater control: 
Bailey Meter Co., three element 
Final minor adjustment................+-. By water-level measurement 


Electrical interlock system: 
Starting order: 
Induced-draft fan 
Forced-draft-fan bearing oil pressure 
Forced-draft fan 


Coal crusher 
Coal feeder 
SECONDARY AIR 
INLET 
Q FRONT WALL DAMPER 

TUBES 


Fie. 4 Sectrona. View or HorizontTat CrcLtone Burner; Borer 
Unit No. 20-A, Catumet STaTION 


’ Total air requirements are controlled by forced-draft condi- 
tions. Small increments of air-flow change are adjusted by the 
remotely controlled forced-draft-fan inlet vanes, with conse- 
quent variations of duct pressure and air velocities at the furnace 
ports. Large increments of change are effected at practically 
constant duct pressure by adjusting both the fan-inlet vanes and 
the hand-operated velocity dampers at furnace-inlet ports. Air- 
supply pressure to 62 in. of water is provided, but lower pressure 
(30 to 40 in.) has been generally maintained to minimize power 
consumption. Port air velocities under this condition are about 
24,000 to 34,000 fpm. Only manual operation of the velocity 
dampers has been provided in this installation inasmuch as the 
unit is normally base-loaded; remote control would be desirable 
for fluctuating-load characteristics. 

Air distribution is approximately as follows: 15 to 20 per cent 
as primary air, 5 to 8 per cent as tertiary, and the remainder as 
secondary. Secondary air is distributed through the five com- 
partments according to requirements as necessary for combus- 
tion to maintain ash fluidity at the primary furnace tap. Re- 


3 
Se 
Capacity ............300 lb per dump—9 tons per hr | CYCLONE | 
Coal crusher: (Original design. 24 in. diam) U U 
Capacity hr ‘ 
Number ¢ 30 
Coalcrusher: (Second design, 48 in. diam) 
hammer 
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adjustment of air distribution is necessary with substantial firing- 
rate changes or deviations in coal size or volatile content. The 
practical requirement is sufficient velocity in the rear zone of the 
cyclone burner to sustain the protective slag coat on the walls, 
but with the quantity of air limited locally to maintain ash 
fluidity at the tap. 

Maintenance of ash fluidity at the cyclone-burner tap is the 
most exacting of all operating considerations in the horizontal 
cyclone-firing method. Burning Central Illinois coal of high 
volatile content and low ash-fusion temperature at moderately 
uniform sizing has been accomplished with relative ease, but some 
experience with other coals has indicated the necessity for more 
rigid control, particularly when firing coals of higher ash-fusion 
temperature. 

Three interruptions were incurred by fouling of the cyclone- 
burner tap while experimentally burning Illinois screened coal 
of in. to in. before crushing. 

About 70 tons of Pocahontas coal of 23.3 per cent volatile, as 
received, was burned. Best tapping results with Pocahontas 
coal were obtained at 8 per cent excess air, and tapping from the 
secondary chamber was completely interrupted at 20 per cent 
excess air. Ignition was lost on two occasions while burning a 
mixture of 25 per cent coke breeze and 75 per cent Illinois coal. 
This trouble was apparently due to inadequate mixing and 
tendency toward segregation of the fuels, with the result that on 
these occasions of lost ignition the fuel was essentially all coke 
breeze. Under these extreme conditions some of the coke was 
transported through the cyclone burner and burned in the secon- 
dary chamber. 


OPERATING CHARACTERISTICS 


The cyclone-firing method is characterized by successful oper- 
ation with low excess air. About 13 per cent has been main- 
tained generally, although the unit was operated for several 
months at 8 per cent excess air with satisfactory results. High 
excess air apparently narrows the latitude of damper adjustments 
as required to maintain ash fluidity at the cyclone tap. Precise 
control of fuel-air relation has been accomplished by use of an 
excess-air recorder-controller‘ regulating the fuel-feed rate to the 
coal conditioner. 

Firing-rate changes are made by manual simultaneous adjust- 
ments of fuel feed and air flow. Microadjustment of fuel-feed 
rate is made by the excess-air controller. A transfer valve pro- 
vides for straight manual control of fuel feed. Adjusting the 
coal-feed rate to total air supply with excess air as the criterion, 
in effect, tends to provide total heat-unit input regardless of vari- 
ations in coal analysis, size, or moisture content. This character- 
istic is demonstrated by recorded feeder-speed variations of as 
much as 20 per cent during the maintenance of practically con- 
stant boiler-steaming rate. Variations of such magnitude are 
probably due in part to inadequacy of the feeder in this applica- 
tion. Fuel flow is sometimes partially retarded or completely 
stopped due to the high air-pressure differential between the 
hopper and feeder discharge. This may momentarily result in 


‘In this controller, catalytic combustion of an alcohol fuel in the 
flue-gas atmosphere is effected wherein the resultant temperature 8 
a measure of free-oxygen content of the gas sample. The recorder }8 
calibrated to indicate excess air and serves as pilot unit for the pnev- 
matic control system. 
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fuel-feed rates not proportional to feeder speed. In Fig. 6 
charts are reproduced showing steam-flow relation, feeder speed, 
and excess air per cent. 

Precise control of fuel-air relation, as obtainable with the ex- 
cess-air recorder-controller, is beneficial but not vital to the 
cyclone-burner method of firing Central Illinois coal. Automatic 
control relieves to some extent necessary vigilance of the operat- 
ing attendant. 

Furnace draft is controlled automatically or remote manually 
by the induced-draft-fan discharge damper and is maintained 
at constant value at a point in the secondary furnace directly 
above the arch. Two inches of H,O negative pressure is main- 
tained generally to provide slight negative pressure near the fur- 
nace floor, from which point periodic observation of the cyclone- 
burner tap is made through a side door. Furnace draft is in- 
creased to about 5 in. of H.O during soot-blowing and slag- 
removal operations. 

Response in firing-rate changes is comparable to that of pulver- 
ized-coal firing. 

Normal shutdown procedure 1s to cut off the fuel supply and, as 
soon as ignition is lost, remove the forced-draft fan from service. 
Larger particles of coal may continue burning in the cyclone 
burner, but early removal of the fan from service is desirable to 
minimize erosive destruction of the slag coating on the inner sur- 
face of the cyclone. 

Momentary interruption of fuel supply has on a number of 
occasions resulted from hanging up of the coal at the feeder. In 
the event of temporary interruption with immediate recovery, 
reignition may be obtained from the hot slag coating of the 
cyclone without use of the oil burner. In tests, reignition was 
effected by this method after a 1-min interval and, in practice, 
after longer but untimed duration. 

Boiler cleaning consists of occasional rodding of the cyclone 
burner bare-stud area, daily operation of four soot blowers in the 
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secondary chamber, and thrice daily operation of the three soot 
blowers in the superheater section. During the early stages of 
operation, occasional hand-lancing of the secondary superheater 
during unit outage was resorted to, but this was subsequently 
discontinued. In early operating practice, the bare-studded 
quadrant of the cyclone-burner wall was rodded frequently. 
Slag accumulations in pendant form created disturbance in the 
cyclonic pattern of gas flow with resultant carrying of considera- 
ble solid material into the secondary chamber. Improved: 
operating methods, involving modified air distribution, have 
practically eliminated the necessity for this cleaning operation. 
Dust accumulations in the secondary superheater section neces- 
sitated the installation of three soot blowers not provided in the 
original design. These superheater tubes are closely spaced, 
with 1l-in-wide gas lanes. Dust precipitation on the tubes, if 
allowed to accumulate, becomes caked, falls, lodges in the lower 
part of the superheater and becomes difficult to remove. More 
than 8 months have elapsed between hand-cleanings of this sec- 
tion of the unit. Arch and platen tubes in the lower part of the 
secondary chamber are 3'/,in. OD and are side-spaced on 13-in. 
centers providing gas lanes. Sustained operation at a low rate 
equivalent to 75,000 lb per hr evaporation might result eventually 
in this section becoming restricted due to slag accumulations, but 
increasing the firing rate for a short interval melts the accumu- 
lated slag and effectively reopens the gas lanes. Any slag ac- 
cumulation on the bare-tube sections of the platens is readily 
removed by the mass blowers. 

There is a noticeable freedom from fouling in the transition 
zone between moltén slag and dry ash, such as is frequently ex- 
perienced with pulverized-coal firing. No provision was made 
for cleaning the air preheater, and some incrustation has occurred 
on tube walls adjacent to the cold-air inlet. About 100 of a total 
of 913 tubes were cleaned in July, 1945. Total labor require- 
ments for all routine cleaning operations are about 1'/; hr per day. 


PERFORMANCE OF THE UNIT 


The unit was put into serv- 
ice September 25, 1944, and 
for the first 15 months was 
normally operated continu- 
ously from Monday mornings 
through Saturday evenings at 
steaming rates of 150,000 b 
per hr during the day and 
100,000 lb per hr at night, ex- 
cept during short shutdown 
periods for adjustments. Since 
January, 1946, the unit has 
generally been shut down 
nightly due to station load con- 
ditions. These schedules were 
adopted in consideration of 
personnel requirements and the 
reliability of the unit in con- 
junction with station load char- 
acteristics. Early operation 
was marked by the usual shut- 
downs incidental to the start- 
ing up of any new unit. Being 
of new-type design and experi- 
mental in application, no really 
concerted attempt was made to 
“keep the boiler on the line,” 
and outages were oftenincurred 
or prolonged to make alter- 
ations purely experimental in 
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character. Almost without exception, the unit was cocled and en- 
tered during week ends for inspections and studies of slag forma- 
tions. Results of the first year’s operation under various im- 
posed conditions may be summarized as having accomplished 
two major results: Much development data were collected re- 
garding performance and operating characteristics, and valuable 
experience in this new firing method was gained by the operating 
personnel. 

An extended outage occurred from June 24, to July 18, 1945, 
during which time the original 24-in-diam coal crusher was re- 
placed with the 48-in. unit; also a redesigned fuel and primary- 
air inlet-port assembly was installed and a wall tube was added 
in the cyclone burner. 

A 2000-hr sustained operation test was started September 27, 
1945, and completed March 30, 1946. Continuous operation 
was to be simulated, in that maintenance work was to be avoided 
but scheduled weekend shutdowns were to be continued. During 
the test, five service interruptions resulted from troubles in 
auxiliary equipment, and a forced outage extending from Decem- 
ber 26, 1945, to February 15, 1946, was incurred by failure of the 
forced-draft-fan motor. Results of the test indicated that sus- 
tained operation was possible in so far as normal life expectancy 
of parts is concerned. During June and July of 1946, an ex- 
tended outage occurred due to station alterations. 

Until Aug. 29, 1946, the unit had accumulated 7993 service hrs 
with an availability of 76 per cent. Distribution by days is as 
follows: 


Days available but not in service..................200005 128 
Days outage for scheduled repairs and alterations......... 110 
Days outage for emergency repairs due to cyclone burner... 5 
Days outage for emergency repairs to auxiliaries.......... 57 


Availability is based on the sum of the first two items; how- 
ever, much of the scheduled outage was not urgent and might be 
considered as available time. 

Forty-eight service interruptions have occurred and are cata- 
logued according to origin as follows: 


Cyclone burner and burner assembly..................... 7 
Combustion-control 2 
Total number of 48 


In December, 1944, a hole was burned through the refractory 
lining and casing of the cyclone burner, necessitating immediate 
shutdown. An additional wall tube was installed at this point 
of wide tube spacing in July, 1945. Another interruption was 
due to a casing fuel leak resulting from faulty installation. Two 
of the interruptions originating in the cyclone were due to loss of 
ignition while burning a mixture of coke breeze and coal experi- 
mentally, and three resulted from fouling the cyclone-burner 
slag tap while burning a */,-in. to 7/s-in. screened coal experi- 
mentally. Only two interruptions have been incurred by the 
coal crusher since June, 1945, when the 48-in. crusher was in- 
stalled. Early troubles were largely due to hammer and classi- 
fier-screen breakage or other interference by foreign material in 
the fuel. Troubles originating in the coal feeder are still existent 
but have been reduced in frequency. These troubles are of three 
general types: drive-shear-pin failure under overload, coal-flow 
stoppage by fouling of the feeder, and interruption of coal flow 
due to the high air-pressure differential in the fuel stream. Shear- 


pin failure and fouling of the feeder are troubles inherent in other ° 


types of service. Complete interruption due to air pressure is 
sometimes forestalled by introduction of compressed air into the 
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coal pipe above the feeder when the impending trouble is indi- 
cated, 

Being of single-burner design, failure of auxiliary equipment 
usually results in service interruption for the entire unit. This 
condition is responsible for most of the interruptions rather than 
any weakness in the cyclone firing method. 

Burner maintenance, excluding that of the fuel-inlet regicn, 
has been practically negligible. Troubles at the fuel port were 
evidenced within the first week of unit operation. The conical 
section of the cyclone burner adjacent to the inlet scroll was 
originally lined with a one-piece steel plate. Rapid deterioration 
of this liner resulted from failure to maintain contact between it 
and the furnace tubes adequate for thermal conduction. After 
two renewals of the liner within the first month of service, this 
area was lined by fusing individually small mild-steel blocks to 
the furnace tubes. Replacement of about 25 per cent of these 
blocks has since been necessary. Erosive action is not excessive, 
but some burning persists. Excessive wear rate occurred in the 
original mild-steel burner scroll. After 9 months of service, dur- 
ing which eroded areas were restored by fusion-welding, this fuel- 
port assembly was replaced by one with a renewable one-piece 
scroll liner. A 1'/z-in-thick chilled Elverite C liner has been in 
service since July, 1945, with two resurfacing operations. Pro- 
visions have been made for future installation of an assembly with 
renewable liner segments. There has been no maintenance of the 
cyclone-burner walls. 

On one occasion previously cited, a hole was burned through 
the refractory and casing. Tube studs in certain local areas of 
the cyclone burner were shortened during early operation by 
burning action, but this condition stabilized when the studs 
attained their equilibrium length with respect to temperature. 
Indentations in the slag surface, accompanied by some shortening 
of studs, occurred on the cyclone-burner wall where tubes are 
bent 90 deg to provide for the secondary-air inlet ports. Slight 
burning of studs has occurred on the cylindrical walls at the ex- 
treme discharge end. Maintenance of the protective slag coating 
in this area requires adherence to proper operating methods. 
Studs on the tubes forming the entering edge of the discharge 
throat were severely shortened in early operation; however, these 
tubes have a thin but adequate slag coating, having reached 
equilibrium conditions. The cyclone-burner slag-tap opening 
became enlarged to the extent that coke was blasted into the 
secondary chamber. The opening was restricted by installation 
of a single-loop coil cooled by service water. Five replacements 
of this coil have been made, two because of failure by erosion, 
two due to loss of cooling-water supply, and one for inspection 


‘ purposes. Need for such a coil in future installations would be 


eliminated by design of a smaller opening. 

The secondary-chamber side-wall tap arrangement has in- 
volved considerable maintenance, due primarily to the fact that, 
in order to facilitate continuous tapping, furnace gases are circu- 
lated through the tap opening and ash-tank hood into the air pre- 
heater. All exposed metal parts, such as cooling coil, refractory 
supports, water-seal container, etc., have been subject to rapid 
deterioration. Life of some parts has been improved by sub- 
stitution of alloy for the original steel, but is not yet satisfactory. 
Inaccessibility of some of these parts makes repairs costly. One 
replacement of the secondary-tap cooling coil has been necessary. 
These maintenance items would be largely, if not entirely, elimi- 
nated with the use of a bottom-tap arrangement. 

There has been no boiler maintenance other than the usual 
attention to gage glasses and other fittings. This boiler has been 
isolated from the station-water make-up system and is supplied 
only with condensate from the turbine with some contamination 
by condenser leakage. Total solids concentration of the feed- 
water, including added sodium sulphite, is about 2 ppm, and the 
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boiler-water condition has been 
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rigidly controlled. Total solids 
have been limited to 700 ppm. 
Phosphate and sulphite re- 
siduals have been maintained 


te) 
PERFORATED SCREEN 
t 


IMPACT BARS 


and pH has been maintained at 
about 10.8 to 11.0. mt 


Coat CrusHER 


data regarding crusher perform- 
ance and resulting influence on 
eyclone-burner operating char- 


Compilation of considerable 


acteristics has been possible 
through the installation of two it 


different-size units with varia- 
tions in drive-speed and érusher 


element arrangements. The 
original installation, shown in 


Fig. 7, was a constant-speed 
direct-driven 24-in-diam unit 
with space for 30 hammers. 


PERFORATED 
SCREEN 
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After 2 months of service, 
marked by troubles from for- 
eign material in the coal, a 
heavier rotor with roller thrust 
bearing and 60-hammer capacity was installed. Subsequently, 
the speed was increased from 1140 rpm to 1760 rpm, but satis- 
factory balance was not obtained at the higher speed, so the 
original drive was reinstalled. After 9 months of service, the 
24-in. unit was replaced by a 48-in. crusher, shown in Fig. 8, 
accommodating 240 hammers with variable-speed belt drive. 

Major problems relative to crusher performance character- 
istics and practical operating considerations were as follows: 

1 Breakage of elements resulting from foreign material in the 
fuel. 

2 Improvement in life of wear parts. 

3 Obtaining desired coal size. 


Four service interruptions resulted from hammer and classi- 
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Fic. 7 24-In. HamMeR-MILL-Type CRUSHER 


fier-screen breakage. In one instance the full complement of cast 
Elverite hammers was wiped out due to foreign material in the 
coal. 

Adoption of differential heat-treated hammers with hardened 
wear sections and ductile eyelets and the use of mild-steel screen 
material have remedied this condition with no appreciable sacri- 
fice of wear qualities. The original rotor thrust collar was re- 
placed with a roller-type axial thrust bearing capable of with- 
standing shock from foreign material. Faulty magnet perform- 
ance was corrected, thereby reducing but not eliminating foreign 
material as the source of breakage. 

Life of the original perforated-plate-type classifier screen of '/s 
in. thickness was about 3 weeks, or 3500 tons of coal processed. 
Wear was concentrated in line 
with hammer rows and extremely 
pronounced ateitherside. Sub- 
stitution of a grid-type classifier 
screen composed of bars on edge 
radially to provide an effective 
screen thickness of 1!/, in. in- 
creased the indicated life more 
than tenfold. Screen life was 
further benefited by other 
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Fie. 8 48-In. Coat CrusHEeRr 


changes affecting both hammers 
and screen. In early operating 
practice, close clearance was 
maintained between screen and 
hammer tips. Increased hammer 
velocity hascountenanced greater 
clearance, which has reduced 
screen wear by lessening grind- 
ing effect and increasing impact 
effect. Screen clearance is ad- 
justed at '/, in. or greater with 
the installation of new hammers 
and possibly readjusted once 
during the life of those hammers. 

Various hammer shapes were 
tried including plain, reduced- 
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neck, T-head, and one with projected leading tip. Hammer wear 
in the end circumferential rows had been excessive, and this con- 
dition was aggravated in the T-head type. The projected-tip 
type was tried in an effort to reduce the grinding process between 
hammers and screen, but indicated no advantage. 
neck type has proved most practical of those tried out. Seven- 
teen thousand tons of coal has been processed in the 48-in. 
crusher with a single set of 240 hammers, this limit being estab- 
lished by wear rate in the end circumferential rows. Average 
wear rate for the full complement was 0.0214 lb per ton of coal. 
Wear rate in an end row was 160 per cent greater than the average 
in all intermediate rows. Hammer life has been improved 
through the increase in number of hammers. Wear rate has 
shown no definite improvement trend; however, some work pre- 
viously done by the screen has been assumed by the hammers, and 
average wear rate is not unsatisfactory. Unequal distribution of 
wear remains a problem. 

Crushed-coal size is affected by crusher speed, number of ham- 
mers, and classifier-screen openings, and of course influenced by 
original raw-coal size and moisture content. These character- 
istics are of predictable nature, as shown in Fig. 9. Fineness 
tends to drop off as hammer wear progresses, but there is little 
variation with crusher loading. Fineness attained should be re- 
flected in rate of wear and power consumption; however, no 
definite trend has been indicated in the latter respect. Results 
have been obtained over a wide range; hammer complements 
have been varied from 30 to 240 hammers, tip velocities from 
6900 to 10,870 fpm, and classifier-screen openings from 1.4 in. to 
3/,in. A short run was made with no classifier screen. Efforts 
have been directed toward more uniform sizing to the extent of 
lesser quantities in the extreme sizes under 200 mesh and over 
No. 4 mesh. 

The 48-in. crusher provided no distinct advantages over the 
smaller unit other than increased life of wear parts resulting from 
greater mass. Capacity of the 24-in. crusher was ample for this 
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service, and its power consumption was approximately 1.1 kwhr 
per ton compared to 2.6 kwhr per ton in the larger unit. Variable 
speed is not essential but does provide some degree of control of 
coal fineness which may have some value if raw-coal conditions 
vary widely. Higher percentage of fines during intermittent 
firing provides some ease in starting-up procedure. Replacement 
of a set of hammer and screen elements in the larger crusher 1n- 
volves approximately 8 hr unit outage and 32 man-hours of labor. 


Test REsutts 


The tests performed on this unit were for the purpose of de- 
termining cyclone-burner performance and over-all boiler per- 
formance. Interest in the cyclone burner centered around the 
disposition of ash released in the combustion process since this is 
its outstanding feature. To determine ash distribution, all slag 
tapped from the secondary chamber since the beginning of oper- 
ation was collected and weighed. These data, in conjunction 
with coal weights and coal analyses for the same operating periods 
were used to calculate ash recovery in the form of slag. To check 
ash recovery further, standard A.S.T.M. test methods were used 
to determine the amount of dust passing up the stack with the 
flue gases. 

Table 4 contains accumulated data on slag recovery and an 


TABLE 4 sess OF SLAG RECOVERY AND DUST LOADING; 
NIT NO. 20-A, CALUMET STATION 


Ash recovered ap slag, Per 82 
Normal! dust discharge to stack, 7.5 
Normal dust discharge to stack, grains per standard cu ft........ 0.659 
Increase in dust discharge to stack due to soot blowing, per cent. 2.5 
vn with temperature increase from 1390 F to 3000 F, 5 


average dust-loading figure ob- 
tained from all dust. tests. 


| | Slag recovery was 82 per cent 
3/8" SCREEN 240 HAMMERS and dust passing to the stack 
° was 7.5 percent. The normal 

per cent due to soot-blowing, 

z 4 z a. thus increasing the average 

= 120 HAMMERS dust-loading in the gases to 

2 20 1/2" SCREEN —— el 2 20 : = 10 per cent. Approximately 5.5 

per cent of the ash weight is 

lost due to shrinkage or changes 
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resulting in their conversion to 
gaseous products which be- 


come a part of the flue gases, 


and also volatilization of alka- 
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distribution of ash on both 
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Data 


The shrinkage in ash weight has been the subject of careful 
investigation in the laboratories of Babcock & Wilcox, Common- 
wealth Edison, and Battelle Memorial Institute. By standard 
A.S.T.M. laboratory methods, the ash content of a coal is deter- 
mined empirically, the coal being ashed to constant weight in 
air-oxidizing atmosphere at 1390 F. Under furnace operating 
conditions, the coal is burned at a much higher temperature of 
around 3000 F, without necessarily the same degree of oxidizing 
atmosphere, and it is these different conditions which result in 
chemical reactions and a physical change which are not present 
in the laboratory determination. The chemical reactions in- 
volved are: 


1 The reduction of ferric oxide (Fe,O;) to ferrous oxide (FeO) 
(in varying amounts) and to metallic iron (Fe) (usually 
only a trace). 

2 The loss of sulphur trioxide (SO;) by the decomposition of 
sulphates of calcium, magnesium, and iron. 


The physical change is the vaporization of the alkalies present. 

The ash shrinkage is a variable depending on the composition 
of the coal ash and the conditions of furnace operation. Labo- 
ratory tests, in which coal ash was heated to 2800 F under simu- 
lated furnace operation, showed an ash shrinkage of from 6.94 per 
cent to 8.14 per cent (average of 4 determinations, 7.39 per cent). 
These shrinkage values include the volatilization of the alkalies 
with subsequent deposition as the sulphates in the cooler portions 
of the furnace. Correcting for this gives a nonrecoverable ash 
shrinkage of from 4.83 per cent to 6.90 per cent (average of 4 
determinations, 5.76 per cent). Calculations of ash shrinkage 
from the composition of the coal ash and resultant slag give 
values which closely check the determined values. 

Analysis of furnace-slag samples from unit No. 20-A showed a 
greater volatilization of alkalies under operating conditions than 
was obtained in the laboratory tests. Also, generally the ferrous- 
iron content was greater. Ash shrinkage under actual operation 
based on the analyses of the ash in the coal burned and the re- 
sulting furnace slag were slightly higher than the laboratory re- 
sults, varying from 7.63 per cent to 8.85 per cent (total shrinkage 
average of 4 determinations, 8.16 per cent), but the nonrecovera- 
ble ash shrinkage, because of the greater alkali volatilization, 
was somewhat lower, varying from 4.22 per cent to 6.15 per cent 
(average of 4 determinations, 5.02 per cent). 

Coal samples from the coal-crusher outlet were obtained at 
regular intervals for determination of sizing. Due to poor coal 


TABLE 5 SUMMARY OF TYPICAL COAL SIZING AFTER THE 
COAL CRUSHER; UNIT NaeeNER STATION (TYLER 


Per cent through Minimum 


screen no. 


distribution within the duct, the coal sample obtained cannot be 
considered entirely representative of coal being delivered to the 
cyclone burner. It does have value, however, in indicating the 
approximate coal sizing, and can be used for purposes of com- 
parison in cyclone-performance tests. 

The relationship of coal sizing and slag recovery has been in- 
vestigated. It was felt that large quantities of fine coal particles 
entering the cyclone furnace might result in increased fly ash 
passing to the stack. Therefore, as coal-crusher changes were 
made, fly-ash samples were obtained to determine what possibie 
changes in fly-ash loading might occur. Slag-recovery tests 
were not considered for this purpose because of the length of time 
required for such tests. Table 5 lists an average coal-sizing sam- 
ple obtained during these various periods in addition to minimum 
and maximum fineness samples. In considering minimum and 
maximum fineness, coal passing through the No. 48 mesh screen 
was taken arbitrarily as a criterion. 

Increased centrifugal action within the cyclone burner was 
also considered as a method of controlling the fly ash passing to 
the stack. The increase was accomplished by raising inlet-air 
pressure to the cyclone and decreasing damper openings, obtaining 
higher air velocities within the primary furnace. Air pressures 
were increased to 45 in. of water from the original 30 in., and 
fly-ash content of the flue gases to the stack was determined. 

The various fly-ash tests, conducted with different coal-sizing 
conditions and with varying air pressures, showed no marked 
improvement. 


EVAPORATION EFFICIENCY TESTS 


The tests for over-all boiler performance are shown in Table 
6. Tests 1 to 6 were for the purpose of demonstrating the differ- 
ence between manual and automatic control of coal-feeder speed. 
Fig. 6 shows one set of charts for each method of control. It will 
be seen that automatic control of feeder speed gives closer regula- 
tion of excess air, with possibly a slight gain in efficiency. The 
remainder of the tests were run with automatic centrol to deter- 
mine over-all boiler performance. Fig. 11 shows the evaporation 
efficiency, which varied from 87 per cent down to 85 per cent at 
maximum capacity. The unburned-carbon loss averaged approxi- 
mately 0.1 per cent. It will be noted that this performance is 
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TABLE 6 EVAPORATIVE TESTS; BOILER UNIT NO, 20-A, CALUMET STATION 


TEST NUMBER 
DATE OF TEST 
DURATION, HOURS 
COAL AS FIRED: 
Kind of Coal 
Moisture, Percent 
Ash, Percent 
B.T.U. Per Lb. 
ULTIMATE FUEL ANALYSIS, PERCENT 
Carbon 
Hydrogen 
Sulphur 
Nitrogen 
Oxygen 
FIRING CONTROL 
COAL BURNED PER HOUR, IBS. 
WATER EVAPORATED PER HOUR, LBS. 
ACTUAL EVAPORATION PER LB. COAL PER HOUR, LBS. 
TEMPERATURES, DEGREES FAHRENHEIT: 
Air to Air Heater 
Air Leaving Air Heater 
Air Leaving Coal Conditioner 
Flue Gas Leaving Boiler 
Flue Gas Leaving Air Heater 
Feedwater To Boiler 
Steam From Desuperheater 
STEAM PRESSURE, LBS. PER SQUARE INCH GAGE 
AIR PRESSURES, INCHES OF WATER: 
To Air Heater 
From Air Heater 
Primary Air To Coal Conditioner 
Primary Air To Cyclone 
Secondary Air To Cyclone 
Tertiary Air To Cyclone 
DRAFTS, INCHES OF WATER: 
Leaving Primary Furnace 
Leaving Superheater 
Leaving Air Heater 
AHALYSIS OF GASES, PERCENT: 
COo BOILER EXIT 
Air Heater Exit 
Oo Air Heater Exit . 
CO Air Heater Exit 
ASHPIT ANALYSIS: 
Ash, Percent 
B.T.U. Per Lb. 
AVG. FLUE DUST ANALYSIS: 
Ash, Percent 
B.T.U. Per Lb. 
AVG. COMPOSITE 
Ash Percent 
B.T.U. Per Lb. 
HEAT BALANCE, PERCENT 
Absorbed by Boiler, Superheater and Air Heater 
Loss in Dry Flue Gases 
Loss Due to Moisture in Coal 
Loss Due to Hydrogen in Coal 
Loss Due to Unburned Carbon 
Loss Due to Carbon in CO 
Unaccounted for Losses 
Total 
BOILER AUX. POWER - KWHR PER TON COAL 
Induced Draft Fan 
Forced Dreft Fan 
Coal Conditioner 
Feeder, Redler Conveyor, Etc. 
TOTAL 
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7.37 
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11.34 

10, 332 


78.59 
5-65 
5-33 
1.29 
9.14 
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10.64 
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comparable to that obtained in modern pulverized-fuel firing with 
the same grade of coal. 

The weighted average of the auxiliary-power figures given in 
Table 6 is 68.6 kwhr per ton of coal burned. This figure is higher 
than would be expected with a commercial unit owing to the fact 
that the capacity of the forced-draft fan and motor on this ex- 
perimental boiler unit is greater than required for a unit having 
both forced- and induced-draft fans as previously explained, and 


therefore probably is not representative of a regularly designed . 


unit with cyclone firing. 


CONCLUSIONS 


The operation of this horizontal cyclone burner has proved the 
principles involved to be sound, and that it provides a simple, 
reliable, and efficient means of burning coals, particularly of the 
poorer grades having a high percentage of ash with low fusing 
temperature. 

The conclusions reached as a result of the experimental work 
done on the horizontal cyclone burner are as follows: 

1 That, due to the segregation of better than 80 per cent of 
the ash in the coal as molten slag in the burner itself, and its te 
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5-23-46 
7.67 6.43 
11.38 12.76 
10,305 = 10, 311 
78.56 78.63 78.56 
5.64 5.65 5.64 
5.36 5.30 5.36 
1.29 1.27 1.29 
Auto. Hand Auto. Auto. Hand Auto. 
19,863 19,528 18,290 18,583 19,518 12,637 
153,730 150,040 145,800 142,320 149,710 93,597 
7.7% 7.68 7.94 7.64 7.67 7.41 
477 469 458 472 468 465 403 
PR ht 148 145 148 159 147 155 160 
670 661 635 656 654 656 58h 
374 374 351 368 373 369 
PHENE, dors 214 205 209 207 210 209 159 
ae aa 655 652 654 651 651 650 648 
eae 325 326 326 32h 32h 325 328 
40.0 41.3 40.2 41.6 ‘ 
35 36.7 36.0 36.7 36.7 28 
39-5 40.3 39.7 40.6 31 
29 27.5 28.7 27.0 28.6 28 
4 4.3 4.7 4.6 . 
15.4 15.4 15.9 16.2 15.6 
3.4 3.3 2:7 3:1 
5 
94-33 
86.83 85.39 87.25 86.51 
6.76 6.61 6.02 6.1% 
1.73 1.62 1.54 1.61 
4.27 4.29 4.23 4.33 
100.00 100.00 100.00 
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TABLE 6 (Continued) 


6 9 10 lu 12 13 Bh 15 16 17 18 19 
6 6.59 6.26 6.20 6.7 6.4 6.4 6.5 


Washed Washed 
14.18 14.52 13.79 13.70 14.02 14.54 14.37 14.86 14.40 14.72 15.97 15.44 
12.40 11.65 16.15 11.06 10.89 10.72 10.47 15.59 10.80 13.58 10.71 12.2h 

10,292 10,2h6 9,732 10,570 10,545 10,518 10,561 9,738 10,479 9,989 10,247 10,129 
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5.62 5.63 5.60 5.50 5.50 5.51 5.51 5.51 5.49 5.47 5.50 5.48 
5.67 5.36 6.19 5.06 4.97 4.85 4.90 5.20 5.10 5.92 5.07 5.30 
1.28 1.29 1.27 1.39 1.40 1.40 1.40 1.52 1.39 1.50 1.39 1.39 
9.13 9.16 9.08 9.73 9.7% 9.75 9.75 9.67 9.72 9.60 9.73 9.71 
Auto. Auto. Auto. Auto. Auto. Auto. Auto. Auto. Auto. Auto. Auto. Auto. 


12,231 18,103 25,438 20,828 18,741 13,295 21,897 12,240 20,014 18,280 16,344 17,194 
90,249 130,732 174,603 154,182 139,501 100,625 164,12h 85,722 148,714 128,100 119,126 
7.36 7.22 6.86 7.40 7.56 7.0 


2 
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16.1 16.0 16.6 15.5 15.7 15.5 15.2 15.9 15.5 15.6 15.8 15.7 
15.6 15.6 15.6 14.8 15.3 14.8 14.8 15.3 15.0 14.9 15.0 15.0 
3.2 3.3 364 3.8 3.6 4.2 4.2 3.8 4.1 4.2 4.1 


85.88 85.22 85.19 85.66 13 85.68 87.30 85.90 86.29 86.33 86.85 
6.20 6.20 7.53 7.01 6.14 7.52 5.40 6.95 6.85 6.7% 6.94 
1.66 1.66 4 23 4.20 4.16 4.27 4,22 4.19 4.22 4,18 4.17 
4.27 42h 1.55 1.58 1.63 “1.64 1.82 1.63 1.77 1.84 1.81 
205 205 09 209 210 09 13 09 
0.91 1.95 2.63 1.41 1.46 e179 1.12 1.24 
100.00 100.00 100,00 100.00 100.00 100.00 100,00 100.00 100.00 100.00 100.00 100.00 
15 67 21.10 
ST 70 51.20 
36 96 2.31 
28 46 
36 19 75.0 


moval therefrom in molten form, the ash-handling problem in nanceexpense. This dust loading of the gases does not include 

the burning of coal in public-utility and large industrial units is _ the discharge due to soot blowing. 

greatly simplified both as to equipment installed and labor re- 3 That the discharge of relatively clean gases of combustion 

quirements for its removal. from the burner to the boiler unit permits rearrangement of heat- 
2 That the reduced quantity of fly ash in the gases discharged absorbing surface with substantial reduction of both equipment . 

from the stack during normal operation, amounting to between and labor for cleaning the absorbing surface. 

600 and 700 grains per 1000 cu ft of stack gases at normal 4 That the rearrangement of heat-absorption surface as with 

temperature and pressure requires, if anything, only a greatly item 3 results in a smaller unit for the same capacity when com- 

simplified form of dust-separation equipment and obviates the pared with other methods of combustion. 

necessity for costly equipment with its operating and mainte- 5 That the substitution of a lower-first-cost and lower oper- 
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ating- and maintenance-cost coal crusher represents a saving, as 
compared with the higher-first-cost, higher operating- and main- 
tenance-cost pulverizers as used for pulverized-coal firing. 

6 That the substantial reduction of slag and fly ash in the 
products of combustion leaving the burner and entering the heat- 
absorbing surface of the unit not only provides the advantages 
thus far enumerated, but by virtue of the elimination of the neces- 
sity for manual cleaning of the heat-absorbing surface, makes 
possible operation of the unit with the products of combustion 
under pressure, with possible elimination of the induced-draft 
fan with its attendant first cost, operating, and maintenance ex- 
pense. 

Predicated on the foregoing conclusions, a comparison between 
cyclone-burner and _ pulverized-coal-fired high-pressure high- 
temperature steam-generating units for a new installation of 
75,000 kw capacity shows the following advantages attributable 
to the cyclone burner: 


1 A reduction in the floor area required of approximately 25 
per cent 

2 A reduction in building volume of approximately 33 per 
cent 

3 A reduction in weight of approximately 22 per cent. 


These anticipated reductions in building dimensions represent 
appreciable savings in cost, which, when combined with the other 
savings enumerated, collectively show an estimated saving in 
capital cost, from all sources, of from $6 to $6.50 per kw or about 
$500,000 for a 75,000-kw plant. Fig. 12 illustrates the over-all 
building requirements of these comparable installations. 


T 


PLAN PULVERIZED FUEL FURNACE BOILER 


PULVERIZED FUEL CYCLONE 


AUGUST, 1947 


There are further savings which are more difficult to evaluate. 


because of their dependency on local conditions. For example, 
the disposal of fly ash from a pulverized-coal-fired plant imposes a 
problem as the ash must of necessity be disposed of quickly, as 
storage for more than a few days is difficult and expensive in view 
of the large amounts to be handled. The cost for normal dis- 
posal will run from 30 cents to 75 cents per ton of fly ash, and in 
some cases it is difficult to find satisfactory disposal means. 
This fly-ash problem is essentially eliminated with the cyclone 
burner, and while there is an increased quantity of slag to be 
handled, this is normally very much easier to dispose of. 


FurTHER EXPERIMENTAL AND DEVELOPMENTAL WoRK 


The success of the horizontal cyclone burner on unit No. 20-A 
at Calumet, as described, warranted the installation of a second 
cyclone burner on existing unit No. 22 at the same station. This 
second installation is a vertical cyclone burner, fired tangentially 
at the top, the molten slag being removed continuously from a tap 
hole in the bottom of the burner, and the gases passing in an es- 
sentially horizontal direction from the bottom portion of the 
burner through a water-cooled vestibule into the existing furnace 
of the unit. Unit No. 22 at Calumet was previously fired with 
either pulverized coal or natural gas. It is a cross-drum boiler 
with water-cooled furnace having a capacity of 300,000 lb of 
steam per hr at 350 psi and 650 F. The final layout of cyclones 
contemplated for this unit consists of two vertical cyclone burners, 
each having a nominal 6-ft diam, but the first step taken was to 
install one vertical cyclone burner at the right-hand side of the 
unit, leaving pulverized coal and gas firing at the left-hand side. 
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Wilcox Company. It was originally intended that Mr. Kerr 
would be one of the co-authors of this paper, but his untimely 
death on April 24, 1946, prevented the accomplishment of this 


Fic.13. Inrertor REAR View or Cyclone BuRNER AFTER SEVERAL 
MonrTss oF OPERATION 


The cyclone burner is designed for a normal capacity of 150,000 
lb of steam per hr, with a peak of 180,000 lb per hr. Kincaid 
coal will be used, crushed to !/, in. and less. This installation, 
which at the time of writing this paper is in the course of erection, 
will be reported upon subsequently. 

The application of the cyclone burner, whether horizontal or 
vertical, is not limited to new installations but is definitely 
applicable to the conversion of existing units. The benefits 
attributable to the cyclone burner, including the simplification of 
stack-gas cleaning equipment due to the relative cleanliness of 
the combustion gases and the other operating and maintenance 
Savings, are particularly pertinent to those existing installations 
where objectionable atmospheric pollution from present combus- 
tion means presents a problem. 

The cyclone burner is not necessarily a universal burner in 
which all types of all fuels can be burned with equal facility. 
With respect to coal as fuel there are limitations in application 
With volatile content and particularly ash-fusing temperature. 
While tests have been conducted, and others are under way, which 
indicate that a relatively wide range of volatile content can be 
satisfactorily handled, there is probably a limitation on low-vola- 
tile content, below which ignition and maintenance of combus- 
tion will present difficulties. With respect to ash-fusing tempera- 
ture, the limitation is with coals having ash of higher fusing 
temperatures, particularly above 2500 F, as naturally the 
Successful functioning of the burner is dependent upon the 


— condition within the burner and its removal! there- 
rom. 
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Discussion 


J. J. CermAx.® Among the advantages of the cyclone burner 
mentioned in the paper is the possibility of operating the boiler 
unit under pressure and eliminating the induced-draft fan, as 
there would be no need for hand-lancing the heating surface. 

The fouling of heating surfaces of boiler units is a serious prob- 
lem and remarkable work has been done in developing the cy- 
clone burner, which has the cleanliness of the combustion gases 
as its ultimate objective. 

Our present knowledge of the mechanism of the fouling of 
boiler heating surfaces is inadequate to explain what really goes 
on between the time the ash is in the form of microscopic droplets 
or spheres in the gases, and when it becomes part of a hard- 
bonded deposit on the boiler or superheater tubes. 

There is evidence that this deposit in influenced more by the 
fineness of the fly ash than by the quantity of ash in the gases. 
It is possible to have gases heavily loaded with fly ash and still 
have clean surfaces in the boiler. 

During the past two and one-half years, the writer has had an 
interesting experience along these lines which might be of assist- 
ance in our effort to obtain clean heating surfaces. 

In February, 1944, a boiler with slag-tap furnace, having a 
steam output of 265,000 lb per hr at 610-psi design pressure and 
847 F was put into operation in the Oslavany plant of the West 
Moravian Power Stations, located about 20 miles southwest of 
Brno, capitol of Moravia, Czechoslovakia. A model of this 
unit is shown in Fig. 14 of this discussion and is outstanding in 
the fact that it burns coal containing up to 55 per cent ash. The 
boiler was supplied by the Skodaworks. 

In endeavoring to realize the objectives described in connection 
with the cyclone burner, a second slag screen was installed, con- 
sisting of twelve 23/s-in. fully studded boiler tubes at a distance 
of about 5 ft in front of the burners. There are six burners, each 
having two nozzles, so that a screen tube is located opposite each 
burner nozzle. These tubes reduced the area for the gases 33 per 
cent. In operation these tubes were severely punished, but the 
water circulation was adequate, and the great quantity of ash 
caught on the surface of the tubes acted as some protection 
against overheating. The ash content of the coal being burned 
at this time varied between 42 and 45 per cent. 

To our surprise, fouling of the heating surfaces by slag deposits 
was negligible as compared to another slag-tap furnace unit where 
a similar coal with 33 per cent ash content was being burned. 

In this particular boiler there was only loose dust on the upper 
side of the horizontal economizer tubes, which could be easily 
removed. The superheater, air heater, and the upper part of 
the combustion chamber required no cleaning for about 18 
months. The loading of the combustion gases was about 35 
grams per normal cu m (15.3 grains per normal cu ft). 

It was noticed that behind observation doors, where normally 
fine ash dust is found, there were small spheres between !/32 to !/s 
in. diam, some being as large as °/;. in. diam. - Very little dust 
was present. 

The studs, or thorns as we call them, of the secondary slag- 
screen tubes gradually burned away so that the outside diameter 
of the studded tubes, which was originally 130 mm, was decreased 
with 1 year of operation to 100 mm, and after 18 months to 80 

° Professor, Faculty of Mechanical Engineering, Technical Univer- 
sity, Praha, Czechoslovakia. 


os 
3 eh, 
5 


AUGUST, 1947 


< 
mM 
Z 
g 
5 


Fia, 14 
t 
I 


mm. The outside diameter of the tubes themselves was 60 mm. 
During this period of operation, the restriction of the gas pas- 
sages between the screen tubes was decreased from the original 
figure of 33 per cent to 19 per cent. At this time, also, the 
amount of slag spheres, as well as their diameter, also decreased 
and the fouling of the superheater by dusty fly ash began to be 
serious. 

This experience throws some light on the problem as to how a 
microscopic ash particle can be brought to agglomerate with 
other particles and eventually form a large piece of slag. 

The greatest difficulty is in starting to bring together the 
smallest ash particles, as high gas viscosity must be overcome, 
and a strong force must be exerted on them at the time they are 
in the molten state. In this particular application, the contact 
of the microscopic ash particles was accomplished by impinge- 
ment on the screen tubes at the moment combustion of the coal 
was at a maximum condition, so that there must have been burst- 
ing of the coal particles which supported the collisions and agglom- 
eration. Once formed, the larger slag spheres acted as flypaper, 
accumulating on its surface more and more ash, because the 
larger they became, the easier they could move relative to the gas. 

The ash spheres have another beneficial influence, as they act 
as mechanical scrubbers on the heating surfaces. It is quite 
possible that the cleaning action exerted by the spheres is mainly 
responsible for clean heating surfaces. 

It will be worth while to compare the size of the fly ash from 
different boilers with respect to their fouling characteristics. 
Possibly this comparison would be useful in relating complete- 
ness of combustion to fouling of heating surfaces. 

These observations may help us to understand why the rear 
part of the superheater of the developmental unit at Calumet 
Station is fouled by dust deposits, even though there is little ash 
in the combustion gases. The ash particles in the cyclone bur- 
ners are thrown to the circumference by centrifugal force, and 
only small particles can escape into the secondary furnace and 
deposit on the superheater. As there are no longer ash particles 
in the gases to scrub them off, the dust that.settles on the heating 
surface remains there and in time becomes caked. 

The object of these remarks is to help to overcome this prob- 
lem, which is probably one of the last obstacles in the way of 
evolving a perfect combustion apparatus. 


A.G. Curistie.* This paper is a valuable contribution to the 
literature of fuel burning. The spreader stoker was the first 
attempt to burn fuel in semisuspension without complete pul- 
verization of the coal. This new cyclone burner also burns coal 
that is relatively coarsely crushed and does so in semisuspension. 
The slag on the walls of the cyclone holds the coarser coal particles 
during combustion and thus acts as a sustaining grate. How- 
ever, rates of combustion and resulting temperatures are much 
higher in the case of the cyclone furnace than with spreader 
stokers, The spreader stoker has shown great versatility in the 
use of coals of various characteristics. The cyclone burner 
appears to be best suited for burning the high-volatile low-fusing- 
ash coals of the Midwest, where the ash leaves the furnace as 
liquid slag. 

The necessity to maintain the ash in a liquid state appears to 
limit the ability to operate at low loads. The authors indicate 
that about 75,000 lb per hr was the lowest output on the 180,000 
lb per hr unit at which slag could be kept flowing without too 
much attention. This is about 40 per cent of full capacity. 
Therefore such a furnace would be suitable only for operation 
involving many units such that those in operation could be kept 
under sufficiently high loads. 


6 Professor of Mechanical Engineering, Johns Hopkins University, 
Baltimore, Md. Past-President and Fellow A.S.M.E. 
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The authors state that the new installation will have a vertical 
downward-fired furnace. Some experiments with a vertical down- 
ward-fired and semicyclone burner for pulverized coal did 
not give the expected performance. A vertical furnace tan- 
gentially fired with pulverized coal was tried some years ago at 
Sherman Creek. It will be interesting to follow the performance 
of the new vertical furnace at Calumet. 

The authors point out deficiencies in crusher designs. This 
machine has been given little attention and undoubtedly can be 
improved. Certainly, today’s pulverizers for coal are great im- 
provements over those used in earlier years. 

The performances recorded in the tests are creditable for a new 
plant. One is struck by the low excess-air ratio. Feedwater 
temperatures were also low for present-day practice. The 
power requirements of the forced-draft fan were necessarily high. 
Chimney dust is greatly reduced by this system. The authors 
also claim that there is a gain in space requirements. Engineers 
will have to decide for given coals whether these advantages of 
the cyclone burner with its larger power requirements offset the 
lower power of coal pulverizers and the increased cost and space 
needs of dust catchers, centrifugal or electrostatic. 

The authors undertook a bold experiment and are to be con- 
gratulated on the success achieved. Engineers must now deter- 
mine where this type of equipment fits best in modern stations. 


M.H. Kuuner.? The development of the cyclone burner is a 
timely step forward in the art of burning coal. If it is brought 
to a successful conclusion this method may become the answer to 
the question of burning the subnormal coals which are offered 
more and more to large consumers. That this development work 
has been carried on during the most trying years of war and re- 
conversion is deserving of special recognition of the men and 
companies responsible for it. 

It is realized that the data presented in the informative paper 
are indicative only and are not intended to prove the cyclone- 
burner installation to be more economical in first cost and cost of 
operation than the conventional design. Neither is it claimed 
that this system of coal-burning is universally adaptable. It is 
hoped that the paper will be supplemented in the near future with 
a djrect comparison of major items controlling costs of installa- 
tion and operation between the cyclone-burner boiler unit and 
one equipped with conventional pulverized-coal-firing equipment. 
There is, for example, the matter of connected motor horsepower 
for fans and coal preparation. From the information contained 
in the paper, it appears that approximately 1450 connected 
motor horsepower is required for forced-draft fan, induced-draft 
fan, and coal crusher of the 180,000-lb per hr Calumet boiler. A 
more conventional pulverized-coal-fired steam-generating unit of 
200,000 Ib per hr capacity, burning I]linois coal and operating at 
approximately 86 per cent over-all efficiency, requires only 675 
connected motor horsepower for forced-draft fan, induced-draft 
fan, and coal pulverizers. The economic study should show 
whether other advantages of* the cyclone-burner installation 
justify more than double the auxiliary-power requirement. 

Slag deposition on heating surfaces is undoubtedly less when 
compared with the common wet-bottom-furnace installation, but 
there are numerous dry-bottom boilers, burning coal of very low 
ash-fusion temperature, where ash and slag deposits are no prob- 
lem (see Venice Station, Section 2, and Ashley Street Station of 
the Union Electric Company; Riverside Station of Iowa-Illinois 
Gas & Electric Company, and others). Furnaces and gas passes 
of dry-bottom installations can be designed for trouble-free per- 
formance without the necessity of manual ash and slag removal. 
Availability record of installations mentioned is the highest. 


7 Chief Mechanical Engineer, Riley Stoker Company, Worcester, 
Mass. Mem. A.S.M.E. 


VES 


630 TRANSACTIONS OF THE A.S.M.E. 


Is the dust-loading of flue gas from a cyclone burner unit at all 
times so low that dust collectors are unnecessary? If not, no 
great advantage can be claimed for lower dust loadings because 
first cost and cost of operation of dust collectors are substantially 
the same whether the flue gas entering the collector carries 0.7 
grains per cu ft as reported for Calumet No. 20-A, or 1 to 5 grains 
per cut ft as with most dry-bottom-furnace units. 

The saving in size of building housing the boiler will become 
of lesser importance as more use is made of the advantage of 
placing the bulk of the boiler setting out of doors. 

The outstanding advantages of the cyclone-burner method 
appear to be lower cost of coal preparation and above all, greater 
convenience of-ash handling. In some locations the granulated 
ash produced by the cyclone-burner installation may become a 
salable article, whereas the sandy and powdery ash from pul- 
verized-coal-fired dry-bottom installations is often most difficult 
to dispose of. Unfortunately, some portion of the ash must be 
handled in dry powdery form even with the cyclonic-burner unit 
so that the equipment for handling powdery ash and for disposing 
of it cannot be eliminated. 


W. T. Reip.8 Probably the most interesting technical feature 
in this novel application of fundamental principles to the burning 
of coal at extremely high rates of heat release is the ability of the 
cyclone burner to recover as slag a major proportion of the ash in 
the coal. Of almost equal interest is the co-operative spirit 
evidenced by this manufacturer and consumer, who have to- 
gether spanned the many hurdles inherent in this departure from 
conventional procedures. 

By applying the principles of pilot-plant developmental steps, 
considered to be almost a necessity in the chemical engineering 
field, they have nursed this burner through its infant stages to the 
point where it springs full-blown as a successful innovation in 
modern power-plant steam-generating practice. That the major- 
ity of the service interruptions resulted from failure of auxiliaries 
is ample evidence that the burner itself has been soundly designed 
and is fundaméntally satisfactory. 

Although the authors modestly refrain from claiming that the 
cyclone burner will solve all the problems related to slag ac- 
cumulation and fly-ash emission, the favorable results they 
obtained when burning Illinois coal suggest application of this 
principle to other coals having similar ash characteristics. 

During the development of the burner, a request was received 
by the Bureau of Mines for an examination of the slag being pro- 
duced in the experimental unit at Barberton, together with a 
study of the mass flow of ash in the burner and furnace. At that 
time difficulty was being experienced in obtaining a satisfactory 
ash balance. Data on the weight of coal fired, molten slag re- 
moved, fly ash leaving the furnace, and slag adhering to heat- 
absorbing surfaces were being determined directly, with an indi- 
cated recovery of more than 80 per cent of the ash in the coal. 
However, 12.5 to 15 per cent of the ash was unaccounted-for, and 
this study of the coal ash was made to determine the reason for 
such high losses so as better to substantiate the slag-recovery 
figure. Although the authors have briefly described similar 
work, it was thought that a more detailed report of the findings 
in this laboratory would be of interest in pointing out the source 
of such discrepancies and their magnitude. This discussion 
therefore is concerned only with an ash balance made on the 
5-ft-diam cyclone burner during its development. 

Analysis of Samples. Samples collected by the Babcock & 
Wilcox Company and submitted for analysis were: 


8 Supervising Engineer, Combustion Research Section, Bureau of 
Mines, Central Experiment Station, Pittsburgh, Pa. Mem. AS. 
M.E. This discussion is published by permission of the Director, 
Bureau of Mines, U. 8. Department of the Interior. 
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(a) Fly ash collected from flue gas with water-cooled sampler 
according to A.S.T.M. procedure. 

(6) Dust accumulating on screen tubes in low-temperature 
zones. 

(c) Slag accumulating on screen tubes in high-temperature 
zones. 

(d) Slag tapped from secondary furnace at a temperature of 
2900-3000 F, after passing through cyclone burner at estimated 
temperature of 3200 F. 

(e) Coal, from the No. 6 bed, Callaway, III. 


The analyses of the materials collected, as well as the coal ash, 
and slag prepared from it in the laboratory by melting in plati- 
num at 2800 F, are given in Table 7 of this discussion. The 
analysis of the coal, including forms of sulphur, is given in Table 
8. The moisture content of 13.3 per cent was determined in the 
laboratory of the Babcock & Wilcox Company on a special mois- 
ture sample of the minus !/,-in. coal. This value is used because 
it represents the moisture of the coal as fired and is therefore on 
the same basis as the coal when weighed. ‘The modified A.S.T.M. 
procedure was used in determining ash, the sample of coal being 
heated to 500 C in 1 hr, to 750 C in 2 hr, and finally to constant 
weight at 750 C (1382 F). By this method, the pyritic sulphur is 
oxidized and expelled before calcite is decomposed, thus limiting 
the formation of calcium sulphate and resulting in an ash content 
about 0.3 per cent lower than when the same coal is ashed directly 
at 750 C. 

Loss of Weight of Coal Ash Melted in Laboratory. Because the 
loss in weight of coal ash when forming slag was of particular 
interest in this study, a large portion of the coal of sample (I) 
was ashed according to the modified A.S.T.M. procedure de- 
scribed, and 18 g of the ash heated in a platinum crucible in air by 
means of an electric furnace. Heating was conducted stepwise 
in 200 F intervals from 1800 F to 2800 F, the sample being cooled 
and weighed after each step; 1 hr was allowed at each tempera- 
ture level. Table 9 of this discussion shows the loss in weight 
at the various temperatures. Observations of the ash during 
heating showed that it sintered into a shrunken cylinder at 1800 
F; at 2002 F there was no apparent physical change, although 
sulphur oxides were then being evolved; at 2211 F the slag was 
still giving off these gases but had not yet melted; large amounts 
of gas were released at 2399 F, probably oxygen from thermal 
dissociation of the ferric oxide, and the slag became moderately 
fluid; at 2600 F there was only slight gassing; and finally, at 
2800 F there was no evidence of gas evolution and the slag was 
a highly fluid liquid. 

These observations agree with the determined loss in weight, 
the principal change occurring between 1800 F and 2211 F when 
sulphur oxides were being evolved. At higher temperatures, 
the loss probably consisted of oxygen as just noted, the loss 
in weight decreasing as the severity of gassing decreased and 
equilibrium was approached. Under such melting conditions, 
where the surface of the exposed slag is small, the loss of alkalies 
by volatilization will be less than when the coal is being burned 
in suspension, either as pulverized coal or when finely crushed. 

An ash balance based upon the analysis of the coal ash and the 
slag obtained by melting it at 2800 F in the laboratory is given in 
Table 10. This is computed on the loss in weight of 8.95 per 
cent noted in the table and serves to indicate the magnitude of 
the change in weight of each constituent. The loss in weight of 
0.70 g per 100 g of coal ash, or 0.70 per cent, for the oxygen ne 
longer combined with iron, was calculated on the observed change 
in forms of iron, where all the iron in the coal ash is taken 8 
Fe.O;, while in the slag only 66.2 per cent of the iron was in the 
ferric state. Changes in silica, alumina, lime, and magnesia are 
considered unimportant, and result only from minor analyti- 
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TABLE 7 ANALYSES 


Com- 
Mois- bined Alumi- 
Labora- Con- - water num Ferric 
tory di- above Silica, oxide, oxide, 


Material no. tion? 105 105 C SiOz Fe2O; 


1 0.7 32.4 16.1 10.0 
Fly ash, sampleA. 44219 2 a or 36.6 18.2 11.3 
Dust from screen 1 1.3 2.2 26.2 13.2 12.3 
tubes, sample B 44220 2 ae Nee 27.7 14.0 13.0 
Slag from screen 1 0.1 0.1 41.4 18.4 16.7 
tubes, sample C 44221 2 tan Sou 41.6 18.5 16.8 
Slag tapped from 
furnace, sample 
44232 2 45.3 18.1 5.2 
Coal ash prepared 
by igniting coal 
in laborator 44237 2 40.1 16.7 22.4 
Slag prepare ‘in 
laboratory from 
coal ash melted 
to 2800 F 2 44.0 16.4 


Mois- Volatile Fixed 


OF VARIOUS 


2 1, as received basis; 2, free of moisture, combined water, carbon, and hydrogen. 


TABLE 8 ANAL 


—Proximate analysis, per cent— 


HORIZONTAL CYCLONE BURNER 


MATERIALS, PER CENT 
Alka- 
lies, by Ash, 


Cal- Mag- Organic differ- by 

Ferrous cium nesium Sulphur Carbon Car-  hydro-_ ence, dif- 
oxide, oxide, oxide, trioxide, dioxide, bon, gen Na2O fer- 
FeO CaO MgO SO, CO: Cc H + K:0 ence 
2.5 6.0 1.0 6.1 0.05 9.0 0.1 14.4 88.5 
2.8 6.8 1.1 6.9 16.3 
1.2 4.9 0.9 20.2 1.9 0.02 15.7 94.6 
1.3 5.2 0.9 21.4 16.5 
2.5 8.0 1.2 2.4 0.2 0.1 8.9 99.5 
2.5 8.0 1.3 2.4 9.0 
18.5 8.8 Ria 0.1 2.9 100.0 
7.7 0.8 7.0 5.3 100.0 
7.6 8.5 0.1 4.6 100.0 


YSIS OF COAL 


Carbon 
Sulphur, —Sulphur forms, percent— dioxide, 


Condition ture matter carbon Ash per cent Sulphate Pyritic Organic per cent 
ee 13.3 34.3 39.0 13.4 4.3 0.09 2.10 2.12 0.80 
Moisture-free....... 39.6 44.9 15.5 5.0 


Moisture- and ash- 


TABLE 9 LOSS IN WEIGHT OF COAL ASH AT DIFFERENT 
TEMPERATURES 


Cumulative loss in 


Temperature, Loss compared with total 


eg F weight, per cent observed loss, per cent 
1800 0.66 7.4 
2002 3.70 41.4 
2211 7.73 86.4 
2399 8.19 91.5 
2600 8.69 97.1 
2800 ° 8.95 100.0 


COAL ASH HEATED TO 2800 


TABLE 10 ASH BALANCE BASED UPON INDIVIDUAL CONSTITUENTS FOR SAMPLE OF 


5.9 


TABLE 11 WEIGHTS OF MATERIALS INVOLVED IN TEST 


-—Weight of material, |b—~ 
Ash, Ash, water-, 


per cent, earbon-, and 

Material as received As received hydrogen-free 
Dust from screen tubes. .... 94.6 84 79 
Slag from screen tubes...... 99.5 254 253 
Slag tapped from furnace. 100.0 22,188 22,188 
Difference, ash in coal-fired minus material recovered, lb.. 2887 


F; BASIS: 100 g COAL ASH 


one —Weight of each constituent, g 
Total O combined Na2O + 
Material SiO: AlsOs Fe withiron CaO MgO K:0 SO: Total 
Coal ash...... 40.10 16.70 15.67 6.73 7.70 0.80 5.30 7.00 100.0 
ee 16.12 15.82 6.03 7.74 1.00 4.19 0.09 91.05 


Loss, g....... 0.04 0.58 0.15¢ 0.70 


Gain. 


cal and sampling errors. Of the factors mainly responsible, 
7.8 per cent of the total loss occurred as oxygen from change in 
forms of iron, 12.4 per cent as volatilized alkalies, and 77.2 per 
cent lost as sulphur computed as SO;. 

Calculation of Ash Balance. The weights of material recovered 
from the 25.5-hr test of the experimental cyclone burner are 
shown in Table 11 of this discussion. Corrections have been 
calculated for the fly ash, dust, and slag from the screen tubes to 
put them on the same water-, carbon-, and hydrogen-free basis as 
the slag and the ash of the coal with which they are compared. 
The indicated apparent loss in weight of ash during the test is 
2887 lb, or 10.6 per cent of the ash in the coal fired. This is 
termed an “apparent” loss, since it does not take into account 
the conversion of a part of the mass into the gaseous state, where 
of course it could not be recovered by the sampling methods used. 

Obviously, corrections can be applied to the unaccounted-for 
loss to allow for the expected quantity of sulphur compounds 
converted to gases, or for thermal dissociation of the ferric oxide, 
but not for the alkalies lost. To make all these corrections, it is 
necessary to know the chemical composition of each of the ma- 
terials involved; thus the analyses given in Table 7 were used to 
compute a balance on each constituent, as shown in Table 12. 
The columns are totaled vertically to show the weight balance of 


0.04a 0.20a 1.11 6.91 8.95 


each constituent, and horizontally to give the weight of each ma- 
terial to agree with Table 11. 

As in Table 10, the principal loss occurs as sulphur oxides; of 
the total discrepancy of 2887 lb, 1735 lb consisted of sulphur com- 
puted as SO;. In addition, an oxygen loss of 479 lb occurred be- 
cause of change in the forms of iron, making a total of 2214 Ib 
accounted for in the flue gas. Volatilization of 477 lb of alkalies 
also took place, although it was expected that alkalies lost in the 
hotter portions of the furnace would have condensed and been re- 
covered on the screen tubes or with the fly ash. Such evidently 
was not the case and an actual loss of alkalies from the equipment 
definitely was occurring. 

An ash balance, summarizing these data is given in Table 13. 
The total material not recovered in the furnace is (100—89.4) or 
10.6 per cent, which is to be compared with the loss of 8.95 per 
cent for the laboratory test reported in Table 10. The increased 
loss in the experimental cyclone burner results in part from 0.59 
per cent greater loss of alkalies, and 0.59 per cent greater loss in 
the gaseous state. 

The magnitude of the apparent loss of Table 11 is decreased by 
correcting for the sulphur and oxygen lost from the slag in the 
gaseous state, leaving 2.4 per cent unaccounted-for. This would 
be the total loss if it was mistakenly assumed that the alkalies 
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TABLE 12 ASH BALANCE BASED UPON INDIVIDUAL CONSTITUENTS 


Material, water-, carbon-, Fe 


and hydrogen-free SiO: AlsOs 
Fly ash 

Dust from screen tubes 

Slag from screen tubes 

Slag tapped from furnace... . 

Total weight recovered 

Ash of coal fired 


Gain. 


TABLE 13 


Material 


Recovered in furnace 
Lost in gaseous state 


ASH BALANCE 
Weight, lb Per cent 


89.4 
8.2 


Alkalies volatilized and not recovered 1.7 
Unaccounted for 0.7 


100.0 


would be condensed and recovered within the unit, yet, as shown 
in Table 12, this is not the case. Therefore, correcting for the 
alkalies actually lost reduces the unaccounted-for loss to 0.7 per 
cent, which is considered to be well within the order of variation 
to be expected in sampling and analyzing the different materials 
involved. 

With other coals, it is probable that equal agreement could be 
obtained between predicted and experimental ash balances, but 
unaccounted-for losses of low magnitude will require the same 
general technique of complete chemical analysis described here. 
Coal ashes low in iron and in sulphur would not show such large 
apparent losses before corrections were made for evolved gas, but 
the loss of alkali will be an unknown factor that must be deter- 
mined experimentally for each coal. 


R. A. SHerMAN.’ This paper which presents operating data 
on a distinctly new principle of burning coal, and discusses so 
frankly its advantages and disadvantages, is worthy of discussion 
from many viewpoints. However, the writer will confine his 
remarks to the subject of the shrinkage of ash weight with the 
purpose of presenting a summary of the brief investigation of the 
subject that was conducted at Battelle. 

The work at Battelle, which was done at the request of J. B. 
Romer, chief chemist, The Babcock & Wilcox Company, was 
carried on early in 1945, by Manley M. Mallett, research engineer, 
under the direction of H. R. Nelson, supervising physicist. At 
that time the ash balance had not reached as satisfactory a state 
as that presented in Table 4 of the paper which accounts for all 
but 2.5 per cent of the ash fired. 

Method of Investigation. The investigation consisted of a deter- 
mination of the amount and composition of the noncondensable 
gases evolved from the coal ash when it was heated to high tem- 
peratures. The equipment used was that developed for the 
sampling and analysis of gases evolved from metals melted in a 
vacuum. 

The sample of ash, compressed into a pellet of about 1 g in 
weight, was dropped into a platinum crucible held in a quartz 
tube which was heated by high-frequency induction to the oper- 
ating temperature. 

The entire apparatus was maintained at a high vacuum by 
means of a high-speed mercury-diffusion pump. Before dropping 
the sample of ash into the crucible, the crucible assembly was 
heated to 3000 F, while the vacuum was maintained to remove 
occluded gas from the system. The temperature was then 
changed to that desired and the ash dropped in from the water- 


* Supervisor, Battelle Memorial Institute, Columbus, Ohio. Mem. 
A.8.M.E. 


Weight of each constituent, 


combined 


(total) withiron CaO 


118 
4 

20 
1953 
2095 
2090 


cooled antechamber without changing the pressure in the system. 

The gases were collected over mercury for analysis. The 
sample tubes could be changed as desired to follow the changes in 
rate of evolution of gas and in its composition with time. 

Because of the low pressure maintained, which was below the 
decomposition pressure of some of the oxides of the ash, the con- 
ditions used were far different from those in furnace practice. 
The apparatus did, however, furnish a convenient method for 
determination of the gases evolved. 

The ash used was from a sample, No. M-6891, furnished by 
Mr. Romer as representative of that of the coal used in the 
cyclone burner at the Calumet Station of the Commonwealth 
Edison Company. It had been prepared by oxidation of the coal 
at 1390 F. The ash was weighed before introduction into the 
crucible, and the slag remaining in the crucible was weighed after 
each test. 

Before fixing upon the use of the platinum crucible, crucibles of 
beryllia, alundum, and two types of MgO were tried, but all were 
attacked by or were porous to the slag. 

As the gases evolved passed through the mercury in the diffu- 
sion pump, those that would react with mercury, such as HS and 
SO., were not collected. Means were not available for quantita- 
tive collection of the evolved water or of condensable vapors, 
although qualitative examination of the latter condensates on the 
cool glass parts of the apparatus was possible. 

Experimental Results. This discussion will present in graphi- 
cal form only a few of the data obtained. 

Fig. 15 shows the cumulative weight of the gases, expressed 
as a percentage by weight of the coal ash, during 5, 25, and 60 
min of heating of the ash at 2400 F. The gases found were 
carbon dioxide and oxygen. During the first 5 min, CO, was 
the principal constituent, but little more was evolved on further 
heating; whereas, the amount of oxygen increased markedly at 
25 min and moderately further when heated for 60 min. The 
total weight of the’two gases collected during 60 min was 3.77 
per cent of that of the ash. 

Fig. 16 shows similar data for another sample of ash heated for 
30, 60, and 90 min at 3000 F. Here, the amount of oxygen was 
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greater than that of the carbon dioxide in the first interval and 
oxygen continued to be driven off during the entire time of heat- 
ing, but little more carbon dioxide was evolved after the first 30 
min. The total weight of gases as a percentage of the ash was 
6.61. 

In themselves, these values would appear to confirm roughly 
the data presented by the authors in Table 4 of the paper where 
the reduction in weight of ash in heating from 1390 to 3000 F is 
given as 5.5 per cent. 

Fig. 17 shows, however, the loss in weight of ash determined by 
direct weighing of the ash before and after heating for 90 min at 
2400, 2600, 2800, and 3000 F, and the weight of the gas collected 
as a percentage by weight of the ash. The percentage weight of 
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gas increased from 3.77 per cent at 2400 to 6.37 at 3000 F, while 
the total loss of weight increased from 9.1 per cent at 2400 to a 
total of 18.6 per cent at 3000 F. Thus the total weighed loss in 
the ash sample was about 3 times that accounted for in the con- 
densable gases. 

The evolution of condensable vapors in the cyclone furnace is 
probably lower than in the vacuum-fusion furnace because of the 
higher total pressure in the former. The evolution of noncon- 
densable gases, CO, and Os, is also probably lower in the cyclone 
furnace, both because of the higher total pressure and the higher 
partial pressure as both gases are present. 

Summary. The data obtained in this brief investigation lead 
to no definite solution of the problem of the mechanism of the 
shrinkage of the coal ash. In fact, they merely serve to empha- 
size the complexity of the problem. They do show that the 
constituents of coal ash do react and decompose at high tempera- 
tures to give both noncondensable and volatile but condensable 
products. 

With the ash studied, a considerable part of the weight loss has 
been shown to occur at moderate temperatures, 2400 to 2800 F. 
This suggests a further investigation in a simpler type of equip- 
ment than that used in this investigation with a collection train 
designed to identify the products more closely. 

Such studies should be of value not only in relation to the 
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cyclone burner, but also to all types of coal-burning equipment. 
Rarely has any serious attempt been made to obtain an accurate 
accounting of the ash in boiler practice. If there were, discrep- 
ancies as great or greater than were first apparent in the cyclone 
furnace would probably be found. 


A. J. Stock. It is apparent that the burner described in this 
paper will probably have a great future in certain parts of the 
country. 

The writer was particularly interested in the discussion of the 
troubles that originated in the coal feeders or in the coal down- 
spouts. These troubies could be reduced or eliminated if those 
parts were made larger. 

The maximum downward total force with dry coal is equivalent 
to the weight of coal in approximately 4 diam" of the downspout. 
For a round downspout, this force may be expressed as follows 


Fy = DX 4D XW = XW 
where Fp = total downward force, Ib 


D = diameter of downspout, ft 
W = weight per cubic ft of coal, lb 


This force is the force that would result with relatively dry 
coal. It is the maximum force that the coal can develop, regard- 
less of the length of the downspout. When the coal is fine and 
wet, this force is reduced. It will become zero at a point where 
the flow of coal stops. 

The total force due to the air pressure tending to push the coal 
up the downspout is equal to 


=-D°xXP 
where F, = total force caused by air pressure tending to push 
coal up downspout, lb 
D = diameter of downspout, ft 
P = air pressure, psf 


10 President, Stock Engineering Company, Cleveland, Ohio. Mem. 
A.S.M.E. 

11 The maximum downward force exerted by coal in a vertical hop- 
per or downspout will not exceed the weight of a column of coal, the 
height of which is approximately equal to 4 diam. This conclusion 
may be developed from formulas contained in ‘‘Design of Walls, Bins, 
and Grain Elevators,’’ by M. 8. Ketchum, third edition, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1919. 


: 
Z 
Z 
y) 
\Z 
> 
mite 
, 
1 
r z 
‘ 
: 
: 
T 
r 
: 
\ 


634 


From the foregoing equations it can be seen that the downward 
force of the coal varies as the cube of the diameter, while the up- 
ward force, due to air pressure, varies as the square of the diame- 
ter. Therefore the greater the diameter, the greater is the 
differential between the downward force and the upward force 
and hence better operation could be expected from large-diame- 
ter downspouts and feeders. 

If the coal is fine and wet, then the packing of the coal would 
seal the air pressure within a comparatively few inches of down- 
spoutlength. This means that the upward force as a result of the 
air pressure will have its greatest detrimental effect when the 
coal is fine and wet. 

Since the downward force of the coal is reduced when it is fine 
and wet, it is possible for the upward force to exceed the down- 
ward force, and therefore cause stoppage of the flow of fuel. 
These conditions are improved if the diameter of the downspouts 
and feeders are increased, and it is the writer’s opinion that 
the best results will be obtained if the physical dimensions of 
these parts are made as great as possible. 


AutTHors’ CLOSURE 


The authors welcome the informative discussions of Professor 
Cermak, Professor Christie, and Messrs. Kuhner, Reid, Sherman, 
and Stock. 

Professor Cermak’s discussion of the mechanics of fouling of 
boiler heat-absorbing surfaces as an explanation of the dust ac- 
cumulation in the rear superheater section of the cyclone boiler 
at Calumet Station is interesting and informative. The authors 
believe, however, that in this particular instance the fouling was 
primarily a function of superheater design, rather than of dust 
loading of flue gases. 

Referring to Mr. Kuhner’s discussion, the auxiliary power re- 
quirements of the experimental cyclone-burner unit at Calumet 
Station are higher than would be expected with a unit designed 
for normal commercial service for several reasons: 


1 The Calumet unit is designed for operation without an in- 
duced-draft fan, and consequently the forced draft fan is large 
enough to supply the entire draft requirements of the unit. 


TABLE 14 COMPARISON AT RATED CAPACITY OF AUXILIARY 
FIRED WITH CYCLONE BURNER 
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2 Experience with the Calumet unit indicates that static 
pressure requirements of forced draft in cyclone firing are less 
than that for which the forced draft fan is designed. 

3 Since this is an experimental unit, it was deemed de- 
sirable to provide ample reserve capacity in all the auxiliary 
equipment to meet any unforeseen conditions which might be 
encountered. 


Table 14 shows a comparison of the actual auxiliary power re- 
quirements at rated load of three pulverized coal installations and 
the cyclone boiler at Calumet Station. It will be noted that at 
rated capacity the cyclone boiler requires 54.3 kw per ton of coal 
burned, while the pulverized-fuel unit with the lowest auxiliary 
power consumption requires 35.1 kw per ton of coal burned. On 
this basis the cyclone boiler requires about 55 per cent more auxili- 
ary power than the pulverized-fuel unit with the lowest power 
consumption. 

The table also indicates the calculated design power require- 
ments of a commercial cyclone-burner unit, with and without an 
induced draft fan and with static pressures on the forced draft in 
the range which experience with the Calumet unit indicates will 
be required. 

It will be noted that these calculated design values compare 
very favorably with the actual values obtained with three pulver- 
ized coal-fired plants. 

Dust collectors will not be necessary for plants using cyclone 
burners except those located in thickly populated metropolitan 
areas. For such locations, mechanical collectors will be entirely 
satisfactory and will leave less ash in the stack gases than for 
plants using pulverized fuel firing and electric precipitators. The 
cost of mechanical dust collectors is much less than for electro- 
static collectors. 

It is obvious that if the boiler plant is placed out of doors the 
saving in building construction will be eliminated. 

As just stated, most plants equipped for cyclone firing will not 
require dust collectors in which case no dust-handling equipment 
will be required. However, where mechanical collectors are in- 
stalled, the amount of fly ash is so small that it can be mixed with 
the granulated slag and handled with the same equipment. 


POWER BETWEEN PULVERIZED FUEL-FIRED UNITS AND UNITS 
(KW PER TON OF COAL AS FIRED) 


Unit no. 20A Calumet—calculated 
55” 
Blower 
discharge 
pressure 


“45” 
Blower 
discharge 


35” 
Blower 
discharge 
pressure pressure 
No. 204 with with without 
Calumet I. D. Fan I. D. Fan I. D. Fan 
16.0 .0 10.0 0 0 
36.5 32.0 25.0 9, 32.0 
1.8 1.8 1.8 , 1.8 
54.3 43.8 36.8 33.8 


Blower 
discharge 


Unit pressure 


| 
Wee 
Plant Plant Plant 
No. 1 No. 2 No. 3 
Mill and exhauster or conditioner............. 16.0 19.3 21.2 
: 


Determination of Moisture Content of Coal 


by Means of Pulverizer Heat Balance 


The customary coal-sampling methods, by hand or by 
mechanical means, are notably tedious and lacking in 
accuracy. Since all plant-performance calculations, which 
are made from the “‘as-fired’’ heating value, depend for 
their accuracy upon that of the reported moisture content 
of the coal, it is desirable to determine the true average 
value of that moisture for the operating period under con- 
sideration. In a direct-fired pulverized-coal installation, 
the coal may be sampled for the dry-basis analysis, and the 
raw-coal moisture, which is to be used for converting this 
to the as-fired basis, may be determined by the primary-air 
temperature. This paper describes how this method was 
developed for use at one station. 


HEN raw coal is sampled for analysis by the usual 

methods it is difficult to insure (1) that the sample 

adequately represents the lot of coal under considera- 
tion and (2) that the moisture content which is found is the true 
value which used for calculation of the 
basis. 


should be as-fired 


CoaL-SAMPLING PROBLEMS 


If coal is sampled by hand, there are problems related to the 
human limitations of the operator. If it is taken from a belt 
conveyer, a complete cross section of the coal stream must be 
taken for each increment, because coal traveling on a belt tends to 
classify itself with the larger pieces at the crest and edges of the 
stream. This necessitates frequent stopping of the belt and 
consequent delay of the coal-handling operation. When a falling 
stream is sampled, it is difficult to pass the sample collector 
through the stream at a uniform rate, and it is almost impossible 
to prevent the collection of too great a proportion of fine coal 
since the larger pieces tend to bounce from the collector. Sam- 
pling from a chute or hopper involves the assumption character- 
istic of “top sampling’”’ that there is a high probability that all 
the varieties of particles which comprise the raw coal will present 
themselves at the sampling location in the proper frequeney to 
furnish an average sample. 

Mechanical sampling also has its difficulties. While the 
“human element”? may be eliminated, there are problems of tim- 
ing, blocking of the sampling device by accumulation of coal, 
sticking of wet coal in the chutes and sampling scoop, ete. Al- 
though many ingenious mechanical samplers have been built 
there is still a search for a fairly standardized design which is free 
from these difficulties. 


True AVERAGE MorstuRE CONTENT OF CoaL 


Since all plant-performance calculations, which are made from 
the as-fired heating value, depend for their accuracy upon the 


1 Engineering Department, Buffalo Niagara Electric Corporation. 
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accuracy of the reported moisture content of the coal, it is desira- 
ble to determine the true average value of that moisture for the 
operating period under consideration. 

There are several factors which prevent obtaining this true 
average value of the moisture when it is determined by the con- 
ventional method. For instance, if moisture is determined on a 
gross sample which is collected over a period of several days there 
is the risk of loss of moisture as the coal stands in its container. 
Sometimes an attempt is made to avoid this loss by using a 
tightly closed container, but this is not always satisfactory be- 
cause wet coal in a partly filled container can lose some of its 
moisture to the space above the coal. 

Sometimes the gross sample is collected without attempting to 
preserve its moisture and is used for the ‘‘dry-basis’” analysis 
only. Moisture is determined by averaging the moisture content 
of several separate “grab” samples taken at regular intervals 
throughout the period and analyzed for moisture before any 
drying-out can occur. This method is superior to the use of the 
gross sample for moisture determination, but it is laborious, sub- 
ject to the usual criticisms of grab sampling, and may fail com- 
pletely if the coal contains lumps of snow or ice. 

In a direct-fired pulverized-coal installation, means are at hand 
for circumventing these difficulties. Pulverized coal may be 
sampled for the dry-basis analysis and the raw-coal moisture 
which is to be used for converting this to the as-fired basis may be 
determined by the primary-air temperature. 


SAMPLING PULVERIZED COAL 


When pulverized coal rather than raw coal is sampled, the prob- 
lem of collecting a representative sample is greatly simplified. 
Part of any coal-sampling process is the reduction of the 
final sample to the pulverized form for the laboratory. A raw-coal 
sample is crushed one or more times during its preparation with 
the hope that its representation of the lot of coal may be pre- 
served during the reduction of the size of the sample to the few 
ounces that are finally reduced to a powder. When pulverized 
coal is sampled, however, the entire lot of coal is reduced to a 
powder and thoroughly mixed in the pulverizer so that the proba- 
bility of any one increment representing the lot is high, and 
likewise that of the sum of the increments which comprise the 
gross sample. In addition, the small particle size permits each 
increment and consequently, the gross sample, to be small and 
less subject to loss of its representative properties in preparation 
than if it required the numerous quarterings, rifflings, and crush- 
ings that must be given to a sample of raw coal. 

In order to use the primary-air temperature for determining 
the raw-coal moisture, the rate of flow of coal and air must also 
be known since they as well as the moisture establish the pri- 
mary-air temperature. All these data may be obtained from the 
control-panel instruments of modern boilers so that there is no 
need for special instrumentation. 

This paper describes the manner in which this method was 
developed for use in one station. There are doubtless other and 
perhaps superior ways of developing the same principle. What 
is described here is simply intended to show that it is a practical 
method, to start discussion and criticism which will lead to its 
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improvement, and ultimately to establish it as the logical practice 
for use in pulverized-coal plants. Essentially it is nothing but 
an analysis of the heat consumption of the pulverizing and drying 
process with some necessary assumptions of values for quantities 
which are not accurately known, and the use of some device, such 
as the modification of the radiation coefficient R, which is de- 
scribed in the Appendix, to compensate for these inaccuracies 
and to establish the method on an experimental basis. 


DEVELOPMENT OF THE METHOD 


The unit for which the method was developed consists of a 
single boiler and turbine combination at the C. R. Huntley 
Station in Buffalo. The boiler is rated at 900,000 lb of steam at 
1250 psig and 900 F at the turbine inlet. Coal is pulverized by 
four Babcock & Wilcox type E mills, the rated capacity of each 
mill being 24,300 lb per hr when supplied with coal having a 
Hargrove grindability of 60 and containing 8 per cent moisture. 
The full output of the boiler can be obtained with three of the 
four mills in service. There are eight burners in all, two served 
by each mill. 

This station has no overhead coal bunkers. Instead, the coal 
is drawn directly from an outdoor storage pile and delivered by 
individual roll feeders, ice shredders, and belt conveyers through 
scales to each of the four mills. 

Primary air is heated by means of a tubular air heater. It is 
automatically tempered adjacent to the air heater to maintain 
the coal-air mixture delivered to the burners at 150 F. Control 
of the pulverizer is achieved by means of the pressure differential 
across an orifice in the primary-air duct and the differential across 
the pulverizer. These act together through the mill level con- 
troller to adjust the speed of the coal feeders. 

The heat which is added to that in the wet coal delivered to 
the pulverizer consists essentially of two quantities: 


1 The heat in the primary air. 
2 The heat furnished by the motor. 


The disposition of this heat in the process is as follows: 


1 The dry coal is heated to the temperature of the coal-air 
mixture which leaves the mill, 150 F in the present case. 

2 Most of the moisture in the coal is evaporated to form a 
superheated vapor at 150 F. 

3 The small amount of moisture which escapes evaporation 
is heated to the temperature of the coal leaving the mill, 150 F. 

4 Some is lost by radiation. 


When the heat input is set equal to the distribution of heat 
and the equation solved for the moisture, an expression is ob- 
tained which expresses the moisture as a function of the primary- 
air temperature, the weight of the air, and the weight of the coal, 
but consideration must also be given to the following: 


1 The temperature of the raw coal, because it influences the 
quantity of heat necessary to heat the coal to 150 F. 

2 The residual moisture of the coal leaving the mill because 
_ it is properly a-part of the moisture content of the coal. 

3 The enthalpy of liquid water at the raw-coal temperature 
because it is to this quantity of heat that the heated primary 
air adds the additional heat necessary for evaporation of the 
moisture. 


To be practical, a method for determining the moisture content 
of the coal by the plant operating data must depend upon a re- 
lationship which is capable of a graphical solution, and a graph 
which would take all these factors into consideration would be 
very complicated. Accordingly, a graph was prepared in which 
only the primary-air temperature and the flows of air and coal 
were variables, and constant values were assigned to the three 
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items just listed. The moisture percentage calculated by this 
graph was then corrected to correspond to the actual conditions 
which existed. 

The constant values which were assigned were 50 F for the 
temperature of the raw coal and 0.5 per cent for the residual} 
moisture. This temperature was selected because it is close to 
the average yearly outdoor temperature in Buffalo and, since the 
coal in this station is held in outdoor storage until it is used, it 
represents the temperature of the air surrounding the stored coal, 
Its selection simplified the graphical treatment of the subject 
because it resulted in the value of 100 for one of the quantities 
which appears twice in the heat-balance equation, namely, the 
difference between 150 F, the temperature at which the coal is 
delivered to the burners, and the raw-coal temperature. The 
adoption of 50 F for the raw-coal temperature automatically 
made the enthalpy of water at the raw-coal temperature equal to 
18 Btu. 

The correction of the final result to that corresponding to the 
true raw-coal temperature was very simple. It consisted, re- 
spectively, in adding or subtracting 0.3 per cent to the moisture 
content for each 10 deg the raw-coal temperature was above or 
below 50 F. 

The value of 0.5 per cent which was taken as the residual mois- 
ture content is lower than that which is usually given for this 
quantity, but numerous determinations showed it to be repre- 
sentative of the pulverizers in this particular installation, pro- 
vided the determination was made as soon as possible after the 
sample was taken. Samples which stand for a day or more, even 
in closed containers, approach a residual moisture of about 1 per 
cent, which probably indicates hygroscopic equilibrium with 
the moisture in the air. 

The basis of the method having been established, a chart was 
constructed according to the procedure given in the Appendix. 
This chart is reproduced in Fig. 1. 

In order to use it the vertical line of primary-air temperature 
is followed until it intersects the sloping line of air flow. From 
this intersection a horizontal line is followed to its intersection 
with the sloping line of coal flow. The moisture content is found 
vertically below this intersection. The result is correct if the raw 


coal is at the temperature of 50 F. If it is at another temperature, 


the correction of 0.3 per cent per 10 F must be applied. 


Discussion oF METHOD 


It would be fortuitous if the graph prepared for one plant 
could be used in another. In the present limited experience with 
the method, it appears to be necessary to establish it for each in- 
stallation by means of some preliminary experimental work. 
The experimentation made for the present application, which is 
probably typical of the general procedure which would be fol- 
lowed, consisted of a number of tests in each of which the moisture 
content of the coal was determined by careful application of the 
weight-loss method. This comprised the collection of a large 
number of increments for immediate determination of the 
moisture. Each increment was a complete cross section of the 
coal stream on the conveyer belt taken after stopping the belt. 
During each test, the primary-air temperature, the flows of air and 
coal, the raw-coal temperature, and other operating data neces- 
sary to define the conditions and complete the heat balance were 
read. The moisture, together with the other data, were used 
to determine a quantity which enabled the heat balance to be 
practically applied to the particular installation. This quantity 
was a coefficient which had been originally set up as the radiation 
coefficient of the pulverizer but which this treatment extended 
to cover the errors in the assumptions used in the heat-balance 
equation and to take care of any factors which were unknown. 

This procedure also corrected for errors in those components. 
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of the equation which are unknown or indeterminate, and also 
served to reconcile the various opinions which might be offered 
regarding the influence of any of the components which comprise 
the heat distribution. 

In the method used in the present case, the distribution of heat 
in the drying process is as shown in Fig. 2. It will be noted that 
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the heat directly chargeable to evaporating the moisture is about 
60 per cent of the total heat consumption when the moisture 
in the coal is in the range of about 5 to 8 per cent, while it is but 
40 per cent of the total when the moisture is about 3 per cent. 
At that point it is actually less than the heat charged to raising 
the dry coal to the desired coal-air temperature for the burners. 
It was found, nevertheless, that excellent checks were obtained 
in the 2-hr tests with coal as low as 2.8 per cent moisture. 

Determining the moisture by means of the primary-air tem- 
perature was found to be at least as accurate as the best method 
of determining moisture directly on the raw coal, namely, the 
averaging of the results of several samples taken regularly during 
the interval for which the moisture content of the coal is sought 
and analyzed for moisture as soon as they are taken so that no 
drying-out can occur. This was shown by an initial group of 
35 tests and has since been confirmed by regular weekly tests. 
During each test, which lasted 2 hr, 7 samples of raw coal were 
taken from the conveyer which fed the mill. Each sample was a 
complete cross section of the coal stream on the belt. At the 
same time, the necessary data for applying the graph were taken, 
and the average moisture for the period calculated by this 
method. When the average moisture content of the 7 samples 
was compared with the graphical result, the agreement was satis- 
factory, the median difference being 0.4 per cent. 

Curve A in Fig. 3 illustrates the distribution of the results. 
Actually the results obtained with the graph may have been more 
accurate than those determined by. weight loss since the data from 
which they are calculated are continuous averages for the period, 
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and consequently are affected by fluctuations in the moisture, 
while the weight-loss samples might miss momentary variations 
of moisture content which could appreciably affect the average 
result. 

The graphical method is demonstrably superior to the method 
which is frequently used in which the moisture is determined 
directly on the gross sample of raw coal collected over a period of 
several days. This was investigated for over a year with samples, 
each of which represented 1 week of operation. They were 
collected by taking an increment from the conveyer belt every 
2 hr and placing it in a closed container. At the end of a week 
the accumulated sample was reduced to a few quarts, taken to 
the laboratory, and its moisture content determined. At the 
same time, the data for applying the graph were taken and 
averaged. On the basis of the 2-hr tests which have been de- 
scribed, the graphical method was accepted as accurate and it 
was found that in some cases sufficient drying out of the gross 
sample had occurred to reduce its moisture by as much as 2 per 
cent, as shown in curve B, Fig. 3. The median variation was 
about 1 per cent. 
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In both the 2-hr tests and the comparison with the gross sam- 
ples, the moisture content of the coal usually ranged between 
approximately 3 and 8 per cent with an occasional higher value. 


REQUIRED AcCURACY OF Data 


If the method is to be generally acceptable, it must be possible 
to use the ordinary station instruments to measure the data used 
in applying the graph. It is therefore desirable to evaluate the 
effect of the errors in those measurements in order to determine 
the degree of accuracy which the instruments must have. Table 
1, the preparation of which is described in the Appendix, shows the 


TABLE 1 MAXIMUM a i PER CENT MOISTURE OF 
SOAL@ 


If error in primary-air flow is 1 per cent...........0.075¢ 0.15 0.225 
If error in coal flow is 1 per cent............... 0.05 0.10 0.15 
If error in primary-air temperature is 1 deg F: 
For primary-air temperature of 200 F......... 0.04 0.08 0.11 
For primary-air temperature of 300 F......... 0.03 0.05 0.08 
For primary-air temperature of 600 F......... 0.01 0.03 0.04 
be 


@ For example, the error shown would cause the moisture percentage t° 
75 per cent instead of 5.0 per cent. 
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effect of small errors in the data. This table can be further 
analyzed to give the maximum permissible error in measurement 
for the maximum permissible error of the moisture determination. 

For instance, if 0.5 is the maximum error which is to be per- 
mitted in the coal-moisture percentage, dividing 0.5 by the figure 
for a 1 per cent error in the data gives the following maximum 
permissible error in round numbers: 


Air flow, 2 per cent error at 15 per cent moisture; 6 per cent error at 
5 per cent moisture 
Coal flow, 3 per cent error at 15 per cent moisture; 10 per cent error 
at 5 per cent moisture 
Primary-air temperature: 
For maximum moisture of 15 per cent 
5 F for minimum primary-air temperature of 200 F 
6 F for minimum primary-air temperature of 300 F 
For maximum moisture of 5 per cent 
12 F for minimum primary-air temperature of 200 F 
16 F for minimum primary-air temperature of 300 F 


It must be remembered that this analysis does not consider 
the combined effect of the errors and, if any one error is as great 
as shown, no other error can be in the same direction. The lower 
the per cent moisture in the coal, however, the larger the error 
of measurement that can be permitted. 

It is apparent that satisfactory precision may be obtained with 
the usual plant instruments. 


CONCLUSION 


Moisture is now regularly determined by this method for the 
unit for which it was developed. For the time being it is checked 
weekly by a 2-hr test in order that all concerned may be satis- 
fied that the method is reliable. These tests have established such 
confidence in the graphical method that further testing does not 
appear necessary. As a matter of extreme caution, however, 
such tests may be run at widely spaced intervals, say, once a 
month. 

It is hoped that this method of determining coal moisture will 
be investigated by others and given wider application, pref- 
erably in an improved form. The value of such a method is that 
it simplifies the problem of coal sampling by obviating the 
necessity for sampling raw coal. It also provides for a more 
accurate measurement of the moisture content of the coal than 
is given by the conventional methods, and as a result will enable 
more accurate calculations of plant efficiencies and heat rates to 
be made. 
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Appendix 


Mernuop or CoNsTRUCTING GRAPH 


An equation was written for the heat balance across the pul- 
verizer; the following nomenclature is used: 


W, = air flow, lb per hr 
W, = coal, lb per hr 
primary-air temperature, deg F 
é, = temperature of coal entering mill, deg F 
m = moisture per lb wet coal entering mill, lb 
r = residual moisture per lb of mill product (pulverizer 
coal and small amount of moisture), lb 
kwhr = power to pulverize 1 lb coal = 0.0033 kwhr (this was 
determined by test.) It was found that 86.5 amp 
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was the current required to pulverize 18,700 !b 
coal per hr (86.5 amp X 550 volts X 0.75 pf xX 
+/3)/1000 = 61.8. 61.8 kw per 18,700 lb coal per 
hr = 0.0033 kwhr ° 
0.90 = assumed efficiency of mill motor 
0.85 = assumed efficiency of pulverizer gear and thrust 
bearing 
1128 = enthalpy of water vapor at 150 F, Btu (reference 
to the Mollier diagram will show that the 150-deg 
temperature line and the 1128-Btu line almost 
coincide) 
h, = enthalpy of liquid water at t, 
3413 = Btu per kwhr 
0.24 = specific heat of air 
0.325 = specific heat of dry coal (there is very little informa- 
tion in the literature on the specific heat of coal. 
The only value found for American coal was 
0.325)? 
125 = millarea for radiation calculations, sq ft 
R = radiation from mill Btu per sq ft per deg F per hr 
plus indeterminate factors 


70 = room temperature assumed for radiation calcula- 
tions, deg F 
150 = temperature of coal-air mixture leaving mill, deg F 


The heat input to the pulverizer consists of the following: 


1 Heat in the air above 150 F (because heat in air below 150 F 
would appear on both sides of equation and cancel out) = 
W (t, — 150) (0.24) 

2 Heat input by motor = (W.) (kwhr) (0.90) (0.85) (3413) = 
8.6 W, 

The heat absorbed in the pulverizer consists of: 


Heat used to raise temperature of dry coal to 150 F 


= W.(1 — m) (0.325) (150— [1] 
Heat to evaporate moisture 
= W.[(m — r)/(1 — r)] [2] 
This is derived as follows: 
Let m = total moisture in 1 lb of wet coal 
A = portion of m driven off in mill 
B = portion of m left in coal leaving mill 
r = fraction of mill output which is residual moisture 


= B/(1—A),soB =r(1— A) 
m = (A+B), so A = (m—B) 
and W, A(1128 — h,) = heat to evaporate moisture and raise 
to 150 F 
But A is not known, while m and r are known; then substituting 
for A in terms of mand R 


A = m—r(1—A) 
A = (m—r)/(1—r) 


Heat to raise temperature of residual moisture to 150 F = 
W.[1— (m—r)]r (150 —&)... [3] 


in which [1 — (m — r)] r = B, as just derived if A is taken 
as essentially = (m—r) 

With slight error, this expression may be written W,(1 — m)r 
(150 — te) 

r was found to be about 0.005 lb per lb of coal and therefore 
the expression becomes W (1 — m) 0.005 (150 — t.) 


2 “Some Physical Properties of Pennsylvania Anthracite and Re- 
lated Materials,”” by J. L. Myer, American Institute of Mining and 
Metallurgical Engineers, Technical Publication 482 (Class F Coal 
Division No. 51), 1932. 
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Heat lost by radiation = 62.5 R (4, + 10)......... [4] 


Since air in mill is between entering temperature, ¢,, and leaving 
temperature, 150, the radiation is based on the mid-point be- 
tween 150 and ¢t, which is 
ti + 150 
2 


The room temperature is taken as 70 F; the radiation is there- 
fore 


125 R [(t, + 150)/2 — 70] = 62.5 R (t + 10) 
The complete heat-balance equation is 


— 150) (0.24) + 8.6 W. = W.(1 — m) (150 — tz) (0.325) 
+ W, (m—r)/(1 — r) (1128 — hy) + W, [1 — (m—1)] 
r (150 — t) + 62.5(4 + 10) R 


By combining Equations [1] and [3], the right side of the equa- 
tion may be written 


= W.(1 — m) (150 — (0.33) + W,[(m — r) 
/(1—r)] (1128 — hy) + 62.5 (4 + 10)R 


R was determined experimentally from nineteen 2-hr tests, 
covering moisture ranges of 3 to 12 per cent. The values of R 
were plotted against ¢,; and found to increase with the tempera- 
ture, as indicated in Fig. 4. 
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In order to prepare the coal-flow side of the chart, the equation 
P = W.(m + 0.174) 


was solved for P after substituting values of 7000; 10,000: 
15,000; 20,000; 25,000; and 30,000, for W, and for each of these 
values of W, substituting 0.04 to 0.16 for m, the values of m dif- 
fering from each other by 0.02. 

Using the same scale of ordinates as on the air-flow side of 
the chart, P was plotted against m for the various values of W.,. 
The abscissa scale of this plot was laid horizontally beside the 
corresponding scale for the air-flow side. The resulting group 
of curves constituted the coal-flow side of the working chart. 

The values of the P were not expressed on the graph because 
P was simply a device used for constructing the chart. Essen- 
tially the chart is a plot of moisture as a function of primary-air 
temperature with air flow and coal flow as parameters. 


Errect or Errors 


The value of m given by the simplified equation is 


0.000222(t, — 150)W, — 0.05777(4 + 10)R 
Ww. 


The constant term, 0.0174, may be disregarded. Then m 
varies inversely as W,, soa 1 per cent error in W, produces a 1 per 
cent error in m. 

Taking 600 F as the maximum value of t, which is likely to be 

found, and 20,000 and 45,000 as the minimum 


= 0.0174 


] and maximum values, respectively, of W,, and 
600} - a on a Ot ae substituting these values in the equation, the 
| 
500 -4 m = 1300/W,, approximately, for W, = 
20,000 
m = 3800/W,, approximately, for W, = 
45,000 
ai = 
| If W, is in error by X per cent, the erroneous 
value of W, is 
= W,' = 20,000 + (20,000X)/100 or 45,000 + 
= bs 3 for the minimum and maximum values of W,. 
5 = | | | Substituting these values in the equation 
« | 
| m’ = 1300/W, + 20X/W., or 3800/W, 
+ 45X/W, 
1 2 3 4 5 6 7 8 9 10 #64 2@isz @ 1s 16 #17 18 19 2 
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The equation was then simplified for graphical representation 
by assuming 50 F for tf, which made h, = 18 Btu. 
This simplified equation was solved for W, 


_ Wm + 0.0174) + 0.0577 (t, + 10) R 
0.000222 (t; — 150) 


The quantity W.(m + 0.0174) was given the designation P 
and the equation rewritten as 


P = W,(0.000222) (t, — 150) — (0.0577) (t; + 10)R 


From the curve of R versus primary-air temperature, values of 
R were found for values of t; of 200, 300, 400, 500, and 600. These 
values of R and t, were substituted in the equation and it was 
solved for P for successive values of W, of 20,000; 25,000; 
30,000; 35,000; 40,000; 45,000; and 50,000. P was then 
plotted as a function of t, for the successive values of W,. The 
resulting curves constituted the left-hand or “air-flow’ curves 
of the working chart which is shown in Fig. 1. 


W. 


for the maximum and minimum values of W,. 

The errors of these moisture results are, re- 
spectively, 20/13 and 45/38 of the error in meas 
uring W,. The larger of these results is 20/13 which is approxi- 
mately 1.5. The maximum error in determining moisture is 
therefore 1.5 times the error of measuring W,. 

Similar reasoning gives the same result for the effect of errors 
in measuring 

The amount by which the figure for per cent moisture in coal 
would be in error for errors in the measurement of these data, con- 
sidering each item as acting alone, has been exemplified in Table 1. 


Discussion 


A. A. Marxkson.* The method of determination of the moisture 
content of coal by means of pulverizer heat balance is useful and 
sound. As far as the writer knows it is also a novel test method. 
Substantiation of the facts adduced by the authors, as well a3 4 
check on the evaluation of the probable errors of this method, 


3 Mechanical Engineer, Hagan Corporation, Pittsburgh, Ps. 
Mem. A.S.M.E. 
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may be found in a series of performance tests run on a 40-ton mill 
and reported in a previous paper.‘ These tests which were run 
at a low moisture level and therefore constitute a severe test of 
the authors’ theory show that an average moisture content of 2.2 
per cent as determined by pulverizer heat balance corresponded 
to a moisture as determined by analysis of 1.8 per cent. Differ- 
ences of air enthalpy were determined by wet-bulb measurements 
in these tests. 

Several minor criticisms of the authors’ paper which hardly de- 
tract from their conclusions may be made. The authors have 
determined the value of R, which is defined in their Appendix as 
a heat-transfer coefficient plus indeterminate factors, and have 
reported these in Fig. 4. Fig. 4, if replotted with R as a function 
of primary-air temperature, places the matter in a different light. 
Actually, the value R should more properly be called an un- 
accounted-for figure since heat-transfer data would scarcely predict 
basic radiation coefficients at much over 2. The tests mentioned 
in this discussion show that radiation and unaccounted-for losses 
are a rather fair percentage of the heat balance in well-conducted 
tests. As the authors state, this situation will vary from instal- 
lation to installation. 

The authors’ Fig. 2 is the key to the situation. This demon- 
strates the inherent sensitivity of their method, and shows the 
effect of this sensitivity in making unimportant the effect of 
minor discrepancies in the heat-balance data. 

Some sources of difficulty in applying this method will arise 
where an accurate measure of air flow has not been provided for. 
Other difficulties may occur where on-off or two-speed coal-feed 
control is employed. Necessity for steady-state conditions is 
obvious enough. 

It is interesting to note that it would not be too difficult to make 
a direct linear recording of moisture by the authors’ methods. 


Instrumentation solving the equation m = f [« — 150) 4 


is available if economically justified. 


R. McCormick. The development of an adequate method 
for the determination of the moisture content of coal has been the 
subject of extensive study. The accepted methods are detailed 
and laborious and are probably not religiously followed except for 
special tests in which high precision is demanded. The authors 
have proposed a method which, after the initial development 
work, is simple, rapid, and accurate. 

In examining the heat balance, it is seen that two elements of 
it are specific to the individual pulverizer. These are the heat in- 
put by the motor and the heat loss by radiation. The heat 
input by the motor may be determined readily by the calculation 
indicated, or by installation of a kilowatthour meter. The 
assumption of probable electrical and mechanical efficiencies may 
vary for different pulverizer designs. The grinding efficiency 
may vary with the condition of the grinding elements, so that the 
constant of ‘“‘kwhr per Ib of coal’’ chosen should represent average 
conditions in so far as possible. 

The element of heat loss by radiation is an empirical determina- 
tion based upon the actual radiation loss plus the errors inherent 
in approximate assumptions. The formula derived by the auth- 
ors is applicable in their particular case. There is no method of 
determining mathematically the mean-temperature differential 
from the distribution of temperatures over the surface of a pul- 
verizer so that the radiation loss may be calculated from a theo- 
retical standpoint. The writer has in his plant used the formula 


*“Characteristics of Cloth Filters on Coal Dust-Air Mixtures,” by 
A. R. Mumford, A. A. Markson, and T. Ravese, Trans. A.S.M.E., 
vol. 62, 1940, pp. 271-281. 


‘Oswego Steam Station, Central New York Power Corporation, 
Oswego, N.Y, 
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ARt, with A the area being 125 sq ft, R the radiation constant 
being 3 Btu per hr per sq ft per deg F. Radiation loss then be- 
comes 

It is noted that the authors have used the value of 0.24 Btu per 
Ib per deg F, as the specific heat of air in the “heat input from 
primary air.” This value is the specific heat of bone-dry air and 
ignores the effect of humidity. The value of the specific heat 
with the humidity conditions likely to be encountered may vary 
from 0.240 to 0.255. The value of 0.245 Btu per lb per deg F may 
better be chosen as more representative of average conditions. 
The choice of this figure will increase the heat input by 2.5 per 
cent. 

In the writer’s plant, the coal-air temperature is maintained at 
140 F. This necessitated changing the formula in all places in 
which 150 F had been used as the coal-air temperature, including 
the heat of the vapor from evaporation of the moisture from the 
coal. After a number of tests failed to check the moisture within 
1 per cent, the value of 0.5 per cent for the residual moisture was 
checked by laboratory determinations. It was found that this 
value for the operating conditions existing averaged 1.25 per cent. 
This value used in the heat balance on further determinations has 
given excellent checks. Incomplete tests further show that the 
residual moisture is a function of the coal-air temperatures, as 
moisture tests with coal-air temperatures at 124 F indicate that 
the residual moisture at that temperature is approximately 2.25 
percent. This is not inconsistent in that the function of the heat 
input into a pulverizer is to evaporate the surface moisture of the 
coal particle to a point that the coal is no longer sticky and will be- 
come airborne. Subsurface moisture will be evaporated, depen- 
dent upon the temperature gradient to accelerate the migration of 
the moisture to the particle surface, and the time the coal particle 
remains exposed to the temperature. 

In preparation of moisture-determination charts, a different 
approach may be used. The heat balance may be rewritten as 
follows: Heat input from primary air — heat loss by radiation 
= heat to raise temperature of dry coal + heat to evaporate 
moisture — heat input by motor 


W(t — 140) 0.245 — 3754, = W.(1 — m)(0.33)(140 — tb) + 
W.\(m r)/( r)] (1122 hy) — 7.05 W. 


On the left-hand side of the equation the variables are W, and 
th. On the right-hand side, the variables are W, and m. By sub- 
stitution, the number of Btu may be computed for different con- 
ditions. Using Btu for the ordinate ¢,, and m as the abscissa, the 
W, and W, lines may be plotted, respectively. By reversing the 
scale of m, the slope of the W, lines is reversed, permitting the two 
halves of the chart to be superimposed for compactness. 

This procedure does not replace the accepted standards of coal- 
sampling and moisture determination, but it does furnish a 
method which is accurate and practical for routine determination. 
Above all, its chief advantage is the arrival at an average value 
for moisture over a period of time, and the avoidance of errors 
from spot-sampling. 


A. J. Srocx.6 The paper by T. J. Finnegan and H. L: 
Smith on the “Determination of Moisture Content of Coal by 
Means of Pulverizer Heat Balance’’ gives us a method of ob- 
taining coal moisture content which may increase the accuracy of 
moisture determination and also simplify problems of coal sam- 
pling. One of the problems of the method is that the instruments 
required are indicating instruments, with the exception of the 
coal scale which gives the total amount of coal consumed rather 
than the rate at which coal is being consumed. It is therefore 


6 President, Stock Engineering Company, Cleveland, Ohio. Mem. 
A.S.M.E. 
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necessary to take a number of readings of the indicating instru- 
ments over a period and to use the average of those readings, 
together with the coal weight per hour, in the calculation of the 
moisture content. 

If a sufficiently long period is used, the results should be quite 
accurate. However, it may be desired to obtain a spot check on 
the coal moisture content over a short period. Of course these 
spot checks will not be as accurate as those of longer duration, 
but they may be desirable for some purposes. 

If a fifteen-minute period is chosen, and if the coal-scale weigh 
hopper has a 400-lb capacity, merely taking the totalized reading 
of the coal scale at the beginning and end of the period may cause 
considerable error, because it would be possible, due to the size 
of the scale weigh hopper, to include more coal, or less coal, than 
was actually used. The method of calculating, Table 2, gives a 
procedure for obtaining a closer coal weight. 


TABLE 2. CALCULATION OF COAL WEIGHT FOR 15-MIN PERIOD 
FROM 2:30 TO 2:45 P.M. WITH A 400-LB HOPPER SCALE 


Time 
forl 
Test Time of scale Correction 
start coal scale Counter dump, interval, 
time dumps reading sec sec 
Hr Min Sec Hr Min Sec 
2 29 28 34367 
2 30 00 Minus 32 
2 30 12 34368 44 
Correction: Minus : xX 400 = Minus 291 lb 
Test 
stop 
time 
Hr Min Sec Hr Min Sec 
2 44 56 34386 
2 45 00 Plus 
2 45 43 34387 47 
Correction: Plus 4 xX 400 = Plus 34 lb 
Total dumps......... 19 
Multiplier... 00006 x x 400 
7600 Ib 
Minus start correction.... 291 
7309 
Plus stop correction...... 34 
7343 lb (per 15-min interval) 


Since the probable accuracy of the coal scale in normal opera- 
tion is plus or minus '/2 per cent, there is no significance to the 
unit digit in the foregoing figure and the 10’s digit may be not too 
close. If the coal scale is carefully adjusted, better accuracy 
than plus or minus !/2 per cent is possible. 

There is another, but less accurate, method to obtain the coal 
feed rate in pounds per hour by timing the period of one dump 
of the coal scale. 

If T = the time in seconds of one dump of the scale 


C = the capacity of coal scale weigh hopper, and 
W = the pounds of coal per hour, then 


W=aCx= 


If the capacity of the scale weigh hopper is 400 lb, then 


1,440,000 
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This method of obtaining the rate of coal flow will not produce 
accurate results, but it may be satisfactory for approximate results 
when approximate results only are required. 


AutHors’ CLOSURE 


Mr. Markson has confirmed that the calculation of the mois- 
ture content of coal by means of the pulverizer heat balance is 
practical by his reference to some calculations he made prior to 
1940. _ Interestingly, these calculations were made in connection 
with some studies of the filtering of air vented from a coal-trans- 
port system and not for boiler-plant performance studies. The 
fairly good agreement with the laboratory coal analyses suggests 
that he could have reached even better agreement if it had been 
necessary to obtain the more accurate coal-moisture data which 
would have been demanded by plant-performance tests. 

The use of the pulverizer heat balance was therefore early 
recognized as an obvious method for determining coal moisture. 
For practical routine use, however, a rapid graphical method is 
necessary and the description of such a method is the subject 
matter of our paper. Mr. Markson’s statement that the routine 
determination of moisture might be even more greatly facilitated 
by the use of available instrumentation suggests that this 
important determination might sometime be placed on a basis 
comparable with that of other power-plant data. 

Mr. Markson objects to calling R a “heat-transfer coefficient 
plus indeterminate factors” and suggests that it should properly 
be called an “unaccounted-for” figure. As a matter of nomen- 
clature this objection is in general justified. It was given its 
title because in setting up the heat-balance equation it was the 
coefficient which appeared in the conventional “‘heat-lost-by- 
radiation” term. In the development of the graph it was used 
as an experimentally determined quantity to reconcile the theo- 
retical equation with the actual test results. 

In the paper it was stated that the method which was de- 
scribed is but one way of developing the heat-balance principle 
for coal-moisture determination. Mr. McCormick has shown a 
somewhat different approach to the subject and his treatment 
may well have some superior features. For one thing, he uses 
the heat expressed in Btu rather than an artificial quantity as 
ordinate. Illustration of his graph would have been very 
informative. His observation on the effect of coal-air tem- 
perature on the residual moisture is very significant and demon- 
strates that the operating characteristics of the individual plant 
must be considered when this principle of moisture determination 
is applied. 

Mr. Stock has proposed a method of obtaining sufficient accu- 
racy in the determination of the quantity of coal burned to make 
the determination of moisture by pulverizer heat balance which 
is essentially applicable,to a fairly long operating period also 
applicable to a period as short as 15 minutes. In the application 
of the basic principle of pulverizer heat balance to coal-moisture 
determination, ingenious investigators can doubtless find many 
ways of extending it to special usages, such as short-time 
tests. 
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Specific Studies Pertaining to Tool Wear, 


Chip Characteristics, and Surface 
Finish of Free-Cutting Steels 


By G. P. WITTEMAN,' BETHLEHEM, PA. 


Variables affecting cutting performances are estimated 
by several investigators to run into millions. These figures 
are raised to astronomical proportions and are therefore 
of no practicable value if we take into account variations 
in the analysis of the steel being cut, and the effect of the 
various phases in steelmaking, i.e., rolling, heat-treat- 
ment, cold-working, etc. Naturally, metallurgical con- 
trol is essential if satisfactory machinability is to be at- 
tained. Specific cases are given, illustrating how increases 
in hardening elements will affect machinability. Studies 
of chip sizes and characteristics, supplemented by color 
photographs, give interesting information on machining 
Properties and tool wear. Microhardness tests are used 
to study metallurgical differences and the effect of ele- 
ments such as nitrogen and boron on the various constitu- 
ents of the steel. 


' Assistant Metallurgical Engineer, Bethlehem Steel Company. 

Contributed by the Research Committee on Metal Cutting Data 
and Bibliography and presented at the Semi-Annual Meeting, 
Detroit, Mich., June 17-20, 1946, of THe AMERICAN Society oF 
MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


ECENT publications on metal-cutting research have 
R quoted figures for variables which make one wonder how, 

with such complexity, mass production in machining was 
ever achieved. For example, J. F. Allen?* shows that the varia- 
bles which may occur in the evaluation of cutter performance 
number 165,888,000. William H. Oldacre*:’ is quoted as claim- 
ing 168,000 possible factors in processes of metal-cutting. These 
statements come from a builder of machine tools and a producer 
of cutting fluids, both important adjuncts in metal-cutting. That 
the subject is quite controversial is indicated by the difference in 
the figures quoted. Speaking as a representative of a steel pro- 
ducer, the author will show that the situation becomes more in- 
volved as due consideration is given to some variables of the mate- 
rial cut. 

Reverting to Allen’s work, he assumed only eight variables 
for the material cut including various heat-treatments of alloy 
steel. This figure is increased manyfold if confined to only one 
phase of steelmaking, rolling, heat-treatment, cold-working, 

2 Warner & Swasey Company, Cleveland, Ohio. 

3 “Single Point Turning Research,” by J. F. Allen, Iron Age, 
vol. 157, January 17, 1946, pp. 69-72. 

4D. A. Stuart Oil Company, Ltd., Chicago, IIl. 


5 168,000 Variables Are Possible Factors in Metal Cutting,” by 
W. H. Oldacre, Metals Review, March, 1946, p. 6. 
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etc., and of course far more if they are combined. By means 
of the flow chart shown in Fig. 1 we can follow the steelmaking 
(Bessemer, open-hearth, electric-furnace) through to the finished 
product. 


As-ROLLED Bars 


Note that the flow chart for as-rolled bars is a straight line to 
the question of machinability, which involves limitations of 
analyses of steels that are machined in the as-rolled condition. 
Here metallurgical control is necessary in order to establish the 
correct relation between the heating and finishing temperatures, 
and the cross section being rolled, the type of mill, the finishing 
speed, and the hot-bed facilities. The hot-rolled product then 
flows into three subdivisions, namely, (1) Fracture grain size 
for bars or coils, which should be coarse grain for maximum ma- 
chinability and refers only to compositions embracing the normal 
and high-sulphur types in low- and medium-carbon steels, applied 
without heat-treatment above the critical range; (2) hardness, 
which is a function of analyses and mill equipment; (3) surface 
as related to scale decreases tool life, while decarburization, if 
excessive, affects forming operations, especially on single- and 
multiple-spindle automatic machines. Needless to say, metal- 
lurgical control is absolutely essential if satisfactory machina- 
bility is to be attained for as-rolled material, which, incidentally, 
is consumed in large tonnages. 

If, by reason of chemical analyses, hardness, or structure, the 
material is reheated above the critical temperature, conditions 
change according to the results desired. Continuing with the 
flow chart, normalized promotes uniformity, annealed divides 
into (1) softened, (2) grain coarsened, (3) pearlitized, (4) spheroid- 
ized, and (5) sorbitized, while heat-treated will also be sorbitized. 

Bar products may be further converted by cold-finishing, such 
as cold-drawing, turning, and grinding. Metallurgically, as 
indicated by the flow chart, the product results in cold-drawn 
from as-rolled bars within permissible chemical limits; other- 
wise the material is annealed to permit cold-drawing. Cold- 
drawn and strain-tempered, annealed and cold-drawn, and heat- 
treated plus cold-drawing all have the desired effect on hardness, 
physical properties, or structures. Turned and ground embraces 
as-rolled, normalized, annealed, or heat-treated. All the various 
conditions naturally affect machinability. Beginning with the 
ingot, mill products including blooms, billets and bars are fabri- 
cated into forgings which are either machined as-forged or nor- 
malized, annealed, or heat-treated, depending upon the require- 
ments. 


ConpITIons RELATING TO MACHINABILITY 


The flow chart shows all conditions terminating at the question 
of machinability wherein there is considerable diversification. 
These random conditions can be subdivided into a partial list 
of variables and computed in the manner used by Allen* for cutter 
shape, cutting speed, feed, depth of cut, grades of carbides, etc. 
Based,.upon one grade of steel, C-1137, free-cutting (C-0.32/0.39, 
Mn-1.35/1.65, P-0.045 max, S-0.08/0.13, Si-0.10/0.20) Tables 
1, 2, 3, and 4 illustrate some of the possible deviations. This pro- 
vides for 8,503,056 variables as indicated in Table 4. 

Some of the data not included are: Cross section and mass 
effect which produce variations in the rates of cooling, thus chang- 
ing the metallurgical characteristics of the steel; the relationship 
of tensile strength, yield point, elongation, reduction of area and 
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TABLE 1 PROCESS C-1137 BAR STOCK 


BASIC OPEN HEARTH 
ACID OPEN HBARTH 
ELECTRIC FURNACE 


3 COMBINATIONS 


TABLE 4_RECAPITULATION 


TABLE 2 COMPOSITION C-1137 
K OF VALUESC-1137 BARSTOCK 


BAR STOC 


ELEMENTS: LOW, MEAN, HIGH PROCESS 3 

COMPOSITION 729 

STRUCTURE 18 

GRAIN SIZE 3 

PHO DECARBURIZATI 

SULPHUR 729 COMBINATIONS HARDNESS — 

SILICON SURFACE 6 
INCIDENTAL ALLOYS POSSIBLE COMBINATIONS - 

°3* 729 «16 6503.056 


TABLE 3 CONDITION C-1137 BAR STOCK 


STRUCTURE INAT! 
AS 20L FERRITE NORMAL MASS! 
ROLLED PEARLITE COARSE. 
FERRITE NORMAL. MASS: 
NORMALIZED PUALITE COARSE. 18 
FERRITE MORMAL MASSIVE 
ANNEALED PLARLITE COARSE. FINE 
SPHEROIDITE COARSE, FINE 
QUENCHED NORMAL. DIVORCED FERRITE 
TEMPERED HIGH, Low 
GRAIN SIZE COARSE. MEDIUM, FINE 3 
RECARBURIZATION UGHT, HEAVY 3 
HARDNESS SOFT, MCDIUM, HARD 3 
NATURAL, DESCALED, TURNED 
SURFACE 


DRAFT. UGHT, 


elastic ratio, which are variables that influence cutting proper- 
ties; the nature of the inclusions and their size and frequency, 
which will either prolong or retard tool life. Moreover, at the 
present time, taking bars alone, there are some 272 analyses pub- 
lished by the American Iron and Steel Institute embracing car- 
bon, sulphurized free-cutting, and alloy steels. This is further 
complicated as the steels are made by the acid-Bessemer, acid- 
open-hearth, basic-open-hearth or electric-furnace processes. If 
values were computed to incorporate these variables, the figures, 
as well as those previously quoted, would be, and are, incompre- 
hensible for any practicable evaluation of machinability. The 
figures do, however, demonstrate the magnitude of the problem, 
whether it be tool design, cutting speed, feed, depth of cut, tool 
material, cutting fluid, or the material cut. 

To consider a specific case, a steel consumer may, among 
many requirements, desire an improvement of physical proper- 
ties or an increase in hardenability. Being machinability-con- 
scious, he might occasionally ask the steelmaker: ‘What would 
be the difference in machinability if certain hardening elements 
were increased?” The question as to some of the variables has 
been illustrated in Table 4, using one grade of steel, C-1137, and 
now for the purpose of short-time log tests we include two modi- 
fications as follows: . 


(1) C-1137 Mod. C-0.30/0.40, Mn-1.00/1.30, P-0.045 max, S-0.075/ 
0.15, Si-0.10/0.20 

(2) C-1137 C-0.32/0.39, Mn-1.35/1.65, P-0.45 max, 8-0.08/0.13, 
Si-0.10/0.20 

(3) C-1141 C-0.38/0.45, Mn-1.35/1.65, P.045 max, S-0.08/0.13, 
Si-0.10/0.20 


The first analysis favored machinability which was changed to 
the second analysis for an increase of physical properties; while 
the third analysis was to facilitate induction-hardening. A* 
rolled, coarse-grain material, including an alloy steel, fine-grait, 


TABLE 5 CHECK ANALYSES OF AS-ROLLED SPECIMENS 


Heat no. Grade Cc Mn P 
55P080 C-1137 Mod. 0.34 1.13 0.014 
47N455 C-1137 0.36 1.39 0.018 
47N569 C-1141 0.43 1.45 0.011 
4E715 Ni-Cr-Mo-V 0.50 0.77 0.018 
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quenched and tempered for comparative purposes, check analyzed 
asin Table 5. 


SuHort-TimE Loa Tests 


A short-time log test was devised in lieu of American Stand- 
ards Association B-5 ‘Life Tests of Single Point Tools,” April, 
1945. The procedure under the standards, while more accurate 
than the proposed test, is both time- and material-consuming. 
Also, a selective speed drive, which was not available, is necessary 
to maintain a constant cutting speed, dry, as the diameter is 
reduced. The proposed short-time tests used a standardized 
turned 37/s-in-diam. X 30-in-long log to insure dimensional 
accuracy as well as scale and decarburization removal. The test 
logs were as short as possible in order to minimize chatter. 

Tests were conducted on a Warner & Swasey No. 4-A turret 
lathe at optimum speeds, selected by pick-off gears, within a 
range comparable with the analysis of the steel being machined. 
A depth of cut of '/s in. and a feed of 0.023 in. were used as con- 
stants, while the surface feet per minute varied with the reduc- 
tion in diameter. It was not the purpose of the tests to break 
down the tools but rather to study the effect of tool wear in rela- 
tion to cutting speed, analysis, hardness, and structure. The 
evaluation of results was based upon surface feet per minute 
versus cubic inches of metal cut, which is a function of time, and 
failures were recorded as they occurred. The critical cutting 
speed was taken as the point where no tool failure was evident, 
which is equivalent to length of cut or time elapsed. Table 6 
shows the statistics of the tests for C-1137 and C-1141, as-rolled, 
and Table 7, for Ni-Cr-Mo-V, quenched and tempered. Finish 


TABLE 6 RESULTS OF SHORT-TIME LOG 
C-1141, AS-ROLLED 


TESTS C-1137 AND 


AT PASS LENGTHICU.IN.|FINISH| CONDITION | RE- 
557080 2 | | OF |I4MIN25SEC] 29 | 427| NO OK | NO 

2 62/14 + 20+] 29 | 398) NO 

3 | 2) - | 29 1371) NO | | NO 

TOTALS |43 + 6 | 87 |11.96| NO OK 
3 OF © 617 + | 22.78") 3.35) 143° [TOTAL FAILURE! | 
2 | 62/14 | 2875; 3.95) NO OK NO 
| 4 15 + | 2675 3.68) NO OK NO_ 
TOTALS |39 - | 6025 10.98 | 143° |TOTAL FAILURE! | 
| 6 3 | 12007) 1.77) 74° [TOTALFAIL 
. Pel 3 | 19 | 2087 )3.69 |) NO OK NO 
| TOTALS |32 12 | 6424 /8.67 | 74° [TOTAL FAILURE) 2 
ALL TESTS: Vg DEPTH OF CUT 
O27 FEED 
2 PER MINUTE 
Ene Corrine Anace 


See Currie 
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Rewer 10° 
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the tool face was photographed 

at 12x, the template was su- 
perimposed on the negative and 

BETHLEHEM Moco High SPEED Sree. a line was drawn along the 
HEAT HARDENED Rc original contour. This method 
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WITTEMAN-—-TOOL WEAR, CHIP CHARACTERISTICS, AND SURFACE FINISH, FREE-CUTTING STEELS 645 


TABLE 7 RESULTS OF SHORT-TIME TESTS Ni-Cr- Mo-V 
QUENCHED AND DRAWN 


36 \0067; .23 123MIN. 0 2862|4.21 
46 43 | 61 10 |27.3713.76 
42 \0167| 80 | 32+ 30 3,37 
49 | 13 22° | 14.75) 


— 


| 
- | 3 3 | 23 30 - 


Fic. 2. CHART oF SHort-Time Loc Tests C-1137 snp C-1141 
As-ROLLED 


changes were noted as an indication of premature failure. Com- 
bining both Tables 6 and 7, charts are shown in Fig. 2, giving 
cutting speed and cubic inches of metal cut. 


Design or Cuttine Toots Usrep 1n Tests 


In tool design, Fig. 3, a straight side-cutting edge was used 
for high-speed-steel tools to facilitate the measuring of wear or 


failure. A carbide tool used for comparative purposes was a 
conventional design, having a 

Ene Corrine 10-deg side-cutting-edge angle. 

' | 7 The tools were 1 in. square and 
had a setting of 90 deg to the 


cut on the center line of the 
test log. For appraisal of tool 
wear or failure of high-speed 
steel, the tools were fixture- 
ground and calibrated by mak- 
ing a photograph of the origi- 
nal tool face at 12X, from 
which a template was cut. 
Upon completion of a test run, 


gave some idea as to the mode 
of wear or failure, also the ac- 
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CARBIDE TOOL 


42 SFM 023" FEED LI" PER MIN. 215 SFM .0067"FEED PER MIN, 


Fig. 17 Surrace Finish Ni-Cr-Mo-V QuENCHED AND DRAWN 


curacy in the grinding of the nose radius; all of which are shown 
in Figs. 4 to 15. 

The tests included comparisons of surface finishes of tool mate- 
rials, i.e., Moco high-speed steel and carbide. Fig. 16 shows the 
carbide tool after 215 sfm, 0.0067-in. feed, '/s in. depth of cut. 
Differences in surface finish are representative of the Ni-Cr-Mo-V 
test log and are exhibited in Fig. 17, which distinguishes between 
the high-speed-steel tool and the carbide tool. The cutting rate 
slightly favors the carbide tool, by 0.32 ipm; however, the surface 
feet per minute and feed differentials are such that the carbide 
tool, while removing more metal, produced a finish combining 
a rough and finish cut. In other words, if a better finish was de- 


sired from the high-speed-steel tool, a finishing cut would have 
been necessary. 

Chips often reveal cutting qualities, tool performance, and 
surface finish. Accordingly, it was decided to collect the chips 
They are shown in 


and record them by color photography. 

Figs. 18 to 30 and are classified in Table 8. 
As a metallurgical approach to the machinability tests outlined, 

microhardness determinations at 750 were made on the heats 

involved. In Fig. 31 Heat 55P080 (C-1137 Mod.) indicates sor- 

bitic pearlite, Vickers hardness numeral 238, ferrite Vhn 149; 

Heat 47N455 (C-1137) sorbitic pearlite, Vhn 238, ferrite Vhn 

185; and Heat 47N569 (C-1141) sorbitic pearlite Vhn 244, fer- Fic. 

rite Vhn 189. 


18 CuHips First Pass, C-1137 Mop. Heat 55P0s80 
(Original in color.) 


TABLE 8 CUTTING QUALITIES AS SHOWN BY CHIP 
Pass 
Heat no. no. Sfm 


55P080 1 91 
C-1137 mod. 


Chip description Color 
Continuous ribbon =} Light blue to 
Medium curls » deep purple 
Short curls \ 

Short and well-broken Light straw; 
few light blue 
Light straw 


Pos. in test 


82 Start to end 


curls 

Short and well-broken 
curls 

Continuous ribbon : 

Medium curls Light blue to 

Short curls and small deep purple 
tight coils 


74 Start to end 


47N455 91 Start 
C-1137 Midway 
End 


Midway 
End 
Start 


Midway and end 


Start 
Midway 
End 


Start 
ay 


Full curls 
Med. open coils 
Small open coils 


Start Full curls 


Short well-broken curls 


Continuous ribbon 


Med. open coils 

Small tight coils 
Med. open coils 
Small open coils 


Short well-broken curls 


Semicontinuous 


Dark straw to 
blue 

Dark straw to 
purple 

Light straw; 
blue 

purple 

Blue to deep 
_ purple 


ribbon 
med. 
open coils 


/ 
Continuous ribbon | 


Blue to purple 
Midway and end 


4E715 Start 
Ni-Cr-Mo-V Midway Semicontinuous med. 
open coils 


End Small open coils and 


short curls 
4E715 Start Continuous ribbon 
Ni-Cr-Mo-V 


Straw to dark 
blue 


Semicontin. ribbon 

Semicontin. med. open 
coils 

Start Continuous ribbon 

Midway Semicontin. ribbon 

End Semicont. small open 
coils and short curls 

Continuous ribbon 


Straw to dark 
blue 


Dark straw to 
light blue 


Bright metallic 
ue 


Start to end 


‘ 
hate 
End 
N 1 91 
47N569 
C-1141 
Ni-Cr-Mo-V 


Fic. 19 Crips Seconp Pass, C-1137 Mov. Heat 55P080 Fig. 20) Crips Toirp Poss, Mop. Hear 55P080 


Or 
(Original in color.) rigimal in e olor. 


. 
> 


Fic. 21) Firat Pass, C-1137 Heat 47N455 22.) Crips Seconp Pass, C-1137 Heat 47N455 
(Original in color.) (Original in color.) 
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Fic. 23. Turrp Pass, C-1137 Heat 47N455 
(Original in color.) 


Fic. 25 Seconp Pass, C-1141 Heat 47N569 
(Original in color.) 


Fic. 24 First Pass, C-1141[Heat 47N569 Fic. 26 Cures Turrp Pass, C-1141 Heat 47N569 


(Original in color.) (Original in color.) 


: 


Cups First Pass, Ni-Cr-Mo-V Heat 4 E 715 
(Original in color.) 


Fic. 29 Cures Turrp Pass, N1t-Cr-Mo-V Heat 4 E 715 


(Original in color.) 


Fig. 28 Cups Seconp Pass, Ni-Cr-Mo-V Heat 4 E 715 Fie. 30 Curps 1 Pass Carsipe Ni-Cr-Mo-V Heat 4 E 715 


driginal in color.) (Original in color.) 


VHN 189 VHN 244 


. x 
HEAT 47N455 
SORBITIC PEARLITE & FERRITE SORBITIC PEARLITE & FERRITE 


_VHN 238 VHN 149 


HEAT S5PO080 
_SORBITIC PEARLITE & FERRITE 


Fie. 31 Structures Mi- 
CROHARDNESS 750 X; C-1137 AND 
C-1141 


Fic. 27 
; 
VHN 238 
. 
Sige 
; 
° 


VARIABLES RECORDED BY TYPICAL TESTS 


These data present some rather interesting phenomena and 
reveal some of the variables as mentioned in Table 3 under 
structure. It is to be recalled that the heat of C-1137 Mod. 
(C-0.34, Mn-1.13, S-0.130) gave the maximum cutting and tool 
life; however, the tool showed the greatest tendency to “‘build- 
up,” which resulted in the short well-broken chips from the second 
and third passes. This is is evidently a question of the softer fer- 
rite and the smaller amount of sorbitic pearlite. Next in order 
is C-1137 (C-0.36, Mn-1.39, S-0.125) in which the ferrite is 
harder, with no change in the hardness of the sorbitie pearlite. 
Finally, for C-1141 (C-0.43, Mn-1.45, S-0.130), compared with 
C-1137, there was only a slight increase in the hardness of both 
the ferrite and the sorbitic pearlite; however, the over-all increase 
in the hardness of the ferrite in C-1141, compared with C-1137 
Mod., is due to the higher manganese content of the former, 


VEIN 2396 


HEAT 4E€715 SORBITIC 


Fig. 32.) StructTuRES aND MickKOHARDNESS 750: Ni-Cr-Mo-V 


HEAT 62P613 C17 ti 
{ CUT DRY 85.5 SFM 030" FEED V8" DEPTH 
CUTTING EDGE CRATERED (BUILT UP) TIME 14 MIN. I! Sec. 
FACE WEAR 0885" j 
Fig. 33. Conpition oF Heat 62P613, Norma 
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The chips from these heats more or less confirm the microhard- 
ness and tool crater or failure. If the chemical versus the struc- 
tural compositions be considered for the three heats, the ratio 
for the constituents for each heat would approximate the follow- 
ing: 

Heat 55P080 (C-1137 Mod.) S per cent pearlite and 60 per cent 

errite 

Heat 47N455 (C- 1137) 46 per cent pearlite and 54 per cent ferrite 
Heat 47N569 (C-1141) 53 per cent pearlite and 47 per cent ferrite 

Of passing interest is the microhardness at 750X, Fig. 32, of 
Heat 4E715 (Ni-Cr-Mo-V) steel, quenched and tempered, which 
had a uniform sorbitic structure, Vhn 296, thus accounting for 
the predominance of continuous chips. 

Specialties in machinability ofttimes present problems to the 
steelmaker. In such cases reference is made to various types of 
machined molds which require a high degree of machined finish 
in lieu of grinding or buffing. The types of steels sometimes used 
for such work are A.I.S.1. C-1113 and C-1116, the latter having 
recently been selected in connection with some development 
work. Shown by Table 9, special additions and modifications of 
analyses were made to study the effect on surface finish. For 
Heat 62P613 (C-0.17, Mn-1.31, P-0.013, S-0.196, Si-0.08) coarse 
grain, group A is identified as A-1, no mold addition, A-2— 
0.010 nitrogen, and A-3—0.006 boron. Likewise, Heat 62P616 
(C-0.17, Mn-1.40, P-0.082, S-0.23, Si-0.06), coarse grain, group 


STEELS FOR 


TABLE 9 OF TTING 


URFACE FINIS 


CHEMICAL ANALYSIS 
HEAT.NO. GROUP MOLD ADDITION C MN P § SI Ne B 
62P613 NONE 17 131 013 196 08 

A-2 NITROGEN . « O10 


NONE AT 1.40 062 210 06 
NITROGEN © «© 009 


B-2 
8-3 


B is identified as B-1, no mold addition, B-2—0,.009 nitrogen, 
and B-3—0.006 boron. The outstanding difference is the in- 
creased phosphorus of group B. 

The tests consisted of rough and finish cuts on rolled plates, 
24 X 30 X 2in., under standardized conditions, using a Gould & 
Eberhardt 24-in. Invincible shaper. The plates were first ma- 


"HEAT 62P6I3 GI7MNL31 196$].08 Np.010 
CUT DRY 85.5 SFM.030"FEED DEPTH 
CUTTING EDGE UP) TIME 14 MIN.10 SEC. 
FACE WEAR 


F1a. 34 Conpition or Toor A-2, Heat 62P613, NiTROGEN 


Alar 

| 

| 
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HEAT 62P6I3 MNI 312.013 $196 S108 B. 
| CUT DRY 855 SFM 030" FEED 1/8" DEPTH 
CUTTING EDGE CRATERED (BUILT UP) TIME 14MIN. 8 SEC. 
FACE WEAR .0954" 


Fie. 35 Conpitrion oF Toor A-3, Heat 62P613, Boron 


HEAT 62P6I6 ¢.17 MN .40P.062 § 23 $1.06 
ORY 855 SFM 030" FEED v8" DEPTH 
CUTTING EDGE CRATERED TIME 14MIN 25SEC. 
FACE WEAR .103" . 


Fie. 36 Conpition or Toor B-1, Heat 62P616, NormMar 


1GUT-ORY 65.5 SFM .030"FEED 178" DEPTH 
CUTTING EDGE CRATERED TIME 14 MIN. SSEC. 
FACE. WEAR 


Fic. 37. Conpition or Toot B-2, Heat 62P616, NirRoGEN 


HEAT 62P6I6 238.006 
| CUT DRY 85.5 SFM .030" FEED VS DEPTH 

CUTTING EDGE CRATERED TIME I4MIN.IISEC. 

FACE WEAR 1027“ 

12x 


Fie. Conpition oF Toor B-3, Heat 62P616, Boron 


Al 


HEAT, 62P6I3 NORMAL PHOS. NO ADDITION 
FACE WEAR 0885" 


Fic. 39 Cups A-1, Heat 62P613, Norman 


chined to remove scale and decarburization. Tools were made 
from Bethlehem special high-speed steel, 18-4-1 type, hardened 
to Rockwell C 61-62, size 1 X 12 in. The shape was 
the same as used on the short-time log tests, i.e., back rake 
8 deg, side rake 10 deg, end relief 6 deg, side relief 6 deg, end cut- 
ting edge 6 deg, side cutting edge 0 deg, nose radius '/,, in. AD 
tools were set 90 deg to the cut. 

The rough cut was of '/; in. depth, feed 0.030 in., speed 44 
strokes per min, length of stroke 14 in. or 85.5 sfm. The finish 
cut was of '/«, in. depth, feed 0.010 in. at the same surface feet per 
minute. The cutting time for rough euts averaged 14 min 12 
sec and finish cuts 4 min. 

Again, it was not the intent to break down any tools, but rather 
to study the effect of cutting action for the various compositions. 
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A2 


HEAT 62P6i3 NORMAL PHOS. NITROGEN HEAT 62P6I6 HIGH PHOS. NO ADDITION 
FACE WEAR 0941" FACE WEAR 103” 


Fic. 40 A-2, Heat 62P613, NrTROGEN 
‘ Fig. 42 B-1, Heat 62P616, 


> 
z 


v 


A3 


HEAT 62P613 NORMAL PHOS. BORON HEAT 62P6I6 HIGH PHOS NITROGEN 
FACE WEAR.0954" FACE WEAR.I015" 


Fic. 41 A-3, Heat 62P613, Boron Fic. 43 B-2, Heat 62P616, NrrroGEeN 
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B3 


HEAT 62P 616 HIGH PHOS. BORON 
FACE WEAR 1027" 


Fig. 44 Cups B-3, Heat 62P616, Boron 


This relationship was based upon face wear of the tool, ‘‘build- 
up,” chip conditions, and surface finish. Face wear was taken 
as that portion of the tool along the side cutting edge representa- 
tive of the length of the crater, the measurements having been 
made with a Jones & Lamson comparator. Figs. 33 to 38, at 
12X, show the mode of face wear and measurement for each tool. 
Of interest is the fact that in every case group A (having normal 
phosphorus) build-up and the wear varied with nitrogen and 
boron which influence the hardness of the ferrite. On the other 
hand, group B (having high phosphorus) eliminated the build- 
up. However, the face wear, being greater than in group A, re- 
mained approximately the same throughout group B. Here, the 


AND SURFACE FINISH, FREE-CUTTING STEELS 655 


high phosphorus apparently counteracted any effect of the ni- 
trogen or boron. This will be referred to later. 

Chips representing the rough cuts at the start, middle, and end 
of tests are shown in Figs. 39 to 44. No marked differences in 
characteristics are found within group A, and the same is true 
for group B: However, comparing A with B, the contrast is 
quite impressive, as group B produced short well-broken chips 
at the end of the test, indicative of the hardening effect of phos- 
phorus and the greater face wear or crater of the tools, plus a light 
to dark straw coloring of the chips. The finishing cuts in every 
case were so light that variations in tool wear were not discernible. 

Microhardness was used to study metallurgical differences, as 
disclosed in Fig. 45 (on the following page) at 750. In order, 
these indicate the following: 


Phosphorus 
Normal 


Heat no. 
62P613 A-1-Pearlite, Vhn 185, Ferrite Vhn 111 
A-2-Pearlite, Vhn 209, Ferrite Vhn 141 
A-3-Pearlite, Vhn 165, Ferrite Vhn 126 
B-1-Pearlite, Vhn 201, Ferrite Vhn 146 
B-2-Pearlite, Vhn 255, Ferrite Vhn 168 
B-3-Pearlite, Vhn 274, Ferrite Vhn 179 


62P616 High 


SumMMARY OF RESULTS 


To summarize these data, it is apparent that, for both the 
A and B groups, the nitrogen and boron increase the hardness 
of the ferrite. On the other hand, some contrast still prevails 
within group B, in which both the pearlite and the ferrite in- 
creased in over-all hardness, due, in all probability, to the higher 
phosphorus. It should be pointed out, however, that these con- 
clusions might be subject to modifications, depending upon ther- 
mal conditions at the rolling mill and the cross section rolled, as 
indicated by the excessive hardness of the pearlite (Vhn 274) for 
the B-3 boron. 

Adequate surface evaluation was not possible at the time, 
owing to the lack of necessary facilities. Faxfilm recordings were 
made on surfaces of the rough and finish cuts, whereby group 
B was favored over group A for rough cuts, distinguished by 
the lesser sloughing on the surface. Relatively, this reverts to 
the group B tools which were free of build-up and showed crater 
wear sufficient to form a natural chip breaker evidenced by the 
short, well-broken chips. Individually for both groups, nitrogen 
and boron supplements for rough cuts had minimum sloughing. 
The finish cuts in all the groups naturally did not show any pro- 
nounced sloughing, the better finish prevailing in group B, with 
B-2 outstanding. 
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VHN 126 VHNI65 


t 


A-2 NITROGEN 
i6_HI 
i68 VHN 255 VHN274- VHNI79 


B-2 NITROGEN 


Fig. 45 SrructURES AND MIcROHARDNESS 750X; Hearts 62P613 anp P616 
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Fie. 1 


GENERAL View, SHOwING Bir MountepD 1N CuTTEeR Bopy, tv TuRN ATTACHED TO FacE oF FLYWHEEL 
This also shows end view of test bar mounted in welded fixtures on table of 5HM knee-type milling machine. 


Profilometer and recording 


wattmeter with transformers for spindle and feed motors are shown at left.) 


Effect of Varying Relief Angles When 
Face-Milling Cast Iron With Sintered- 
Carbide-Tipped Cutters 


By O. W. BOSTON! ano W W. GILBERT,? ANN ARBOR, MICH 


The tests reported on were preformed to determine tool 
wear, tool life, and power consumption when varying the 
relief angles on O-deg and 45-deg peripheral-cutting- 
edge-angle (pcea) face-milling cutters. 


Test ConpiTIONS 


relatively new 5HM plain horizontal milling machine 
was used with the flywheel weighing 215 lb mounted 
on the face of the spindle. The cutter was in turn mounted 

on the face of the flywheel as shown in Fig. 1. 
The milling cutter used in these tests was a 9-in-diam 16-tooth 
“Tri-Bit” face-milling cutter holding a single inserted tooth with 


Professor of Metal Processing and Chairman of Department of 
Metal Processing, University of Michigan. Fellow A.S.M.E. 

* Associate Professor of Metal Processing, University of Michigan. 
Mem. A.S.M.E. 

Contributed by the Research Committee on Metal Cutting Data 
and Bibliography and presented at the Annual Meeting, New York, 

- Y., December 2-6, 1946, of THe AMERICAN Society or MECHANI- 
CAL ENGINEERS, 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


an effective diameter of 9.06 in., Fig. 2. The tooth was tipped 
with a “K2S” sintered-carbide tip */1s X '/2 X 3/, in., gas-brazed 
on by the sandwich method. The teeth were ground with 
diamond wheels designated as D12W 180B-100-'/s. 

The general tooth shape, as shown in Fig. 3, was +7, +4, A, B, 
2, C deg, where A is the face relief angle, B the peripheral relief 
angle, and C the peripheral-cutting-edge angle. The tool was 
ground to a sharp point and had no nose radius. For the 45-deg 
peripheral-cutting-edge angle (pcea), the normal relief was equal 
to the peripheral relief times 0.707 (cosine pcea). 

Variable-relief-angle tests were conducted for both a 0-deg and 
a 45-deg peripheral-cutting-edge angle (pcea). The relief angles 
normal to the peripheral and face cutting edges were kept equal. 
For the 0-deg pcea, the relief angles tested were 3, 6, 9, 12, 15, 
and 18 deg. For the 45-deg pcea, the peripheral relief (in direc- 
tion of feed) angles tested were 6, 9, 12, 18, and 24 deg. This 
gave normal relief angles as measured perpendicular to the cut- 
ting edge of 4.2, 6.4, 8.5, 12.8, and 17.0 deg, respectively, for the 
45-deg pcea, as shown in Fig. 2. 

The depth of the cut and the feed were kept constant for 
all tests at 0.100 in. and at 0.010 in. per tooth, respectively. 
cutting tool was considered to have failed when a flank wear 
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material milled and the 9.06-in-diam cutter, 74 = 0.145 Ty. 
The slopes of the several curves varied from —0.36 for the 18-deg- 
relief-angle lines to —0.57 for the 6-deg-relief-angle line. T » 
general tool-life equation for the 18-deg-relief-angle curve is 

VT ,°* = 2800, and for the 6-deg relief-angle line is V7 °°" = 

2950. The tool with the 18-deg relief (12.8 deg normal relief} 

angle gave the best performance, while the tool with the 6-deg 

relief angle (4.2-deg normal relief) gave the poorest. 

In Table 1 the tool life, 7’y is shown for each value of relief’ 
manne 3 | DIRECTION | for each of three speeds as determined by these tests. The value 
SURFACE . ih _ for the 6-deg peripheral relief angle is taken as 100 per cent for 

+ each of the speeds for comparative purposes. As the peripheral 


NORMAL \ { 

RELIEF ANGLE CUTTER TOOTH SHAPE 
PERIPHERAL 

SECTION 8-8 RELIEF A 


AB2C0 


| 
IREC 

OF FEED) AXIAL RAKE ANGLE 
SECTION A-A RADIAL RAKE ANGLE 


F SPINDLE 


FACE RELIEF ANGLE —— 
Fic. 2 PERIPHERAL AND NorMAL RELIEF ANGLES FOR Face-MILL- PERIPHERAL RELIEF ANGLE ———. 


tnc Havine a 45-DeG PEeRIPHERAL-CuTTING-EDGE ANGLE FACE CUTTING EDGE ANGLE 


PERIPHERAL CUTTING EDGE O*OR 45°—— 

of 0.030 in. had occurred on the flank of any active cutting edge. WIOTH AND ANGLE OF CHAMFER —————————— 
The material cut was a 40,000-psi 190-Bhn ‘“‘Meehanite’’ cast- 45° PERIPHERAL 

iron bar 2!/, X X 36 in., which was held in a fixture mounted /ANOLE 

on the milling-machine table. The center line of the 4*/; x 36- j 

in. face to be machined was on the center line of the cutter. 


+7° AXIAL RAKE 


Test REsvULTs 


Tool Life With 45-Deg Peripheral-Cutting-Edge Angle. Tool- 
life curves for the 45-deg pcea are shown in Fig. 4 where the cut- 
ting speed is plotted versus the actual machining time, 7',, and 
the total machining time, 7 y, to produce a flank wear of 0.030 in. 
Tools which failed in this manner are shown in Figs. 13 and 14. 
The actual machining time, 7',, is the lapsed time during which 
the tooth is in actual cutting contact with the material. The 


total machining time, Ty, is the lapsed time the machine is yg. 3 SuHape or TooTH Usep IN VARIABLE-RELIEF-ANGLE Tests 
running during the cutting test. For the 4/s-in-wide face of (Angles A, B, and C, as shown in figure, were varied.) 


+ 600 


CUTTING SPEED - FPM 


INN 


TOTAL MACHINING TIME 
\ 20 49 50 60 80 100 2¢ 


i 
32 46 64 6006 26 6 
ACTUAL MACHINING TIME, Ta, MIN. 


Fic.4 Revation Between Curtrinc Speep AND ToTaL MAcHINING Time, AND ACTUAL 
MacuininG Time, 74, TO Cause A FLANK Wear oF 0.030 In. on K2S Tippep Tootn a 
45-Dec PerIPHERAL-CuTTING-EpGr ANGLE Grounp Wits Various PERIPHERAL RELIEF ANGLES 
(A 40,000-psi cast iron, 190 Bhn, having a face width of 4/s in. was face-milled at a depth of cut of 0.100 


in., and a feed of 0.010 in. per tooth. Actual values of normal or working relief angles correspond to 
peripheral relief angles as shown in figure.) 


TABLE 1 TOOL LIFE FOR VARIOUS RELIEF ANGLES AT THREE DIFFERENT SPEEDS FOR TOOTH HAVING A 45-DEGREE 
PERIPHERAL-CUTTING-EDGE ANGLE 
Cutting speed, fpm 200 400 800- 
Relief angles { Peripheral 6 9 12 18 24 6 9 12 18 24 6 9 12 18 24 
deg Normal 4.2 6.4 8.5 12.8 17.0 4.2 6.4 8.5 12.8 17.0 43 64.64.3248 7.0 


Machine pitting! Minutes 114 173 540 1530 980 
time, Tu 


33.5 50 92 220 155 10 14 15.8 32 24.5 
Percentage 100 152 474 1340 851 100 148 274 657 463 100 140 158 320 245 


yr 
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relief angle was increased from 6 to 18 deg, the tool life at 200-fpm 
cutting speed increased from 114 (100 per cent) to 1530 min (1340 
per cent). At 400 fpm the tool life increased from 33.5 (100 per 
cent) to 220 min (657 per cent), and for 800 fpm from 10 (100 
per cent) to 32 min (320 per cent). At high cutting speeds the 
tools failed because of thermal cracks and chipping which were 
detrimental to the tools having the highest relief angles. At 
low speeds failure was caused by flank abrasion. 

The volume of metal removed per tool life, as expressed in 
cubic inches per tool grind, was plotted versus the cutting speed 
V,in Fig. 5. The 18-deg-relief-angle curve with a slope of —0.57 
and the equation V (cu in. per tool grind)*** = 7600 gave the 
highest volume of metal removed per tool grind, while the 6-deg 
relief angle with a slope of —1.33, and an equation of V (cu in. 
per tool grind)'*** = 31,000, gave the lowest values of cubic 
inches per tool grind for a given cutting speed. As the peripheral 
relief angle was increased from 6 to 18 deg, the cubic inches of 
metal removed per tool grind increased from 44 to 590, or 1340 
per cent at 200 fpm, from 26.8 to 175 or 650 per cent at 400 fpm, 
and from 15.8 to 51 or 320 per cent at 800 fpm cutting speed. 

When removing 50 cu in. of metal per tool grind, the cutting 
speed could be increased from 175 to 810 fpm or 465 per cent as 
the peripheral relief angle was changed from 6 to 18 deg. 

Tool Life With 0-Deg Peripheral-Cutting-Edge Angle. Tool- 
life values, both the actual time, 7'4, and the total machining time, 
Ty, are shown plotted versus the cutting speed for the 0-deg pcea 
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in Fig. 6. The curves for the 12 and the 15-deg relief angles 
were almost identical except that they had slightly different 
slopes. The tooth with a 12-deg normal relief angle gave a slope 
of —0.39 and a tool-life equation of VT °°? = 2300. The tooth 
with a 15-deg relief angle gave a curve with a slope of —0.40, 
and an equation of V7'y°°* = 2500. The curves for the tools 
with the 3-deg and 6-deg normal relief angles had the same 
values of slope of —0.34. The tool-life equation for the 3-deg 
relief angle was V7',°-34 = 640, and for the 6-deg normal relief 
angle it was V7',,°** = 1100. The 18-deg-relief-angle cutters 
chipped at high cutting speeds but gave reasonably good tool 
life at low speeds. 

Values in Tables 1 and 2 show the ratings for tools having relief 
angles perpendicular or normal to the cutting edges for the 45-deg 
and the 0-deg peea. The tooth having a 6-deg peripheral relief 
angle on the 0-deg pcea, Table 2, was taken as 100 per cent for 
each of the three cutting speeds. The highest rating in minutes 
and per cent is obtained for all speeds by the tooth having a 12- 
deg normal relief angle. 

In Table 1 the 12.8-deg normal relief angle on the 45-deg-pcea 
tool is by far the best for cutting speeds varying from 200 to 800 
fpm, while for the 0-deg pcea, Table 2, a relief angle of 12 to 
15 deg gave the highest values of tool life. The tooth having a 45- 
deg pcea with the 12.8-deg normal relief angle gave approximately 
twice as long a tool life as the tooth having a 0-deg pcea with 12- 
deg normal relief. 
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CUTTING SPEED-RPM 


GIN OF METAL REMOVED PER TOOL GRIND 


Fie.5 RetatTion BETWEEN CUTTING SPEED AND Cusic INcHEs PER Too. GRIND FOR THE 45-DeEG 
PERIPHERAL-CuTTING-EDGE-ANGLE TooTH SHOWN IN Fic. 4 


| 
RIPHERAL AND NORMAL 

RELIEF ANGLES 


SPEED -RPM 


1 4 


CUTTING SPEED -FPM 


CUTTING 


TOTAL 
8 


MACHINING |TIME, Tyg MIN. 


L 
32 46 64 60 9 16 


32 46 64 80 96 


ACTUAL MACHINING TIME, T,, MIN 


Fie. 6 ReLation BETWEEN CuTTING SPEED AND MACHINING TIME, AND Ty, FOR Face-MILLING- 
Currer Toora Grounp WiTH 0-Dec ANGLE WHEN OPERATING UNDER 
SaME CONDITIONS AS OUTLINED IN Fia. 4 
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TABLE 2 TOOL LIFE FOR VARIOUS RELIEF ANGLES AT THREE DIFFERENT SPEEDS FOR TOOTH HAVING A 0-DEG PERIPHERAL 
CUTTING-EDGE ANGLE 


Cutting speed, fpm - 200- ~ 
Relief angles, deg 3 6 9 12 15 18 3 


Machine sittings Minutes 30 
time, 7m Percentage 18.5 100 176 346 302 386 19 


20.5 49.5 
100 


162 285 561 490 625 3.9 


400 
6 9 12 15 18 3 


94 90 55 0.52 
458 438 268 20 


6 9 12 15 18 
2.60 8.9 15.6 166 4.8 
241 100 342 600 «638 


CUTTING SPEED - FPM 
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CU. IN OF METAL REMOVED PER TOOL GRIND 


Fic. 7 Revation Between CuttinG SPEED AND Cusic INCHES oF METAL REMOVED PER GRIND 
ror Toota Havine 0-Dsc ANGLE But GrouND 
Wits Various Reiier ANGLES, WHEN OPERATING UNDER Conp!ITIONS OUTLINED IN Fia. 4 
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Fic. 8 BEtTweEN CutTtTinG SPEED AND NorMAL Revier ANGLES FOR MILLING-CUTTER 
Teeta Havine 0-Dec anv 45-Dec ANGLES WHEN OPERATING UNDER 
ConpliITIONS OF Frias. 4 AND 6 


The cubic inches of metal removed per tool grind, as shown in 
Fig. 7, for the tooth having 0-deg pcea is highest for the 12-deg 
and the 15-deg normal relief angles. By increasing the relief 
angle from 3 deg to 12 deg, the cubic inches per tool grind were 
increased from 5.2 to 102 cu in. when cutting at a speed of 300 
fpm. 

In Fig. 8 the cutting speed for a tool life, Ty, of 60 min was 
plotted versus the normal relief angles for the 0-deg and the 45- 
deg-pcea series of tools. A maximum in cutting speed was 
reached at approximately 14 deg, as measured normal to the 
cutting edge for both the 0-deg and the 45-deg pcea. The 
maximum cutting speeds at this 14-deg relief angle were 640 fpm 
for the 45-deg pcea and 470 fpm for the 0-deg pcea, or 36 per cent 
higher when using 45-deg pcea instead of 0-deg pcea. 


PowER REQUIREMENTS 


It is difficult at the lower speeds to obtain reliable power data 
on a recording wattmeter when using a cutter with but one 
tooth. The values obtained are believed to offer interesting 
trends, however. The gross horsepower developed by the motor 
with the machine under cut, hp,, and the net horsepower at the 


cutter, hp,, are plotted versus the cutting speed for the 45-deg- 
and the 0-deg-pcea tools, respectively, in Figs. 9 and 10. 

The net horsepower at the cutter, hp,, was decreased slightly 
by increasing the normal relief angle up to 12.8 deg. When the 
relief was increased beyond 12.8 deg, the power was increased due 
to chipping of the cutting edges. As the cutting speed was in- 
creased, hp, increased almost in direct proportion for both the 0- 
deg- and the 45-deg-pcea tools. The slopes of the curves for the 
tools with 0-deg pcea were not quite as steep as for those with 45- 
deg peea. At cutting speeds of 200, 400, and 800 fpm, hp, was 
0.22, 0.38, and 0.68, respectively, for the 12-deg normal relief on 
the 0-deg pcea, and 0.15, 0.30, and 0.60, respectively, for the 18 
deg peripheral (12.8-deg normal) relief on the 45-deg pcea; thus 
the tools having 0-deg pcea required 46 per cent, 27 per cent, and 
13 per cent higher kp,, respectively, than those with 45-deg pcea. 

Values of hp, were practically the same for the 0-deg- and the 
45-deg-pcea cutters, although there was a difference at all speeds 
due to the value of the relief angle. 

The unit horsepower versus the cutting speed is given in Figs. 
ll and 12. These values indicate that tools with the 0-deg pce 
required about 20 to 25 per cent higher unit hp, than the 45-deg- 
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Normal Peripheral 
and Face 
Relief A 12.73° 16.97° 


B4ANIN 


Fic. 13 Nature or Toot Wear or Toots Having 45-Dea ANGLES WHEN GrRovUND 
Wits Various RELIEF ANGLES 
(A 40,000-psi, 190-Bhn ‘‘Meehanite” cast-iron bar, having a face 4%/s in. wide, was face-milled at 287 fpm with a cutter 9.06 in. diam, having a tooth 


tipped with K2S sintered carbide. The tooth angles were +7, +4, A, B, 2,45 deg A = 0.707B in order to keep the normal relief angles equal. The 
depth of cut was 0.100 in., the feed was 0.010 in. per tooth.) 


| SRELIEF 6RELIEF 12°RELIEF ISRELIEF 1@RELIEF 


2 MIN. 118 MIN. 206 MIN. 
TOOL 


. 


Fie. 14 Nature or Toot Wear ror Toots Havine 0-Dec ANGLES BUT Grounp Wits Vartous Revit 
ANGLES 
(The cutting conditions are otherwise similar to those described in Fig. 13.) 
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pcea tools. The 18-deg peripheral (12.8-deg normal) relief angle 
for the 45-deg-pcea tool required approximately 0.39 unit hp, 
while a normal relief of 12 deg on the 0-deg-pcea tool required 
approximately 0.48 unit hp,. As a group, the lines representing 
unit hp, for the 45-deg-pcea cutters were from 20 to 25 per cent 
lower than those for the 0-deg-pcea cutters. 


Toot WEAR 


The nature of failure of both sets of tools is shown in Figs. 13 
and 14. Abrasion below the peripheral cutting edge and on the 
face flank was more pronounced for the 45-deg peripheral-cutting- 
edge angle (pcea) tools. The O-deg-pcea tools chipped and 
crumbled to a greater extent on the sharp corner. Otherwise, 
the tool-wear characteristics were similar and both sets of tools 
wore by flank abrasion and cratering. Flank abrasion of 0.030 
in. was the indication of tool failure, i.e., the condition requiring 
regrinding. 

CoNCLUSIONS 

Varying the relief angle on 0-deg and 45-deg peripheral-cutting- 
edge-angle (pcea) single-tooth carbide-tipped 9-in-diam face- 
milling cutter when milling 4°/s-in-wide 40,000-psi ‘“Meehanite”’ 
cast iron with a depth of cut of 0.100 in. and a feed of 0.010 
inch per tooth gave the following results: 


1 A normal relief angle of 12 to 15 deg gave the longest tool 
life and the least power for both the 0-deg- and the 45-deg-pcea 
tools. 


2 When normal relief angles greater than 12 to 15 deg were 
used, chipping of the cutting edges occurred, particularly when 
cutting at high speeds. 

3 High relief angles, as compared to small relief angles, gave 
much better performance at low speeds than at high cutting 
speeds. 

4 When cutting at 300 fpm with 45-deg pcea, the face-milling 
cutters with normal relief angles of 4.2, 6.4, 8.5, 12.8, and 17 deg 
had tool lives, 7'y, of 55, 83, 190, 500, and 335 min, respectively. 
Thus by increasing the normal relief from 4.2 to 12.8 deg the tool 
life was increased 9.1 times. 

5 When cutting at 300 fpm with 0-deg-pcea face-milling cut- 
ters, having peripheral (also normal) relief angles of 3, 6, 9, 12, 
15, and 18 deg, the tool lives, 7’'y, were 9, 48, 102, 200, 183, and 
147 min, respectively. Thus by increasing the relief angle from 
3 to 12 deg the tool life was increased 22 times. 

6 The horsepower and the unit horsepower at the cutter were 
decreased slightly by increasing the relief angles. When chipping 
occurred with the cutters having relief angles greater than 15 deg, 
the power required was increased. 
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Discussion 


F. W. Lucut.* The authors have done an outstanding job in 
the analysis on the effect of relief angles as applied to their par- 
ticular set of conditions. We would, however, like to reconsider 
their conclusions in view of applying them where a different 
grade of carbide is being used. 

There was a period of time during the early stages of sintered- 
carbide practice when little was known about carbides and how 
they actually fitted into the metal-cutting process. Everyone 
realized the fact that carbides were much harder and more brittle 
than other cutting-tool materials in use at that time. This 
naturally led to the assumption that carbides must have the 
maximum support behind the cutting edges. This is why the 
relief angles were held to a minimum so that they would 
just clear the work and prevent a rapid breakdown of cutting 
tools. 

Experience since then has proved that when these reduced 
relief angles have been increased by varying amounts, much 
longer tool life would be obtained from the same cutting tool. It 
has also been found that the amount by which these relief angles 
could be increased actually varied with the characteristics of the 
sintered carbide in use on a given job. 

The authors used a comparatively soft sintered carbide when 
they made all their test runs. This may account for the fact that 
the chipping of the cutting edges did not occur until normal 
relief angles greater than 12 to 15 deg were reached. The indi- 
cations are that their results will apply only to this one particular 
carbide or other carbides in this same general grouping. There 
are other carbides which have slightly greater wear-resistance 
qualities and for that reason would run longer before a wear 
land 0.030 in. wide would develop. There are indications that 
the cutting edges on these more wear-resistant carbides might 
also start to chip at normal relief angles less than at 12 to 15 deg 
due to lack of support behind the cutting edge. 

This thought is added to place carbide users on guard; other- 
wise they might try to apply the authors’ findings to more wear- 
resistant carbides and obtain negative results. 


AutTHors’ CLOSURE 


The authors appreciate Mr. Lucht’s discussion relative to the 
application of relief angles to suit harder or softer types of sintered 
carbides. It should be mentioned also that, in addition to this 
optimum value of relief angle for carbides of other hardnesses, the 
influence of the material cut should be considered for general shop 
practice. Unfortunately, this paper reported tests limited to one 
set of conditions of carbide and material, and there seems to be no 
data in the literature to specify values for many other conditions. 
The experiments conducted on the high-speed milling of steel at 
the California Institute of Technology under the direction of 
Mr. Raymond Catland indicate that the best values of relief for 
double negative rake cutters are between 5 and 9 deg when 
machining several steels with different types of sintered carbide. 


3’ Development Engineer, Carboloy Company, Inc., Detroit, Mich. 
Mem. A.S.M.E. 
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Test bars were prepared to study the effect of the follow- 
ing structures in the milling of cast iron: Graph- 
ite-pearlite of various gradations of coarseness; graphite- 
pearlite plus about 5 per cent of free-carbide segregation; 
graphite-ferrite. Quantitative results of the relative 
machinability of these structures are presented in terms 
of (1) tool life, (2) power requirements, (3) surface finish. 
Tool life was found to increase as much as 2:1 as the graph- 
ite-pearlite structure was varied from fine to coarse. For 
the same graphite-pearlite size, the presence of free car- 
bides had no effect on tool life at a cutting speed of 200 
fpm but seriously reduced tool life between 250 and 1000 
fpm. The increase in tool life for the graphite-ferrite 
structure as compared to all other structures was out- 
standing, e.g., at 1150 fpm the increase was of the order 
of 8:1, compared to the pearlite structure, while at 300 
fpm the increase was of the order of 50:1. All of the 
graphite-pearlite structures required the same amount of 
power to mill at a constant rate of metal removal for the 
same feed per tooth. The graphite-ferrite required ap- 
proximately '/; to ?/; the power per cubic inch for the same 
feed per tooth compared to graphite-pearlite structures. 
The sharpness of the cutter played an important role in 
power requirements. A “‘dull’’ cutter required as high as 
5 times the power as that for a sharp cutter at 0.002 
in. feed per tooth, and 1.3 times as much power at 0.020 in. 
feed per tooth. Surface finish improved as the cutting 
speed increased and as the graphite distribution became 
finer. 


INTRODUCTION 


N previous investigations?‘ forming a part of the carbide- 

milling project at the University of Cincinnati, it was ob- 

served that cast irons having similar physical properties often 
differed in their machining characteristics. For example, it was 
noticed in certain cases that appreciable differences in tool life 
occurred with cast irons having only slight differences in Brinell 
hardness. Therefore Brinell hardness, as such, was found to be 
an unreliable index of relative machinability, although, as a gen- 
eral trend, tool life was observed to increasé as the hardness de- 
creased. It seemed logical, then, to continue the research on the 
fundamental factors controlling the milling of cast irons by in- 
vestigating a possible direct correlation of machinability with 
their microstructures. 


_' Cincinnati Milling Machine Company; Research Fellow, Univer- 
sity of Cincinnati. Jun. A.S.M.E. 

? Assistant Professor of Metallurgical Engineering, University of 
Cincinnati. 

* “Milling Cast Iron With Carbides,”” by Michael Field and W. E. 
Bullock, Mechanical Engineering, vol. 67, 1945, pp. 647-658. 

‘Speed and Feed Selection in Carbide Milling With Respect to 
Production, Cost, and Accuracy,” by Hans Ernst and Michael Field, 
Trans. A.8.M.E., vol. 68, 1946, pp. 207-215. 

Contributed by the Research Committee on Metal Cutting Data 
and Bibliography and presented at the Semi-Annual Meeting, Detroit, 

ich., June 17-20, 1946, of Taz American Society oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 
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30-deg corner angle, +4-deg resultant rake; (+3, +3, 30, +4). Cut di- 
mensions: */:¢ in. depth, 6 in. width, 0.015 in. feed per tooth]. 
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Fig. 2. CutrtinG Speep Versus Tota, Vo_tume Metat RemMoveD 
BETWEEN GRINDS FOR 0.030-In. Wear Lanp 


(Cutter: Single tooth; 6 in. radius; (+3, +3, 30, +4). Cut dimensions: 
3/1¢ in. depth, 6 in. width, 0.015 in. feed per tooth.]} 


Two experiences in the milling project accelerated interest in 
this investigation. At one phase of this work it was observed 
that two different groups of alloy cast-iron test blocks with 
virtually identical chemical analyses and physical properties 
gave widely different values of tool life. An examination of the 
microstructure of the two groups revealed that the set of blocks 
which had inferior machining characteristics (designated as C- 
304B in Fig. 1), contained free-carbide segregations, while that 
of the superior group, designated as C-304A, contained only small 
traces of free carbides. It appeared therefore that the presence 
of the large hard free-carbide formations seriously reduced the 
tool life. 

At another phase of the earlier investigation it was observed 
that an alloy cast iron of analysis C-309 (see Table 1) had the 
same tool-life curve as that of the C-304B (see Fig. 2). A check 
on the microstructure revealed a marked similarity in spite of 
the fact that the two materials were of different chemical com- 
positions and had been cast in different section sizes. 

These indications of a dependence of tool life upon micro- 
structure therefore spurred the separate investigation of the ef- 
fect of microstructure on the machinability of cast iron, the speci- 


of 
The 
| 
| 
ae 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1947 


TABLE 1 CHEMICAL ANALYSIS AND PHYSICAL PROPERTIES OF CAST IRONS USED IN 
MILLING TESTS 


Total 


Analysis earbon, Si 


3. 
2. 


@ Average values from 1.2 in. arbitration bar. 


b’ Average Brinell hardness values from machinability test blocks. 


fic object of which was to determine quantitative relationships 
between microstructure and machinability, thereby obtaining a 
reliable index for the relative machinability of cast iron. 


PREPARATION OF TEST BLocKs 


The metallurgical phase of this investigation involved the 
production of a number of sets of machinability test blocks of 
cast irons having different microstructures. The blocks in each 
set were required to have the same microstructure, and the 
microstructure throughout each block had to be as uniform as 
possible. To meet these requirements the inherent metallurgical 
characteristics of cast iron were used as guides to the production 
of the test blocks. 

Cast irons are characterized by their relatively great sensitivity 
to changes in microstructure with slight changes in chemical 
composition, melting practice, and rate of cooling. In general, 
the basic structure of a gray cast iron may be considered as one 
having a pearlite matrix in which graphite flakes are embedded. 
In addition to these two major microconstituents, the following 
ones may also be present: Ferrite, carbides, steadite (iron-phos- 
phide eutectic), martensite, manganese sulphide, and various 
inclusions. In the ‘‘as-cast” state, conditions may be varied in 
some cases so as to allow the presence and distribution of these 
microconstituents to be regulated as desired. For example, in- 
creasing the phosphorus content of the iron will increase the 
amount of steadite present. On the other hand, the remaining 
microconstituents are so related to the same casting variables that 
they may be separately varied only over narrow limits. Particular 
reference is made to the simultaneous appearance of fine graphite 
with fine pearlite, and coarse graphite with coarse pearlite. 

The microstructures produced in a cast iron of a given analysis 
depend upon the rate of cooling of the material through two 
temperature ranges. The rate of cooling from the melt down to 
about 1600 F controls the graphite-carbide relationships, and the 
rate of cooling from 1600 F down to room temperature controls 
the matrix structure. Since the machinability tests covered 
in the present investigation were confined to the gray cast irons, 
it was not necessary to consider the formation of white cast iron 
resulting from the casting of iron low in carbon and silicon. 

Very slow cooling of a cast iron of normal composition will 
produce a structure of graphite and ferrite. Under these condi- 
tions the graphite forms partially on solidification, then by 
precipitation from austenite on cooling from the freezing tem- 
perature down to the lower critical temperature, and the balance 
by decomposition of austenite into graphite and ferrite on cooling 
through the critical-temperature range. As the rate of cooling 
is increased, the separation of graphite is first prevented at the 

utectoid, producing a structure of graphite and pearlite. With 
still greater rates of cooling, the separation of graphite from aus- 
tenite (on cooling from the melting temperature to the lower 
critical temperature) will be suppressed, resulting in a structure of 
graphite, carbide, and pearlite. 

In general, an appfeciable increase in cooling rate is required to 


gofrom the condition of graphite-pearlite to graphite-pearlite-free 
carbide. As rates of cooling are increased within a range extend- 
ing from a rate which just prevents ferrite formation, to a rate 
which just allows carbide formation, the pearlite-graphite dis- 
tribution becomes finer. Increasing the carbon and silicon con- 
tents have the same effect as reducing the cooling rate. By 
decreasing the carbon and silicon content, and by adding carbide- 
forming alloying elements, the microstructure will be changed in 
the same manner as if the cooling rate had been increased. Since 
the fineness of the pearlite depends mostly upon the rate of 
cooling as such, the addition of carbide-forming alloying ele- 
ments allows the production of cast irons with structures of 
varying graphite-pearlite distributions together with varying 
amounts of free carbides. 

The size of the graphite flakes and their distribution may be 
controlled further by adding inoculating agents to the melt just 
before casting. These additions produce a finer graphite distri- 
bution and hence a higher-strength cast iron. Furthermore, the 
melt so treated is less affected by differences in cooling rates as 
exist between the outside and center of a given section and so 
will produce a casting of more uniform structure throughout. All 
of the cast-iron test blocks used in this investigation were cast by 
the Meehanite process in which inoculations of calcium silicide are 
used. These blocks were cast in the foundry of the Cincinnati 
Milling Machine Company. 

The initial milling tests were carried out on 6'/2 X 20'/2 
in. castings of analysis A and C-309 which had been poured into 
green-sand molds. The chemical analysis and physical proper- 
ties of these materials are given in Table 1. With the exception 
of the hardnesses, the physica] properties refer to those shown by 
the arbitration bar and represent comparative properties of the 
various materials tested rather than the properties of the actual 
test blocks. The hardness values given refer to averages taken 
from the actual test blocks. The graphite distributions of these 
two materials are shown in Fig. 3, and the microstructures in Fig. 
4. Both materials had average graphite-flake sizes correspond- 
ing to AFA No. 4. 

The microstructure of the analysis A cast iron was essentially 
graphite and normal pearlite with very little phosphide eutectic 
or free carbide present. The analysis C-309 material had about 
the same matrix structure as the analysis A but in addition an 
appreciable amount of free carbide was distributed throughout 
the structure. 

Subsequently, in an attempt to produce a harder cast iron with 
a correspondingly finer structure, analysis C-304 was cast into 
skin-dried molds to produce test blocks 3'/2 61/2 X 20!/: in. 
The analysis of this material is given in Table 1. In two separate 
pourings of the C-304 great differences in tool life were found, 
Fig. 1. These two pourings were made from two separate heats, 
both within specifications; however, slightly different foundry 
conditions resulted in materials with different machining charac- 
teristics. The microstructures of the test blocks produced by 
each heat are shown in Fig. 4. 


Mn Mo Ni Cr Cu Bhnd 
C-304A......... 8.15 2.62 0.083 0.00 4.90. 45000 225 
1.02 0.05 ... 0.65 2.77 40000 235 
iy 
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Fic. PHoOTOMICROGRAPHS OF GRAPHITE DISTRIBUTION 
(a, Analysis C-304A, 225 Bhn. 6, Analysis C-304B, 240 Bhn. c, Analysis C-309, 235 Bhn. d, Analysis A, 190 Bhn. Unetched; X50. 


Fig. 4 PHoTOMICROGRAPHS OF MICROSTRUCTURE 
(a, Analysis C-304A, 225 Bhn. 6, Analysis C-304B, 240 Bhn. c, Analysis C-309, 235 Bhn. d,. Analysis A, 190 Bhn. Nitaletch; 375.) 


Fic. 5 SxKin-Driep AssEMBLY 


As shown in Fig. 3, the graphite distribution was about the 
Same in both sets of blocks. A relatively small amount of free 
carbide was found in blocks produced by one heat, as shown 
in Fig. 4. This material will be referred to as analysis C-304A 
to differentiate it from the material of the second heat, which 


Fie. 6 Core-Sanp-Mo INsEerRT 


showed a greater amount of free carbide, Fig. 4. This latter 
material will be referred to as analysis C-304B. 

The results obtained on the analysis C-304 blocks emphasized 
the need for close control in the preparation of test blocks if 
definite structures were to be produced. Therefore subsequent 
test blocks were cast into a different type of mold which consisted 
of baked core sand inserts in a skin-dried mold. The final mold 
assembly is shown in Fig. 5, and the core-sand insert in Fig. 6. 
The metal was poured through a baked strainer core (shown at 
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Fic. 7 TRANSFERRING METAL FRoM M1rx1NG RESERVOIR TO LADLE 


center right in Fig. 5), and then gated to five or six mold cavities 
from a common runner. 

In order to obtain sufficient castings for a complete machina- 
bility test, it was necessary to pour two ladles of metal. Close 
control of chemical composition from ladle to ladle was obtained 
by drawing the metal from a continuously fed mixing reservoir, 
as shown in Fig. 7. Since the amount of metal withdrawn from 
the mixing reservoirs into successive ladles was small relative to 
the amount of metal added from the cupolas, a satisfactory de- 
gree of uniformity of chemical composition was obtained. The 
castings were then cleaned and machined to a depth of '/s in. on 
all surfaces to produce the final test blocks. 

The large section sizes used for the blocks of analyses A, C-309, 
and C-304 would not permit the range of cooling rates desired. 
The limitations, imposed by the use of large test blocks necessary 
for the milling tests, forced consideration of the use of smaller 
sections which would allow the production of blocks of more 
uniform structure from surface to center due to a more uni- 
form casting rate, and would allow a greater range of structures 
to be produced. These thinner sections were stacked together 
to form a laminated test block of the desired section. 

In order to establish the range of structures which could be 
expected due to changes in the rate of cooling, these blocks were 
cast 20'/, in. long, 4'/2 in. wide, and in the following thicknesses: 
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3'/,in., 2'/, in., 1'/,in., Lin. and */, in. Of these, the 3'/, 
1'/, in. and */, in. sections were found to give a representative 
range of structures, and sets of bars were subsequently cast in 
these sections to produce bars for the cutting tests. The uni- 
formity of any set of test blocks was checked by taking Brinell 
hardness readings across each block and by microexamination of a 
sample from the same position of each block for graphite distri- 
bution and microstructure. In addition, the uniformity of graph- 
ite distribution throughout a given block was checked by tak- 
ing samples at four points on the block. This was done on several 
blocks chosen arbitrarily from each set. Approximately 650 
specimens were prepared for microexamination in this investiga- 
tion. Any gross deviations of either hardness or microstructure 
were thus detected, and the bars in which they were found were 
rejected. 

Castings of analysis C, Table 1, were made in these three 
sections thus producing three sets of bars, each set being of uni- 
form structure but producing different graphite-pearlite distri- 
butions in each of three sets. 

Fig. 8 shows the graphite distributions produced in the 3'/,-in., 
1'/,-in., and */,-in. sections of this material which correspond to 
AFA graphite size numbers 4, 5, and 6, respectively. These 
structures not only represent the average graphite distributions 
found in the respective test blocks but are representative of the 
graphite size and distribution found throughout most of a given 
section. Deviation in graphite distribution occurred along the 
edges and on the corners of the blocks, but these were small com- 
pared to the differences found from one section size to another. 

Representative etched microstructures for these three sections 
are shown in Fig. 9. There is a definite gradation of pearlite 
lamellar spacing in going from the thick to thin section. Most 
of the pearlite in the */,-in. secticn was too fine to be resolved at 
375 magnification. 

A duplicate set of 3'/,-in. blocks of analysis C were annealed 
to break down the pearlite completely into ferrite and graphite. 
The annealing cycle consisted of heating to 1600 F, holding at 
this temperature for 8 hr, followed by a furnace cool. The in- 
creased amount of graphite produced in this manner may be seen 
by comparing the annealed set with the as-cast set in Fig. 8. 
The etched structure is shown in Fig. 9 for comparison with the 
etched microstructures of the other materials used in this investi- 
gation. 


EquipMENT Usep aANp Meruop or ConpbuctTING TESTS 
The cutting tests were run on a Cincinnati 5-60 hydromatic 
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Fic. 8 PHOTOMICROGRAPHS OF GRAPHITE DISTRIBUTION 


a, Analysis C-3/4, 218 Bhn. 6, Analysis C-11/s, 215 Bhn. 


c, Analysis C-31/s, 195 Bhn. d, Analysis C-3'/, annealed, 121 Bhn. 
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(d) 


Fig. 9 PHOTOMICROGRAPHS OF MicROSTRUCTURE 
(a, Analysis C-3/4, 218 Bhn. 6, Analysis C-1'!/4, 215 Bhn.  c, Analysis C-3'/;,195 Bhn. 4, Analysis C-3!/, annealed, 121 Bhn. Nital etch; 375.) 


Fic. 10 Macuine, Cutrers, anp Fixture Usep ror 
MACHINABILITY TESTS 


milling machine. A 6-in-radius single-tooth cutter held in a 500- 
lb flywheel was used for the tool-life and surface-finish tests, Fig. 
10. The tooth had a +3-deg axial and radial rake, a 30-deg corner 
angle, and a +4-deg resultant rake. In all tests a cut was taken 
*/e in. deep, 6 in. wide, and 20 in. long with the cutter positioned 
centrally, relative to the work. The feed per tooth was held 
constant at 0.015 in. Carboloy 44A was employed as the car- 
bide and was induction-brazed to the shank, using a silver-solder 
brazing alloy. The carbide was ground with a diamond grinding 
wheel. 

All defects plus 0.010 in. were ground off the tool face as 
Well as all the clearance lands in resharpening. A 7-deg clearance 
angle was ground behind all the cutting edges. All milling was 
done dry. 

Firture for Test Blocks. The C-309 A and C-304 test blocks 
were individually bolted to a massive fixture for their respective 
milling tests. The C-3/,, C-1"/,, and C-3'/, test bars, which had 
to be built up into a composite test block, were stacked into a 
special fixture to form the test block 4'/, in. wide, 20 in. long, and 
6 in. high. Thus twelve '/,-in. slabs, six 1-in. slabs, or two 3-in. 
slabs were stacked to form the 6-in. high block. Fig. 11 shows the 
six 1-in, blocks in position. The slabs were securely clamped by a 
series of screws along the front of the fixture and by a long 
clamp at the rear of the fixture. The resultant test block was 
positioned to overhang the fixture by only '/, in. so that when 
the */,,-in. depth of cut was taken, the cutter cleared the front 


Fic. 11) Frxture ror Test Blocks 


of the fixture by '/isin. Means were provided to relocate the test 
block to the same position after each pass. 

Tool-Life Measurement. The width of the wear land on the 
clearance of the carbides was measured with a calibrated eye- 
piece microscope after each pass. When the width of the uniform 
wear became 0.030 in., the tool-life test was stopped. In general, 
a uniform wear over the whole carbide clearance land was ob- 
tained at cutting speeds of 290 fpm and higher. However, at 210 
fpm, localized breakdowns occurred at one or more positions along 
the clearance land. These localized breakdowns developed into 
grooves which eventually exceeded the length of the uniform wear. 
These grooves were permitted to develop to 0.040—0.050 in., 
depending upon the width of the grooves, provided the uniform 
wear remained under 0.030 in. 


MACHINABILITY RESULTS 


There are three important elements of machinability, namely, 
tool life, power requirements, and surface finish. Knowledge of 
these three elements is necessary to appraise completely any 
milling operation and to calculate the most economical combina- 
tion of feed and speed. 

Tool Life. The effect of the graphite-pearlite size on tool life 
of the ‘‘C”’ analyses is shown in Fig. 12 where cutting speed is 
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Fie. 12 Currine Versus Tota, VoLUME REMOVED 
BETWEEN GRINDS FOR 0.030-IN. WEAR LAND 


(Cutter: Single tooth, 6 in. radius; (+3, +3, 30, +4). Cut dimensions: 
he in. depth, 6 in. width, 0.015 in. feed per tooth. ] 


plotted against volume of metal removed to produce a 0.030 in. 
dulling of the tooth. This log-log chart shows that the tool life 
increased as the graphite-pearlite size became larger. At 290fpm, 
the life for C-3!/, was twice as much as for C-3/,. At 1150 
fpm, the life for C-3!/, was 1.5 times that of the C-*/,. The curves 
are straight lines on log-log co-ordinate paper from 1150 down to 
290 fpm. Within this speed interval the wear on the carbide was 
uniform over the whole edge. However, at 210 fpm, the tool 
failed by a localized breakdown; the effect of this is indicated by 
the turning back of the curve. This same break in the speed-life 
curve has been reported in previous papers.*+4 

The curve on the extreme right is that of C-3!/,annealed. The 
enormous increase in tool life produced by the transformation of 
pearlite to ferrite is obvious. For example, at 1150 fpm, the life 
for the C-3!/, annealed was 7.5 times as much as the C-3'/, and 
11.5 times as much as the C-*/,. The tool-life curve for the 
annealed material is only drawn down to 500 fpm because at 
lower speeds the tool life was so great that sufficient test blocks 
were not on hand to obtain a 0.030-in. wear. A test was made at 
290 fpm, and all the available test blocks were cut up to produce 
a mere 0.005 in. of wear on the carbide tooth. 

A truer representation of the relative tool life of the four cast 
irons under discussion is brought out by replotting the cutting 
speed versus volume of metal removed, on rectangular co-ordinate 
paper, Fig. 13. It is evident here that the change in tool life 
is small for large speed differences at high cutting speeds, whereas 
it is very much greater for the same speed difference at low cut- 
ting speeds. The actual tool life at high speeds for all the graph- 
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Fig. 14 Curtrine Speep Versus ActTuaL CuttinGa TIME For 0.030- 
In. Wear LAND 


(Cutter: Single tooth, 6 in. radius; (+3, +3, 30, +4). Cut dimensions: 
3/ie in. depth, 6 in. width, 0.015 in. feed per tooth. } 


ite-pearlite structures was very small so that the percentage 
difference in tool life between them is of slight significance. 
However, at low speeds, e.g., 300 fpm, the tool life is of 
practical significance, so that a 2-to-1 difference in life is very 
important. 

The actual increase in tool life produced by annealing to a 
graphite-ferrite structure is also emphasized in its true propor- 
tions by Fig. 13. It is interesting to note that the tool life for 
this structure at 1150 fpm was the same as the C-3!/, analysis at 
a speed of 360 fpm. 

Tool life is plotted against the actual cutting time in minutes 
for the same four materials in Fig. 14. Within the cutting- 
speed range of 1150 down to 290 fpm, the curves are represented 
by the following equations: 


Analysis Equation 


= 980 
= 1060 
= 1160 


C-31/, 70483 = 3000 


As mentioned in a previous paper,’ 0.030 in. wear was taken 
as a limit for tool life, and the choice of this magnitude permitted 
comparison of results with those of other investigators. How- 
ever, in actual shop applications it frequently happens that 
carbide milling cutters must be removed from service before a 
wear land of 0.030 in. has been reached. On some jobs, for ex- 
ample, where the thermal distortion caused by an excessive wear 
land would produce dimensional inaccuracy, the wear land cannot 
exceed 0.015 in. It is therefore desirable to know relative tool 
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(Material: Analysis C-3!/4. Cutter: Single tooth, 6 in. radius; (+3, +3, 30, 
+4). Cut dimensions; */i¢in. depth, 6 in. width, 0.015 in. feed per tooth: 
length of one pass = 20 in.} 


life for the various structures at any and all wear lands. This 
was achieved by keeping a record of the progress of tool wear with 
tool life. 

A typical set of tool-wear versus tool-life curves is shown in 
Fig. 15 for the C-3'/, analysis. At high cutting speeds the tool 
wear progressed at practically a constant rate, but at low cut- 
ting speeds the rate of tool wear was not steady, as exemplified 
by the irregularity of the curves. By means of such curves it is 
possible to plot cutting speed versus tool life for any constant wear 
land. 

Thus in Fig. 16 is shown a set of curves for 0.015-in. uniform 
wear land, again for the four previously mentioned structures. 
The relative tool life at 0.015-in. wear is similar to that of the 
0.030-in. wear except that no break in the curves appears at the 
low speed. The break in the curves is absent because these 
curves represent only the uniform wear and not the localized 
breakdown, which usually determines the end point at low speed 
for the 0.030-in. wear test. Localized breakdowns were present in 
some cases, also at the 0.015-in. wear point, but their magnitudes 
were not much more than 0.015 in., and in no case were they 
sufficiently large to justify a withdrawal of the tool from service. 

Cutting speed - tool life curves for 0.005-in. wear land are pre- 
sented in Fig. 17. In these cases localized breakdowns had not 
started so that the wear was uniform over the entire edge. The 
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Sin le tooth, 6 in. radius; "(42 +3, 30, +4). Cut dimensions: 
is in. depth, 6 in. width, 0.015 in. feed per tooth.] 


(Cutter: 


that of the C-3'/, analysis. The tremendous improvement in tool 
life produced by annealing should certainly find applications on 
many machine or structural parts where the lower physical proper- 
ties of the graphite-ferrite structure can satisfactorily be em- 
ployed. 

The effect of free-carbide segregations on tool life is shown 
in Fig. 2 where the cutting speed - tool life curves for 0.030-in. tool 
wear are presented for the C-309 and C-304B materials. While 
these analyses are considerably different, as shown in Table 1, their 
microstructures are much alike and, as previously mentioned, 
their tool-life curves are remarkably similar. As shown by their 
photomicrographs, Fig. 4, both structures contain relatively large 
carbide segregations which may account for the appreciably lower 
tool life in the normal speed range between 250 and 1000 fpm, 
as compared with the C-1'/, analysis. These carbides have a 
Knoop hardness of the order of 1000, while pearlite has a Knoop 
hardness of only 300 to 400. It © also significant that the cut- 
ting speed - tool life characteristics no longer give a straight-line 
relationship on log-log co-ordinate paper. 

The tool life for both the C-309 and the C-304B at 210 fpm 
was about the same as that of the C-1'/, analysis. An examina- 
tion of the microstructure revealed that the lamellar spacing and 
grain size of the pearlite in the C-309, the C-304B, and the C-1'/, 
analyses were all of the same order of magnitude, Figs. 4 and 9. 
The presence of free-carbide segregations embedded in a given 
graphite-pearlite structure does not appreciably alter tool life at 
210 fpm, but seriously reduces tool life in the neighborhood of 250 
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(Cutter: 8 teeth, 9'/ie in. diam, +3-deg axial rake, +3-deg radial rake, 30- 

deg corner angle, +4-deg resultant rake; carbide = 44A. Cut dimensions: 

3/isin. depth, 6in. width; cutting speed = 220fpm; dull cutter had 0.030-in. 
wear land on carbide teeth.) 


to 1000 fpm. Furthermore, it appears that the tool life would be 
the same in the vicinity of 1700 fpm. 

An additional confirmation of the dependence of tool life 
on microstructure can be seen in Fig. 18 where the cutting speed- 
tool life curves of the C-3'/, and the A analysis are shown. These 
materials also had almost identical tool-life curves and quite 
similar microstructures, in spite of their differences in chemical 
composition and section sizes, 

Power Requirements. The power required for milling the vari- 
ous cast irons was determined, using an 8-tooth, 9'/)s-in-diam 
carbide-tipped solid-body face mill, Fig. 10. The tool angles on 
the multitooth cutters were the same as that of the single-tooth 
cutter, i.e., +3 deg axial and radial rake and 30-deg corner angle, 
giving a +4-deg resultant (or “‘true’’) rake. The power at the 
cutter was measured in terms of the kilowatt input to the motor, 
the milling machine having been calibrated by means of a Prony- 
brake test. Cuts were taken 6 in. wide, 0.187 in. deep at a con- 
stant cutting speed of 220 fpm, and at feeds per tooth of 0.002 
to 0.030 in. The results are shown in Fig. 19 where the “effi- 
ciency of metal removal’’ (in cubic inches per minute per horse- 
power at the spindle) is plotted against feed per tooth for both 
sharp and dull cutters. For the sharp-cutter test, the cutter was 
ground immediately before each run. The dull-cutter tests were 
made with a cutter in which the carbide teeth had pre- aa 
viously been worn to 0.030-in. wear land. All the 
sharp-cutter curves were straight lines on the log-log 
co-ordinate paper. The efficiency of metal removal 
for the C-3'/, annealed test bars varied from 2.4.cu 
in. per min per hp at 0.002 in. feed per tooth to 3.0 at 
0.030 in. feed per tooth. The entire group of the 
graphite-pearlite analysis, including the C-309 and 
the C-304B which contained the free carbides, had - 
about the same “efficiency” curves when milled with 
the sharp cutter, the values increasing from 1.2 at 
0.002 in. feed per tooth to 2.1 at 0.030 in. feed per 
tooth. 

The sharpness of the cutter was observed to exert 
a very great effect on the power requirements. At 
0.002 in. feed per tooth, the efficiency for the C-3'/, 
annealed bars dropped from 2.4 to 1.4 owing to the 
dulling of the cutter, while at 0.020 in. feed per 
tooth, the efficiency dropped from 3.0 to 2.3. This 
means that the dull cutter required 1.8 times as 
much power per cu in. per minute at 0.002 in. feed 
per tooth, and 1.3 times as much power at 0.020 in. 
feed per tooth while milling the ferritic structure. 
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{Cutter: Single tooth, 6 in. radius; (+3, +3, 30, +4). Cut dimensions 
3/i¢in. depth, 6 in. width, 0.015 in. feed per tooth. ] 


The drop in efficiency, or the increase in power consumption, 
due to dulling of the cutter, was even greater with the pearlitic 
cast irons. Thus at 0.002 in. feed per tooth, the power 
per cubic inch per minute increased 3 times with the dull 
cutter. 

Two important conclusions can be stated on the subject of 
power requirements: 

(a) Graphite-pearlitic cast irons differ little in power consump- 
tion for a given cutter under given cutting conditions. 

(b) The increase in power consumption due to dulling of the 
cutter may be as much as 3 times at small feeds per tooth, but the 
increase is much less at high feeds per tooth. 

Surface Finish. The surface finish produced on the work was 
measured with a profilometer at the start and end of each run. 
In addition, a Faxfilm replica was made of the surface finish after 
the first run. In general, the surface finish did not change appre- 
ciably as the run progressed. The method of grinding the face- 
cutting edge had an important bearing on the finish obtained, and 
in fact, was found to be as influential as the microstructure. All 
tests were made first with a 2-deg face angle and then with a 0- 
deg face angle, or flat land 0.040 in. long. In general, the surface 
finish was better for the fine graphite-pearlite structures. In 
Fig. 20 is shown the combined effects on profilometer reading of 
cutting speed, face angle, and microstructure. For all materials 
the finish improved as the speed was increased. For the C-3' 
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Fig. 21 Surrace Finish Repropucep From Faxritm REPLicas 
(Cutter: Single tooth, 6 in. radius; (+3, +3, 30, +4). Cut dimensions: */. '” 


depth, 6 in. width, 0.015 in. feed per tooth; X23.] 
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bars milled with a 0-deg-face-angle cutter, the profilometer read- 
ing decreased from 195 microinches at 210 fpm to 90 microinches at 
1150fpm. By using the 0-deg face angle, it was possible to obtain 
almost as good a finish on the C-3'/, bars as on the C-3/, test bars. 

Photomicrographs of the Faxfilm replicas are shown in Fig. 21 
for the C-3/, and the C-3'/, test bars at 210 and 1150fpm. These 
photomicrographs are good reproductions of the actual appear- 
ance of the surface finish on the test bars. The similarity in 
finish on the C-*/, and C-3'/, test blocks for the same cutting 
speed and face angle is readily observed. 


CONCLUSIONS 


The results of this investigation show that microstructure rather 
than chemical analysis or physical properties of a cast iron is the 
major factor governing the tool life in carbide-milling. For each 
microstructure there exists a characteristic cutting speed versus 
tool life curve. These curves must be known in order to predict 
the relative tool life in milling the various cast irons employed 
commercially. The results thus far have shown that for cast 
irons containing graphite and pearlite only, the tool life was 
doubled in going from a fine to a coarse distribution of these 
microconstituents. The complete graphitization of these struc- 
tures by annealing resu!’ «din a material containing ferrite and 
graphite only, which had a tool life as great as 50 times that of 
the graphite-pearlite structure. 

The presence of free carbides in an otherwise normal pearlite- 
graphite cast iron was shown to have relatively no effect on 
tool life at a cutting speed of 210 fpm, but seriously reduced 
the tool life in the range of 250 to 1000 fpm. 

The power required for milling at a given rate was found to 
be the same for all the graphite-pearlite structures, including the 
ones with the free carbides. The power per cubic inch per minute 
reqt ired for all structures decreased as the feed per tooth increased. 
The graphite-ferrite structure required one half to two thirds the 
power per cubic inch for the same feed per tooth. The sharpness 
of the cutter was found to play an exceedingly important role in 
power consumption. At small feeds per tooth, for example, 
0.002 in., dull cutters required 3 times as much power as sharp 
cutters, whereas at high feeds per tooth the increase in power was 
of the order of 1.3. 

The surface finish on the work was better for cast irons having 
the finer graphite distribution. The surface finish improved as 
the cutting speed increased for all structures. In addition, the 
surface finish was found to be improved by grinding a flat land in 
the face-cutting edge of the cutter. 

In order to extend the knowledge of the effect of microstructure 
of cast irons on their machinability, additional work is in progress 
on irons containing varying amounts: of steadite or phosphide 
eutectic, and martensitic segregation. In addition, various 
malleable cast irons are to be investigated. The relative machina- 
bility of these structures have been correlated into those already 
studied and the results are presented elsewhere in this issue. 
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Discussion 


A. O. Scumipr.¢ These careful and well-evaluated tests of 
the milling of cast iron invite a thorough study. They will pro- 
vide an answer to many cases of unexplained production troubles 
in machining castings. The authors have made an especially 
fine presentation in plotting their data, showing not only the 
general tool life - cutting speed charts but bringing out the inter- 
relationship of number of passes, volume of metal removed, and 
other pertinent factors. The graphs can be read with under- 
standing without looking at the text, which in itself is a worth- 
while achievement. 

The metallurgical analysis of the test pieces should be a guide 
to many foundrymen, engineers and foremen, who are engaged 
in the production and subsequent working of cast iron. 

Concerning feed per tooth, the authors’ findings of a high in- 
crease in tool wear with thin chips, accompanied by a subsequent 
increase in power consumption of as much as 300 per cent, agree 
with the observations of the writer. In many cases the small 
feed per tooth used in early experiments with negative rake angles 
in milling at high speeds often led to erroneous conclusions. 

The fact that free-carbide segregations in a graphite-pearlite 
structure do not appreciably alter tool life at 210 fpm cutting 
speed but do have a pronounced influence in reducing tool life 
at cutting speeds above 250 fpm might be attributed to the in- 
creased temperature the tool tip will have at the higher cutting 
speed. 

The writer believes that an investigation of tool tempera- 
tures would shed further light on the interdependent factors of 
machinability. 


AuTuors’ CLOSURE 


The kind remarks of Dr. Schmidt are appreciated. The reduc- 
tion in tool life due to the presence of free-carbide segregations in 
cast iron is undoubtedly caused by the inherent abrasiveness of 
the hard free-carbide constituents within the cast iron. These 
free-carbide segregations have a Knoop hardness ranging from 
1000 to 1300 while the pearlite matrix has a Knoop hardness of 
the order of 400. The prevention of the extremely har€@ carbide 
segregations in cast irons is of course desirable in order to prolong 
tool life. This can generally be done by the proper selection of 
analysis for the section size of the casting. 


¢ Research Engineer, charge Metal Cutting, Kearney & Trecker 
Corporation, Milwaukee, Wis.. Mem. A.S.M.E. 


- 
r 
q 
f 
r 
- 
} ‘ 
f 
‘ 
ifs: 


we Ve 


co 
ARE: 
| 
$12 
| 
: 
ul 
| 
d 
~ 
| 
NE 
& 


Eftect of Microstructure on Machinability 
of Cast Irons—II 


By MICHAEL FIELD! ano E. E. STANSBURY,? CINCINNATI, OHIO 


The general investigation of the effect of microstructure 
on the machinability of cast iron reported in Part I° was 
continued on structures of varying pearlite and graphite 
size but with the addition of about five per cent of free 
steadite, the iron-iron phosphide eutectic. Finally, 
straight malleable iron and one type of pearlitic mallea- 
ble iron were studied. The straight malleable iron had 
a structure consisting of ferrite and nodular graphite 
while the pearlitic malleable structure consisted of re- 
combined carbon, ferrite, and nodular graphite. The 
tool life, power requirements, and surface finish were 
determined for these structures, and comparisons are 
shown with the structures of Part I. By means of these 
data the expected machinability of a cast iron can be 
determined by comparing its microstructure with those 
presented in this and the previous paper.’ 


INTRODUCTION 


summary of cast-iron metallurgy was given. It was pointed 

out that the microstructure and the mechanical properties 
of cast irons could be varied over wide ranges by changes in 
chemical analysis, melting practice, rate of cooling, and by 
heat-treatment. Utilizing these characteristics of cast iron, 
sets of test blocks were prepared each having a different micro- 
structure. The machinability was reported for cast irons of the 
following microstructures: (1) Alloyed cast irons having different 
amounts of free carbides. (2) Cast irons of the same chemical 
analysis, in which the graphite distribution and pearlite fineness 
were controlled by varying the cooling rate through the use of 
castings of different section sizes. (There were no free micro- 
constituents in these cast irons other than graphite and pearlite.) 
(3) Cast iron having a structure of ferrite and graphite in flake 
form. This was produced by annealing a straight cast iron until 
all of the pearlite had proken down into graphite and ferrite. 


[° THE first report of the present investigation, a general 


PREPARATION OF TEsT BLOcKs 


In continuing the general investigation into the machinability 
of cast irons, it was thought desirable to produce structures of 
varying pearlite fineness and graphite size as in item (2), but in 
addition to have a dispersion of steadite, the iron-iron phosphide 
eutectic, throughout each structure. Accordingly, melts having a 
base analysis similar to that of the ““C” cast iron used previously 
were prepared using a higher percentage of Southern pig iron in 
the cupola charge, which increased the amount of phosphorus, 
thus producing the desired amount of steadite. The melts were 


_' Cincinflati Milling Machine Company, Research Fellow, Univer- 
sity of Cincinnati. Jun. A.S.M.E. 

Fy Assistant Professor of Metallurgical Engineering, University of 
Cincinnati. 

* Part I, pp. 665-674. : 

Contributed by the Special Research Committee on Metal Cutting 
and Bibliography and presented at the Annual Meeting, New York, 
N. Y., December 2-6, 1946, of THe AMERICAN Society OF MECHANI- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 


derstood as individual expressions of their authors and not those of 
the Society. 


TABLE 1 CHEMICAL ANALYSIS AND PHYSICAL PROPERTIES 
OF CAST IRONS USED IN MILLING TESTS 


Ultimate 
Per cent— tensile 

Total strength, 
Analysis carbon Si s P Mn psi Bhn 
E-3!/4. . 3.40 1.85 0.185 0.34 0.74 36000 176 
| ee 3.36 1.82 0.20 0.31 0.70 36000 197 
eee 3.38 1.74 0.19 0.35 0.72 36000 197 
M. .2.50 0.90 0.09 0.12 0.37 54000 113 
2.23 0.98 0.100 0.18 0.27 75000 172 


treated with calcium silicide as the inoculating agent by the 
Meehanite process. 

Three sets of test blocks of this material were prepared, each set 
consisting of a sufficient number of bars to allow complete ma- 
chinability tests to be run. The graphite and pearlite distribu- 
tions were varied by casting the bars in the three thicknesses that 
had been previously used, i.e., */, in., 1'/, in., and 3'/, in., each 
bar being 20'/, in. long and 4'/, in. wide. The bars were cast into 
a skin-dried mold with the test-bar cavities lined with a baked- 
core-sand insert. Previous experience had shown that such an 
assembly produced the most uniform castings. The metal was 
poured through a baked strainer core and then grated to five or 
six mold cavities from a common runner. The castings were then 
cleaned and machined to a depth of !/s in. on all surfaces to pro- 
duce the final test blocks. 

The chemical analysis and physical properties of these three 
sets of bars are given in Table 1. With the exception of the hard- 
ness values, the physical properties refer to those shown by the 
arbitration bar and represent comparative properties of the ma- 
terials tested rather than the properties of the actual test blocks. 
The uniformity of any set of test blocks was checked by taking 
Brinell hardness readings across each block. Blocks whose av- 
erage hardness or hardness distribution deviated unduly from the 
average for the lot were rejected. The hardness values given in 
Table 1 refer to these averages on the actual test blocks. 

Sections were cut from each bar for microexamination asa 
check on the uniformity of structure from bar to bar in the same 
lot, and as a means of getting the best.average structure for each 
set of test blocks. Several blocks from each lot were sectioned at 
the corners, along the edge, on the face, and in the centeg, to as- 
certain the degree of uniformity that was being obtained in the 
various section sizes. The graphite-flake sizes and distributions 
for the analysis E iron in the three section sizes is shown in Fig. 1. 
Since the carbon content of the analysis E material was slightly 
higher than that of the analysis C material, the graphite was 
coarser for the same section size, being AFA graphite size num- 
bers 3, 4, and 5 for the 3!/,-in., 1'/,-in., and */,-in. sections, re- 
spectively. Representative etched microstructures for these three 
section sizes are shown in Fig. 2. 

It is to be noted that the interlamellar spacing of the pearlite 
increases as the section size increases. A comparison of these 
structures with those in Fig. 9 of part I indicates that the inter- 
lamellar spacing of the analysis E cast iron is greater for a given 
section-size casting than the analysis C material. Thus the pearl- 
ite-graphite size in the analysis E-*/,-in. bars is comparable to 
the analysis C-1!/, in., the analysis E-1'/, in. to the analysis C- 
31/,-in., while the analysis E-3'/,-in. bars had a coarser structure 
than any other material studied. All of the analysis E bars con- 
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E-3/, E-1!/, 
Fic. 1 PHOTOMICROGRAPHS OF GRAPHITE DISTRIBUTION 
(Unetched; 50.) 


E-3/4 E-1'/4 
Fig. 2. PHOTOMICROGRAPHS OF MICROSTRUCTURE 


(Nital etch; 


tained particles of steadite as a discontinuous network around 
the grain boundaries. Such a distribution is quite common in 
iron of this analysis, since the steadite which is the iron-iron 
phosphide eutectic is the last material to solidify and hence of 
necessity must be at the grain boundaries. Based upon the analy- 
sis of the material and from microstructural examination, it is es- 
timated that 3-5 per cent of steadite was present in these struc- 
tures. 

In part I of this investigation, the results of milling tests on 
annealed C-3'/, analysis were reported. The microstructure of 
this material consisted of ferrite and graphite in flake form. Since 
such a structure may be considered a simulated malleable iron, 
it was thought that additional milling studies on several grades 
of commercial malleable cast iron would be valuable for compari- 
son. Accordingly, a sufficient number of test blocks of standard 
malleable iron were procured to allow complete milling tests to be 
made upon them. These bars were 1'/, in. thick, 20'/, in. long, 
and 4'/, in. wide. The iron was melted in and cast from a con- 
ventional type, pulverized-coal-fired air furnace, and the resulting 
castings were heat-treated by packing in tightly sealed pots in a 
pulverized-coal-fired pot oven using a 7-day anneal cycle. 

The unetched and etched structures of the standard malleable 
iron (designated by ‘‘M”’) are shown in Figs. 3 and 4. These pho- 
tomicrographs show the ferrite grain structure, and the temper 


375.) 


carbon (nodular graphite) particles resulting from the decompo- 
sition of iron earbide during the annealing cycle. The chemical 
analysis and physical properties of this material are given in 
Table 1. Figs. 3 and 4 also show the photomicrographs of 
the etched and unetched structures of the C-3'/, annealed 
material so that comparisons can be made with the malleable- 
iron structure. 

In order to continue the studies on the milling of all types of 
cast iron, test blocks of a heat-treated malleable iron were pro- 
cured. Since the object of this investigation was to correlate the 
microstructure of the various cast irons with their machinability, 
the study of a heat-treated malleable iron introduced a material 
having a different type of graphite distribution and a different 
matrix. The structure of the material was obtained by reheating 
the malleabilized iron above the critical temperature, Yuenching 
and then drawing to the desired structure and physical properties. 
This treatment causes recombination of carbon (mostly at the 
grain boundaries) such that a high-strength tempered structure 
surrounds and partially fills the grains. The material was sup- 
plied in bars 20'/, in. long, 4/2 in. wide, and #/, in. thick; '/s i”. 
was machined from all surfaces in order to produce test blocks 
which could be built up into a composite for the machinability 
tests. The unetched structure of this material is shown in Fig. 3 


(designated ““PM’’), in which it is to be noted that there is less free 
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Fig. 3 PHOTOMICROGRAPHS OF GRAPHITE DISTRIBUTION 
(Unetched; X50.) 


PM M C-31/4ANN 
Fic. 4- PHOTOMICROGRAPHS OF MICROSTRUCTURE 
(Nital etch; X50.) 


Fig. 5, at 375 diam. The chemical analysis and physical proper- 
ties of the pearlitic malleable are given in Table 1. 

Since the cutting process involves the flow of the chip across the 
face of the tool and the abrasion of the clearance land by the cut 
surface, it was thought that the hardness values of the individual 
microconstituents might correlate to some degree with the tool- c 
life results. Accordingly, the hardness of the individual micro- a: =r 
constituents were measured with a Tukon microhardness tester. We 
Several hundred readings were taken on the samples and aver- “ae 
aged to give the following Knoop hardness values for the indi- on 
cated microconstituents: 


Fic.5 Psoromicrocrars or Microstructure of PM Recombined carbon areas of pearlitic malleable... 425 


(Nital etch; 375.) 
These values represent the hardness of these constituents at 


graphite than in any other of the cast irons considered in this in- | 700m temperature. Their relative hardness may change considera- 
vestigation. The etched structure at the same magnification is bly at the elevated temperatures present in the cutting process. 
shown in Fig. 4. The dark areas other than the nodular graphite 
are recombined carbon and the white areas ferrite. The struc- 
tural details of the etched material may be more clearly seen in The cutting tests were conducted under the same conditions 
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these three elements is necessary to appraise any milling operation 
and to calculate the most economical combination of feed and 
speed. 

Tool Life. The tool-life values observed when milling the vari- 
ous irons are plotted in Fig. 7.. In this rectangular co-ordinate 
chart it is seen that at a cutting speed of 1150 fpm all of the ma- 
terials had a low tool life. The change of tool life with cutting 
speed is small at the high speeds, but the curves flatten out at the 
low speeds. The same data are shown on logarithmic paper in 
Fig. 8 where cutting speed is plotted against total volume of 
metal removed by one tooth before ultimate dulling. The wear 
on the clearance land of the tool was uniform for the E-3/,, B- 
1!/,, and E-3!/, materials over the speed range of 1150 down to 
290 fpm. However, at 210 fpm localized failures occurred at one 
or more points along the carbide cutting edge which resulted in 
the turning back of the curves at the low speed. 

The tool life of the high-phosphorus “E” materials varied 
with the coarseness of the pearlite-graphite distribution, the 
coarsest (E-3!/,) having the highest tool life, and the finest (E- 
3/,) producing the lowest tool life. 
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CUTTING SPEEO-FEET PER MINUTE 


| 
° 100 200 300 400 $00 600 700 800 
TOTAL VOLUME METAL REMOVED - CUBIC INCHES 
° $920 11840 17760 23680 29600 35520 4/440 47360 
NUMBER CHIPS TO DULL TOOTH 
° 3100 6200 9300 12400 15500 18600 21700 24800 
DISTANCE TRAVELED BY TOOTH- FEET 
° 462 924 2772 3234 3696 


1386 1648 2310 
CUBIC INCHES PER INCH CUTTING EDGE 


Fic. 7 Currine Speep Versus Various Toot-Lire CRITERIA FOR 0.030 In. Tool Wear 
(Cutter: +3-deg axial rake, +3-deg radial rake, 30-deg corner angle, +4-deg resultant rake; */:s-in. depth, 6-in. width; 0.015 in. feed per tooth.) 


as described in detail in the previous paper* and hence will only 
be summarized here. The cutting tests were run on a Cincinnati 
5-60 Hydromatic milling machine. A single-tooth cutter, held in 
a 500-lb flywheel at a 6 in. radius, was used for the tool-life and 
surface-finish tests. The tooth had +3 deg axial and radial 
rakes, a 3-deg corner angle, and a +4-deg resultant rake, Fig. 6. 
In all cases the cut was */i, in. deep, 6 in. wide, and 20 in. long 
with the cutter positioned centrally relative to the work. The 
feed per tooth was 0.015 in. Carboloy 44A was employed as the 
carbide and was induction-brazed to the steel shank. A 7-deg 
clearance angle was ground behind all cutting edges. All milling 
was done dry. 

The test bars were stacked and clamped into a fixture to form a 
test block 4!/, in. wide, 20 in. long, and 6 in. high. 

The width of the wear land on the clearance of the carbide was 
measured with a calibrated-eyepiece microscope after each pass. 
When the width of the uniform wear reached 0.030 in. the tool- 
life tests were stopped. However, if localized breakdown occurred 
on the clearance land, the tests were stopped when these grooves 
reached 0.040-0.050 in. in length, even though the uniform wear 
remained less than 0.030 in. 


MACHINABILITY RESULTS 


There are three important elements of machinability, namely, 
tool life, power requirements, and surface finish. Knowledge of 


CUTTING SPEEO-FEE* PER MINUTE 


10 20 30 40 $0 70 100 200 300400500 700 1000 
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Fig.8 Curtina Speep Versus ToTaL VoLuME METAL REMOVED TO 
Dutt Toors, ror 0.030-In. Too. WEAR 


The pearlitic malleable (curve PM) also exhibited the break in 
the tool-life curve at the low speed. Hence a speed of 300 fpm 
appears to be the optimum for this material. The malleable iron 
(curve M) had such a long tool life that sufficient material was not 
available to obtain 0.030 in. tool wear at cutting speeds below 510 
fpm. In fact 1575 cu in. were removed at 290 fpm to produce 4 
tool wear of only 0.005 in. 

The cutting-speed versus actual cutting-time curves to produce 
0.030 in. wear on the clearance land are shown in Fig. 9. These 
curves can be represented by the following equations in the cut- 
ting-speed range of 1150 to 300 fpm: 
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Material Equation 
_.... VT0-333 = 790 
| -VT0-314 = 1040 


where V = cutting speed, fpm; and 7’ = actual cutting timé, min. 

A record was kept of the rate of wear on the carbide versus the 
volume of metal removed. By means of this record the tool life 
in terms of volume of metal removed could be evaluated for any 
tool wear. Thus the life curves corresponding to a uniform wear 
of 0.015 in. on the tool are shown in Fig. 10. The relative order of 
tool life for the various materials was the same as ~* 9.030 in. 
wear. Only two points are plotted for the malleable-iron curve. 
At lower speeds the tool life was so great that 0.015 in. tool wear 
could not be reached. At the highest speed of 1150 fpm with this 
same material, the carbide edge broke down locally before the 
0.015-in. uniform wear was obtained. With the pearlitic mallea- 
ble, the tool also exhibited this same tendency to break down 
suddenly before a uniform wear of 0.015 in. could be obtained so 
that no curve is shown for the PM material. 

The tool-life curves for 0.005 in. uniform wear are shown in 
Fig. 11. A uniform wear of 0.005 in. was obtained for all speeds so 
that the curves are complete for all the materials. 

The effect of the presence of steadite on tool life is shown in Fig. 
12. Here the E irons of the present series are compared with the 
C irons discussed in the previous paper.* The E-*/, material had 
the same pearlite-graphite size as the C-1!/,, but the E-*/, had 
approximately 5 per cent steadite in addition. The presence of 
the steadite reduced the tool life somewhat at speeds above 350 
fpm but at lower speeds the tool life was improved by the presence 
of steadite. The same tendency is observed in comparing the E- 
1'/, and the C-3'/, materials. These two irons also had the same 
pearlite-graphite, size. Again, it is observed that the E-1'/, 
Which contained about 5 per cent steadite had a lower tool life 
than the C-31/, at speeds above 300 fpm but had a longer tool 
life at the lower speeds. 
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TABLE 2 RELATIVE TOOL LIFE WITH FREE CARBIDES 


VERSUS STEADITE? 


Ratio of tool life Ratio of tool life 


Cutting speed, of C-1!/4 to C-304B of C-11/4 to E-3/,4 
fpm (free carbides) (steadite) 
1000 1.6 1.25 

700 2.2 1.21 
500 2.4 1.16 
300 3.0 0.80 


@ Taken from Fig. 12. 
Notre: Comparison limited to cutting speeds higher than 300 fpm because 
of erratic results arising from localized breakdown at lower speeds. 


The effect of the hard (880 Knoop) steadite is quite different 
from the effect of the hard (1150 Knoop) free carbide present in 
the C-304 B material. (This material was discussed in detail in 
part I’). The E-*/,, C-1!/,, and C-304B materials all had approxi- 
mately the same pearlite-graphite size, with the E-*/; containing 
about 5 per cent steadite and the C-340B containing about 5 per 
cent free carbide. From Fig. 12 and Table 2 it is seen that the 
presence of free carbide (curve C-304B) reduced the tool life con- 
siderably with respect to a given pearlite-graphite size (curve C- 
1!/,) in the speed range of 750 to 300 fpm. On the other hand, the 
presence of steadite (E-*/,) decreased tool life slightly at 1000 fpm 
but actually increased tool life at 300 fpm. 

The slight decrease in tool life at high speeds and the actual 
improvement in tool life at lower speeds due to the presence of 
steadite may possibly be explained as follows: Steadite is the 
iron -iron phosphide eutectic and hence is the lowest melting con- 
stituent present in the iron. The high temperature at the tool 
point during the milling operation should be sufficient to reduce 
considerably the hardness of the steadite while cutting. This 
reduction in hardness may even be so great as to allow the 
steadite to ‘‘smear” over the tool surfaces to some extent during 
cutting, thus in some cases protecting these surfaces instead of 
abrading them as the hard carbides do. 

In Figs. 13 and 14 tool-life data for the C-?/,, the C-3'/, and the 
C-3'/, annealed irons (reported on in part I*) are plotted for com- 
parison with the other irons tested in this series. Fig. 13 repre- 
sents 0.030-in. tool wear, while Fig. 14 is for 0.005-in. wear. 
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The C-3'/, annealed and the malleable-iron structures consisted 
only of free ferrite and free graphite, the difference between the 
two materials being in the form and amount of the free graphite. 
The graphite in the C-3'/, annealed was in the form of flakes, 
while the graphite in the malleable iron was in the form of nod- 
ules, see Fig. 3. The tool life for the malleable iron was practi- 
cally identical with that for the C-3'/, annealed for all speeds, 
with the exception of the highest speed tested, i.e., 1150 fpm. 
The tool life for the ferritic structures, curves M and C-3!/, an- 
nealed, is seen to be at least 5 times as high as the best of the pear!- 
itic structures at 500 fpm, and 50 times as high at 300 fpm, Fig. 
14. 
The pearlitic malleable which had a structure consisting of fer- 
rite and recombined carbon with free nodular graphite gave a too! 
life (based on 0.030-in. tool wear) similar to that of the fine pearl- 
ite structure of the C-?/,-in. material, Fig. 13. Based on 0.005- 
in uniform wear, the tool life was similar to the E-*/,-in. mate- 
rial, Fig. 14. In all these tool-life comparisons it is important to 
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keep in mind the high physical properties of the malleable irons, 
see Table 1. 

Power Requirements. The E-3/,, E-1'/,, and the E-3'/, ma- 
terials, as well as the pearlitic malleable iron required practically 
the same amount of power to remove metal at a given rate. This 
is shown in Fig. 15 where efficiency of metal removed in cubic 
inches per minute per horsepower at the spindle is plotted against 
feed per tooth for a sharp cutter. The efficiency varied from 1.4 
at 0.002 in. feed per tooth to 2.2 at 0.030 in. feed per tooth. 
This power curve was determined by means of an 8-tooth cutter 
on the calibrated milling machine shown in Fig. 6. The sharpness 
of the cutter must be emphasized since it was found that a dull 
cutter may require as much as 3 times the power used by a sharp 
cutter. The efficiency curve for malleable iron is also shown in 
Fig. 15, the values ranging from 1.8 cu in. per min per hp at 
0.002 in. feed per tooth to 2.4 cu in. per min per hp at 0.030 in. 
feed per tooth. 

In Fig. 16 is shown a comparison of the power requirements for 
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all the structures tested to date (for sharp cutters). The lowest 
curve is for the pearlite-graphite structures and the pearlite- 
graphite plus 5 per cent free-carbide structure. The next higher 
curve is for the pearlitic malleable iron as well as the pearlite- 
graphite plus 5 per cent steadite. The highest efficiency was 
obtained for the C-3'/, annealed iron which had a ferrite-graphite 
structure. The malleable iron which also had a ferrite-graph- 
ite structure had an efficiency lower than the C-3!/, annealed. 
The higher power requirements of the malleable iron over the 
C-3'/, annealed is attributed to the fact that the former material 
contained less free graphite, see F..,. 3. 

Surface Finish. The surface finish for the E-*/,, E-3'/,, pearl- 
itic malleable and malleable irons is shown in Fig. 17, where 
profilometer reading is plotted against cutting speed. These 
data are taken from the single-tooth cutting tests, using a tooth 
having a flat land on the face-cutting edge that was 2 to 3 times 
the feed per tooth. The pearlitic malleable produced a surface 
finish similar to the E-3/, structure, while the malleable iron and 
the E-3!/, surface-finish curves were likewise similar. The surface 
finish versus cutting-speed curves of all the representative struc- 
tures are shown in Fig. 18. In general, it was observed that the 
surface finish was a function of the amount of free graphite pres- 
ent, the greater the amount of free graphite, the poorer the sur- 
face finish, see Figs. 1 and 3. 

Breakout. In milling all the cast irons, the edge of the test 
block was broken away where the tooth left the work. For the 
30-deg-corner-angle cutter feeding at 0.015 in. feed per tooth this 
breakout was of the order of 0.015 in. to 0.030 in., depending 
mainly upon the sharpness of the cutter. However, the malleable 
and the pearlitic malleable irons being more ductile exhibited no 
such breakout on the trailing edge of the test block, but on the 
contrary produced a small burr. 


CoRRELATION OF MACHINABILITY WITH PuysicaL PROPERTIES 


It is not feasible to attempt to correlate machinability with 
tensile strength of cast iron since the tensile strength is only availa- 
ble from arbitration bars, whereas the tensile strength of the 
actual casting is rarely known. 

The hardness, however, is readily determined for most castings 
and hence a possible correlation was investigated between tool 
life and Brinell hardness. It was found that a trend could be ob- 
tained between hardness and tool life if only the uniform wear on 
the tool is considered, i.e., if all test points are omitted for which 
the tool failed by localized breakdown. Thus Fig. 19 shows the 
Brinell hardness plotted against volume of metal removed to pro- 
duce 0.030-in. uniform wear along the carbide clearance land. 
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FIELD, STANSBURY—EFFECT OF MICROSTRUCTURE ON MACHINABILITY OF CAST IRONS—II 


(a) (b) 
Fic. 20 PHOTOMICROGRAPHS SHOWING MICROSTRUCTURE OF ANALY- 
sis E-3!/,4 
(a, Specimen taken from test block; 6, chip from cut at 210 fpm; nital 
etch, X375.) 


The Brinell hardness of each material is indicated. It is seen that 
at 1150 fpm all the materials from 240 to 175 Bhn had practically 
the same tool-life values. At 500 fpm the change in the tool life 
was again small over this same hardness range. However, at 300 
fpm it is observed that there is a general increase of tool life with 
decrease of Brinell hardness, the relation being approximately lin- 
ear in the region of 175 to 240 Bhn and can be represented by the 
following equation 


H + 0.78 V = 250 


where H = Brinell hardness number 
V = Total volume of metal removed to produce 0.030-in. 
uniform wear on a carbide tooth at 300 fpm 


This equation is intended to represent the behavior only of 
pearlite-graphite cast irons having a hardness range of 175 to 240 
Bhn and being machined at a speed of 300 fpm. The hardness 
value used in the foregoing equation must be the average hard- 
ness of many readings taken over the entire surface of the casting 
that is to be milled. 

The fact that a useful correlation between Brinell hardness and 
tool life was found only for a 300-fpm cutting speed confirms the 
conclusion presented in part I* of this investigation that Brinell 
hardness is an inadequate criterion of machinability. 


CoNCLUSIONS OF CORRELATION OF MICROSTRUCTURE WITH Ma- 
CHINABILITY OF Cast IRON 


From the results of the investigations reported here and in part 
I, it is concluded that the microstructure of cast iron is the most 
reliable criterion of the three salient phases of machinability, 
tool life, power requirements, and surface finish. It has been 


shown that (1) the tool life increases as the pearlite-graphite dis- 


tribution becomes coarser; (2) that the presence of approxi- 
mately 5 per cent free carbide in a given pearlite-graphite distri- 
bution decreases tool life considerably; (3) that the presence of 


approximately 5 per cent steadite in a given pearlite-graphite dis- 
tribution decreases tool life slightly at high speeds but increases 
tool life at low speeds; (4) that the ferrite-graphite structure 
improves tool life as much as 50 times over the pearlite-graphite 
structure at low speeds; and (5) that the form of the free graph- 
ite has no appreciable effect on tool life. 


The power required to mill cast iron at a given rate of metal 


removal is found to be practically the same for all the pearlite- 
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graphite structures including the ones which contain 5 per cent 
free carbide or 5 per cent steadite. The ferrite-graphite structure 
requires less power for a given rate of metal removal than the 
pealitic-graphite structures. Furthermore, the power is less for 
the ferrite-graphite structures containing the greater amount of 
free graphite. 

The surface finish is directly associated with the amount of free 
graphite present in the structure, the materials with the least 
amount of free graphite producing the best surface finish. 

Therefore the expected machinability of a cast iron can be de- 
termined semiquantitatively by comparing its structure with 
those presented in this and the previous paper. The tool life, 
power requirements, and surface finish can then be estimated 
from the curves corresponding to the structure involved. 

The structure of the actual workpiece rather than the arbitra- 
tion bar must be obtained. A sample can be cut out of the work- 
piece by means of a hollow mill or hacksaw and examined under 
the microscope. In fact the structure of the workpiece can be re- 
liably judged from a milling chip which has been mounted in lu- 
cite or Bakelite, for it has been found that the structure of the 
body of the chip is not appreciably distorted in the milling of cast 
iron (this is not true for the milling of wrought steels). Fig. 20, 
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for example, shows the marked similarity between the structure 
of the workpiece and that of the chip, the latter having been taken 
from a cut at 210 fpm. 

This paper concludes the formal study of the effect of micro- 
structure on the machinability. It is realized of course that 
other structures exist in cast irons that were not investigated 
here. 

However, an attempt was made to cover all of the common con- 
stituents of cast irons so as to obtain an understanding of their 
effects on machinability. 
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Heat exchangers with two passes in the shell side have a 
longitudinal baffle in the center. Heat flowing through 
this baffle renders the exchanger less efficient than the 
ideal. 

A correction factor F is worked out whereby the ideal 
formula may be used. 


Heat 
F log MTD X heat-transfer coefficient 


Surface = 


The correction is for heat leakage only. The factor does 
not correct for leakage of fluid from one pass to the other. 


NOMENCLATURE 
The following nomenclature is used in this paper. 


total heat-transfer surface of tubes 
A, = surface of one side of longitudinal baffle that divides 
the shell into two passes 
b = surface per unit length on one side of longitudinal 
baffle 
c, = specific heat of shell-side fluid 
c, = specific heat of tube-side fluid 
F = MTD correction factor, or ratio of At,, to Abiog 
= heat-transfer coefficient across longitudinal baffle 
h, hy he 
h, = heat-transfer coefficient of fluid film on baffle 
h, = heat-transfer coefficient of baffle 
In = logarithm to the base e 
L = length of exchanger 
n = tube surface per unit length of one pass of exchanger 
T’ = temperature of shell-fluid in top pass 
T" = temperature of shell-fluid in bottom pass 
T, = shell-inlet temperature 
T; = shell-outlet temperature 
t’ = temperature of tube fluid in bottom pass 
t” = temperature of tube fluid in top pass 
t, = tube-inlet temperature 
= tube-outlet temperature 
U = over-all heat-transfer coefficient for tube surface 
w, = weight rate of flow of shell fluid 
w, = weight rate of flow of tube fluid 
x = distance from inlet end of exchanger to differential 


ll 


area 
yo —T 
2= 7T’+T" 


At; = temperature difference between fluids at inlet of shell 
countercurrent flow = 7 — te 
parallel flow = 7,—t 


‘C.F. Braun & Company, Alhambra, Calif. Mem. A.S.M.E. 
Contributed by the Heat Transfer Division and presented at the 
ual Meeting, New York, N. Y., December 2-6, 1946, of THE 
Aurrican Socrery or MECHANICAL ENGINEERS. 
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Correction for Heat Conduction Through 
Longitudinal Baffle of Heat Exchanger 


By A. M. WHISTLER,' ALHAMBRA, CALIF. 
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At: = temperature difference between fluids at outlet of 
shell 
countercurrent flow = T; t; 
parallel flow = 
Atiog = logarithmic-mean temperature difference 
At,, = mean temperature difference 


Any consistent units may be used, since corresponding units 
are used as ratios in the final formula. For example, surface is 
divided by surface. 


INTRODUCTION 


A considerable number of heat exchangers are made with two 
passes in the shell. Single-pass shells have the advantage of 
fewer parts. But under some conditions single-pass turns out 
to be less attractive to the engineer. Higher heat transfer is 
possible in two-pass shells due to doubling the velocity in the 
shell. Thus the surface required is less. Sometimes the two- 
pass type affords true countercurrent flow or a closer approach to 
such flow. This means a greater mean-temperature difference 
with a saving in surface. And occasionally, even though no sav- 
ing in surface results from two-pass construction, a smaller num- 
ber of large exchangers can be used instead of a greater number 
of small exchangers. The large exchangers cost less per square 
foot of surface. All the nozzles of a two-pass exchanger are at 
one end. Once in a while this is convenient. 

A two-pass shell requires a baffle down the center of the ex- 
changer. Sometimes this baffle is welded to the shell. In such 
a case no fluid leaks from one side of the shell to the other. But 
heat does flow from the hot side of the shell to the cold side. 
Sometimes the center baffle is carried on the tube bundle. In 
this case the baffle forms a sliding joint with the shell. An allow- 
ance should be made for fluid leakage around the sliding joint. 

However, the sole purpose of this paper is to ascertain the ef- 
fect of heat conducted through the baffle. Application to actual 
exchanger problems has shown that this effect is great enough to 
warrant inclusion of insulation in the baffle, or a correction for 
the heat transferred. 


ASSUMPTIONS 


1 Rate of flow of each fluid is constant. 

2 Specific heat of each fluid is constant throughout the ex- 
changer. 

3 No boiling or condensation occurs. 

4 No heat loss from the shell to the air. 

5 No heat conduction through the metal parts except 
through the baffle. 

6 Complete mixing of the fluid flowing through the shell. 
This means that the temperature of the shell fluid is uniform over 
any cross section. 

7 No fluid leakage around the edges of the baffle. 

8 True countercurrent flow or true parallel flow, i.e., two- 
pass shell and two-pass tubes. 

9 Constant heat-transfer rates through tube surface and 
baffle surface. 

10 Equal number of tubes in each pass. 
11 A single exchanger is involved. 
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EquaTIONs 


Two courses are open to us in computing the exchanger surface 
required when heat is conducted through the longitudinal baffle: 
(1) Find At, direct; or (2) find a correction factor F, which, 
when applied to Atiog, gives At,,. 

The second method is used in this paper. It has an advantage 
to the engineer. It tells him immediately how much the heat 
conducted through the longitudinal baffle is costing him in excess 
exchanger surface. 


Piot oF EQuaTION 


In order to plot F as a family of curves on a two-dimensional 
graph we must choose two other variables. Let us take 
wa (2 an) 


At, — Ale 
Note that the first of these two also determines (2=4) 
ah + Abs 
0.1 
0.06 
= a} 0.05 
|_ 
7 0.02 dla 


0.001 


Btm 


i?) 
Bt log 


Fie. 1 Mrp Correction Factor. 
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Values of F are plotted on semilogarithmic co-ordinates in Fig, |, 


BaFFLE CONSTRUCTION 


One way of obtaining high values of F is to hold /y at a low 
figure by providing an insulated baffle. One design is a double 
baffle with a stagnant layer of fluid between. The stagnant 
layer acts as an insulator. The following example compares 4 
simple uninsulated baffle with a double baffle having an inside 
stagnant layer of oil. 


Solid Double 


1), in, 


h, Btu/hr/deg F/sq ft, say........ 200 200 
he Btu/hr/deg F/sq ft............ 1600 3200 
hy heat-transfer coefficient of oil film 
between baffles Btu/hr/deg F/sq 
U_ Btu/hr/deg F/sq ft, say........ 150 150 
h, for the solid baffle + 
h, 200° 1600 200 
(2) h, = 94 
1 1 1 1 1 l 
hy f le b — = — + — + — + — + -— 
+ for the double baffle = 355 + 3.5 200 3200 + 32m 


hy = 7.5 


Compare surface required for single baffle with surface r- 
quired with double baffle. Take the following problem to make 
the comparison. Suppose oil is to be cooled from 250 F to 100F, 
with water supplied at 90 F heated to 110 F. A reasonable value 
of A,/A is 0.05. 

We find that F = 0.85 for the single baffle, and that F = 0.99 
for the double baffle. Thus the surface required for the double 
baffle is some 16 per cent greater than that required with s 
double baffle. The comparison is based on a single exchanger. 
If two exchangers were to be used in series, the correction would 
be much closer to unity. However, the example shows that 
heat conducted through an uninsulated longitudinal baffle cao 
materially reduce the performance of an exchanger. 


DERIVATION 

Due to the great length of the mathematics involved, only the 

main steps are given. 
Case I True Countercurrent Flow 

Fig. 2 shows the flow and arrangement of passes. Fig. 3 
shows a small section of the exchanger. Four heat balance 
around the small sectién are the starting point. 

Top pass 


—w,c,dT’ — bdx(T’ — T")h, 


= 


—wyedt” ndrU(T’ — t").. 


Bottom pass 
w,c,dT” + bdx(T’ — T")h, = 


By various steps of calculus and algebra we arrive at the fo 
lowing differential equations 
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Fig. Draarammatic SEcTION oF EXCHANGER 
(Case I: Countercurrent flow.) 


T'+daT' 
t*+dat" 


SURFACE bdx 
LONG. BAFFLE 


ti tat’ 
T'+ dT 

| 

——' dx 


Fic. 3 DirreReENTIAL Cross SEcTION oF EXCHANGER 


d*y dz 


+ (CH) =0............. (8) 
b ij 
w,C, W,C; 
Solution of Equations [7] and [8] give 
where m? = (GE + DGH + G?H?) 
Differentiating Equation [9] 
= (e 2mL omz + [10) 


By combinations of Equations [3], [4], [5], and [6] we also get 
dy 
— = Gt’ a) 11 
("+t ) [11] 


Equating [10] and [11], and writing for z = 0 
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T:—T; 
G(tz + — T, — T:) - 


+ 1). 


- [12] 


Equation [12] leads to 


G(t +t— T:) + m(T; 


2mL = In 


[13] 


The equation for the total heat transferred in the exchanger is 


2nULAt,, = 


Rewriting Equation [13] 


+ — T; — T:) — m(T, — 72) 
G(te + th — Ti — T2) + — T2) 


Solving for At,,, substituting the proper values of m and G, 
T,—Ts 


and rearranging 
At: + A U + At 
T,— As hy 
1 4( — — 
+4 A Ala 
At: + A U At + Ate 
At, — 


Ah 
At, 


m(T;, — T+) 
At,,G 


- (16) 


(44 + dt) 
Ath, = 


In 


Substituting F Atiog = At,, where Aticg = 


we obtain Equation [2]. 
Case II True Parallel Flow 


The formula turns out to be the same as for Case I. 
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Shell-Side Coefficients 
Baffled Heat 


By H. S. GARDNER? anv IRVING SILLER,* ROCHESTER, N. Y. 


of Heat Transfer in a 
Exchanger 


The shell-side film coefficient of heat transfer in a half- 
moon baffled shell-and-tube laboratory heat exchanger was 
studied under heating and cooling conditions. Data were 
taken at 1 and 2-in. baffle spacings with water and three 
different oils. It was found that Short’s method of corre- 


f h,D, k \9.32 P 0.6 
lation (1),‘ a plot o ( k \(é) (5-5) versus 


(222) 
ferent lines for heating and cooling runs. For the oil 


adequately represented all variables, but gave dif- 


0.19 

data, the introduction of a viscosity ratio (*) gave a 
bw 

general correlation resulting in the equation 


0,32 0.5 0,19 0.56 


NOMENCLATURE 


The following nomenclature is used in the paper: 


. . 
A, = net free cross-sectional area at baffle, sq ft 


Amax = Maximum cross-sectional area for flow across tubes be- 
tween baffles, sq ft 

A, = minimum cross-sectional area for flow across tubes be- 
tween baffles, sq ft 

A, = cross-sectional area of inside of shell minus total cross- 


sectional area of tubes, sq ft 
C, = specific heat at constant pressure, Btu/(hr)(deg F) (Ib) 


D, = outside diameter of tube, ft 
D, = inside diameter of shell, ft 
Gy, = average shell-side mass velocity, lb per sq ft per hr, 


found from 


G, + G, + Guis 
Gave = 


G, = mass velocity at baffles parallel to tubes, lb per sq ft 

per hr = W,/A, 
Gain = minimum mass velocity across tubes between baffles, 

lb per sq ft per hr = W,/Amax 

G, = maximum mass velocity across tubes between baffles, 
lb per sq ft perhr = W,/A, 

G, = mass velocity based on free cross section of shell, lb per 
sq ft perhr = W,/A, 


‘Based on part of a thesis by Irving Siller to the Graduate School, 
The University of Rochester, in partial fulfillment of the requirements 
for the degree of Master of Science in Chemical Engineering. 

* Associate Professor of Chemical Engineering, The University of 
— present address Fibreboard Products, Inc., San Francisco, 

if. 

‘Graduate Teaching Assistant, The University of Rochester; pres- 
ent address The Pfaudler Company, Rochester, N. Y. 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1946, of Tue 
AMERICAN SoctETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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G, = effective shell-side mass velocity, lb per sq ft per hr, 


L\?-5/ A, D,\? 
found from G, = G, (2) ] 
S\0.5/.4,\0.8 
+0,(7) 
h, = coefficient of heat transfer for shell-side fluid, Btu/ 
(hr) (sq ft) (deg F) 
k = thermal conductivity, Btu/(hr) (ft) (deg F) 
L = heated or cooled length of heat exchanger, ft 
N = number of rows of tubes between baffle edges 
P = tube pitch, ft 
S = baffle spacing, ft 
U, = over-all coefficient of heat transfer, Btu/(hr) (sq ft of 
outside tube surface) (deg F) 
W, = shell-side flow rate, lb per hr 


x = minimum clearance for crossflow between tubes in tube 
bank, ft. 
~z = summation of minimum clearance for crossflow in tube 
bank, ft 
i = viscosity at bulk temperature, lb per ft per hr 
uy, = viscosity at temperature of heat-transfer surface, |b 
per hr per ft 
GENERAL 


In the field of heat transfer to and from liquids, a baffled shell- 
and-tube heat exchanger is frequently used. The problem of 
predicting the film coefficient of heat transfer for the shell-side 
fluid has always been a difficult one. This is obvious when one 
considers that the type, size, shell clearance, and spacing of the 
baffles can be varied, and that each combination produces a 
different value of the heat-transfer coefficient, even though the 
flow rate remains constant. The work here reported was under- 
taken to study, under heating and cooling conditions, the shell- 
side film coefficient of heat transfer h,, in a heat exchanger with 
half-moon-shaped baffles. 


EXPERIMENTAL PROCEDURE 


The apparatus used was a special laboratory heat exchanger. 
It consisted of a 5.94-in-ID bored shell containing eighty 36-in. x 
3/,-in-OD X 20 B.W.G. tubes. The effective outside heat- 
transfer surface of the tubes was 23.6 sq ft. The unit contained 
half-moon baffles whose spacings could easily be varied. The ex- 
ternal piping was arranged so that either steani or cold water 
could be passed through the tubes, thus enabling the shell-side 
fluid to be either heated or cooled. 

The shell-side fluids used were water, Socony Velocite-S oil, 
and Socony industrial oils 969 and 990. Flow rates for these 
fluids were measured by means of circular orifices in a specially 
constructed, calibrated flow box. The shell-side fluid after 
leaving the test heat exchanger passed through the flow-measur- 
ing box to a storage tank, from which it was pumped to the shell 
side of an auxiliary heat exchanger. In the case of a heating run, 
the test fluid was cooled in the auxiliary unit; while for a cooling 
run, the test fluid was correspondingly heated. The fluid then 
passed to the shell side of the test heat exchanger through which 
it flowed in a direction countercurrent to that of the tube-side 
fluid. 
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TABLE 1 RANGE OF OPERATING VARIABLES 


Weight rate, Inlet temperature, Outlet tem ture, Viscosit Density, lb 
Fluid lb per hr ; deg F deg F lb per ft hr cu ft it 

Heatine Runs 

990 Oil 1920-12900 150.3-192.0 190.0-233.5 24-124 54.3-55.9 

969 Oil 2440-12200 143 .9-170.5 192.0-213.0 42 53 .4-54.9 

Vel.S Oil 696-—10300 90.5-145.1 191.0-236.0 6- 38 50.0-53.1 

Water 1434-22150 71.0-171.5 126 .5-212.5 0.69-2.3 59 .9-62.5 
Cooiine Runs 

990 Oil 1170-10950 172.8-224.1 137 .0-173.0 28-181 54.6-56.2 

969 Oil 960-11700 171.0-221.5 122.6-143.4 13- 71 53.0-55.3 

Vel.S Oil 1595-10550 176.0-209.9 109 .0-123.8 


Water 1450-22150 


The tube-side fluids used were cold water and steam. In the 
case of water, the flow rate was measured with a calibrated ori- 
fice; and in the case of steam, the flow rate was measured by 
weighing the condensate. 

Temperatures were measured by calibrated thermometers 
placed in the pipe lines, following mixing chambers, in order that 
true bulk temperatures could be determined. 

Pressure-drop readings across the shell side of the heat ex- 
changer were taken by means of a water-sealed mercury mano- 
meter, but the results are not yet ready for presentation. 

Heating and cooling runs were carried out at baffle spacings of 

1 and 2in. Only runs with heat balances better than 90 per cent 
(representing 92 per cent of all significant runs) were used for 
correlation; 90 per cent of these had heat balances better than 
95 per cent. 
_ The range of operating variables is indicated by Table 1. Vis- 
cosities and densities of the oils were measured experimentally 
as functions of temperature. Thermal conductivities and spe- 
cific heats were calculated at various temperatures from the cor- 
responding densities (2). 


CoRRELATION OF DATA 


The data taken lead to a direct determination of the over-all 
coefficient U,, based on the logarithmic-mean temperature 
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difference. The shell-side film coefficients were then determined 
by the Wilson method (3) using the fact that the film coefficient 
of heat transfer between a tube bank and a fluid flowing in a 
normal direction over that bank is proportional to the 0.6 power 
of the flow rate, as determined by Colburn (4). Figs. 1 and 2 
show the form of the Wilson plots for heating and cooling, re- 
spectively. 

The heat exchanger was cleaned occasionally by circulating 
a soap solution, but this has had no noticeable effect on the 
position of the points on the Wilson plots. This indicates that 
the condition of the heat-transfer surface has remained essentially 
unchanged. 

For correlating these data a method based on that developed 
by Short (1) for cooling runs was used. This consists of plotting 


The term G, is defined as the effective mass velocity on the shell 
side of the heat exchanger and is a combination of G,, the mass 
velocity at the baffles parallel to the tubes, and G,, the maximum 
mass velocity across the tubes between the baffles, weighted ac- 
cording to certain geometrical ratios. Values of G, and G, are de- 
termined as shown in Fig. 3. In calculating G,, the minimum 
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cross section was taken in a diagonal direction because the mini- 
mum opening between the tubes occurs in that direction; this is 
the same procedure used by Grimison (5) for gas flow across 
tube banks. Short’s equation (1) for G, for half-moon baffles is 


In 1943 Short presented a new correlation (6) using Gavg, cal- 
culated from the following equation 
G, + G, + Gmin 
3 


Gavg = 


G, and G, being the same as those used in Equation [1]; Gaia 
represents the minimum mass velocity across the tubes between 
the baffles. The authors feel that the form of Equation [1], in 
which empirically determined varying weights are given to each 
of the components of velocity, may be more sound than the form 
of Equation [2], in which equal and constant weights are given 
to each of the velocity components. Therefore the data taken 
in this study were correlated with the use of G,, calculated from 


Equation [1]. 


The correlation of these data is shown in Fig. 4. The cooling 
data lie about 30 per cent above the dashed line representing 
Short’s cooling data (1). One reason for this is greater leakage 
past Short’s baffles, since the radial clearance between the shell 
and baffle circumference in the heat exchanger used here was 
0.015 in.; while that in Short’s unit was estimated from the de- 
tailed dimensions of his heat exchanger (7) to be an average of 
0.025 in. Baffle holes in the present unit were drilled 0.010 in. 
larger than the tubes; in Short’s units the holes in baffles of this 
type were 0.016 in.® greater than the tube diameter. Further 
emphasizing this effect is the fact that the baffles used here were 
‘/s in. thick, while those used by Short were */,. in. thick.* An- 


Reference (7), p. 8. 


other factor that might cause the results of this study to be 
higher than ‘those of Short is that the tube bank used here had 
the minimum openings for crossflow on a diagonal rather than 
on a transverse line. According to the work of Grimison for gas 
flow across tubes (5), this could cause heat-transfer coefficients for 
the tube banks used in this study to be from 5 to 10 per cent above 
those for the comparable tube bank ('/2 in. pitch, */s-in-OD 
tubes) used by Short. 

Fig. 4 shows that Short’s method of correlation adequately 
accounts for the effect of baffle spacing in the limited range 
covered (1 and 2 in. spacings), which is below the range of 2.4, 
3.1, 3.7, 7.2, and 21.5 in. spacings studied by Short. 

In order to indicate the effect of omitting the correction for a 
baffled flow path, Fig. 5 presents the data correlated with a modi- 
fied Reynolds number including G,, which is based on the free 


cross-sectional area of the shell. For both heating and cooling 


runs, the lines representing data, taken at 1-in. baffle spacing, lie 
about 25 per cent above those for data taken at 2-in. baffle spac- 
ing. While the range of baffle spacing is small, it is sufficient to 
indicate the need for an appropriate correction. 

Figs. 4 and 5 also show that because the physical properties 
were evaluated at the average bulk temperature, heating and 
cooling data fall on different lines. To correct this, the method 
developed by Sieder and Tate (8) for flow inside pipes was applied. 


This correlates the Nusselt number (‘2 appropriately cor- 


rected for other variables, with some function of (2). For the 
He 


determination of this function a logarithmic plot of 


was prepared. Fig. 6 shows this plot for the oil data. The slope 
of the solid line, which was determined by inspection, indicates 


the exponent on (+) to be 0.19. The dotted line in Fig. 6 has a 
Bw. 
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P numbers greater than 600 were carried out with water as the shell- 


side fluid. Application of the viscosity ratio to the water data 


) 1.10 —D y" ( Reynolds numbers below 600. All runs at modified Reynolds 


Mw 
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exponent, if it can be confirmed, differs from the finding of 
Sieder and Tate (8) that the value of 0.14 for heat transfer inside 
circular pipes extends throughout the streamline- and turbulent- 
flow regions. As mentioned previously, however, because of 
the difference in flow patterns involved, there is no reason to ex- 
pect that the indications of these experiments should neces- 
sarily agree with those of Sieder and Tate. In fact, the inclusion 
of an empirically determined effective mass velocity and the 
outside diameter of the tubes in the modified Reynolds number 
used here makes it impossible to compare, on the basis of numeri- 
cal values of Reynolds numbers, the results of the present work 
with those of Sieder and Tate. 


CoNCLUSION 


The correlation method of Short (1) for heat-transfer coefficients 
on.the shell side of a half-moon baffled shell-and-tube heat ex- 
changer adequately represents the data taken in this study, ex- 
cept for the fact that heating and cooling data, when plotted, fall 
on separate lines. At modified Reynolds numbers below 600 


0,19 
this can be corrected by introducing the function () , as 
Me 
used in Equation [3]. 


ACKNOWLEDGMENT 


The test heat exchanger and the auxiliary heat exchanger were 
constructed and donated to The University of Rochester by the 
Ross Heater and Manufacturing Company, Inc. The apparatus 
was built primarily by Donald C. Stoll. Portions of the data in- 
cluded in this work were obtained, while students at The Uni- 
versity of Rochester, by R. J. Feeney, F. E. Fox, R. R. Haig, 
W. D. Halloran, A. D. Keene, S. P. Kelly, R. F. Kruger, J. W. 
Schall, R. Schwanke, and D. C. Stoll. F. C. Richner, Jr., and 
E. R. Sweet made student contributions to the correlation. The 
paper has benefited by the criticism of W. H. McAdams. 


BIBLIOGRAPHY 


1 ‘A Review of Heat Transfer Coefficients and Friction Factors 
for Tubular Heat Exchangers,”’ by B. E. Short, Trans. A.S.M.E., vol. 
64, 1942, pp. 779-785. . 

2 “Thermal Properties of Petroleum Products,” by C. S. Cragoe, 
Miscellanous Publication No. 97, U.S. Bureau of Standards, Wash- 
ington, D. C., 1933. 

3 ‘A Basis for Rational Design of Heat Transfer Apparatus,’’ by 
E. E. Wilson, Trans. A.S.M.E., vol. 37, 1915, pp. 47-82. 

4 “A Method of Correlating Forced Convection Heat Transfer 
Data and a Comparison With Fluid Friction,”” by A. P. Colburn, 
Trans. A.I.Ch.E., vol. 34, 1933, pp. 174-210. 

5 “Correlation and Utilization of New Data on Flow Resistance 
and Heat Transfer for Crossflow of Gases over Tube Banks,”’ by E D. 
Grimison, Trans. A.S.M.E., vol. 59, 1937, pp. 583-594. 

6 “Heat Transfer and Pressure Drop in Heat Exchangers,” by 
B. E. Short, Bulletin No. 4324 (Revision of Bulletin No. 3819), The 
University of Texas, Austin, Texas, 1943. 

7 ‘Heat Transfer and Pressure Drop in Heat Exchangers,” by 
B. E. Short, Master of Mechanical Engineering Thesis, Cornell Uni- 
versity, Ithaca, N. Y., June 15, 1936, pp. 8, 10, and 11. 

8 ‘Heat Transfer and Pressure Drop of Liquids in Tubes,” by 
E. N. Sieder and G. E. Tate, Industrial and Engineering Chemistry, 
vol. 28, 1936, pp. 1429-1435. 


Discussion 


H. B. Norrace.* The tests discussed in this paper offer a 
good example of the difficulties encountered when attempting an 
empirical representation of the results based upon a great deal of 
imagining as to the flow paths and velocity patterns for the shell- 
side fluid. Is it not time to consider definitely planned efforts to 
determine experimentally these flow paths and velocity patterns? 


* Research Associate, Research Laboratory, American Society of 
Heating and Ventilating Engineers, Cleveland, Ohio. Jun. A.S.M.E. 


AUGUST, 1947 


The techniques required may not be simple and obvious but the 
problem is certainly not an impossible one. 


EvuGene Mituer.’ The authors are to be commended for their 
efforts to obtain data on a heat-transfer problem which stil] 
has not been satisfactorily solved and the importance of which is 
undiminished. The design of shell-and-tube heat exchangers js 
far from being on a satisfactory basis, and the need for good 
basic study of this problem is a primary necessity. 

The attempt at evaluation of this paper was complicated by 
the absence of the experimental data taken during the course of 
the experiment. These data, together with the physical proper- 
ties of the fluids used, the complete specifications of the experi- 
mental heat exchanger, etc., are requisites of any technical report, 
and the lack of such pertinent facts decreases its value. 
points of interest are discussed as follows: 


1 Staggered Versus In-Line Tube Arrangements. The 
authors point out that their results lie about 30 per cent above 
Professor Short’s data and indicate that one of the possible fac- 
tors causing the increased heat-transfer coefficient is that their 
tube bundle had minimum openings for crossflow on a diagona 
rather than on a transverse line as was the case in Short’s heat 
exchanger. They state: ‘According to the work of Grimison 
for gas flow across tubes, this could cause heat-transfer coeffi- 
cients for the tube banks used in this study to be from 5 to 10 per 
cent above those for the comparable tube bank ('/2 in. pitch, 
3/sin-OD tubes) used by Short.’’ Professor Short does not 
actually state in his paper as to whether he had staggered or in- 
line tube arrangement but from the sketches of the various half- 
moon baffled-tube bundles in his paper,* it appears that the ar- 
rangement was definitely of the staggered-tube type (relative to 
the flow of fluid across the tubes). An examination of Fig. 3 of 
the present paper indicates that flow in this heat exchanger was 
in-line. If this is the caSe, it would be expected that just the 
opposite results should be obtained, that is, Short’s results 
should be higher than the authors’ since staggered-tube arrange- 
ments yield higher heat-transfer coefficients in crossflow than 
in-line arrangements. The reason for the difference between the 
Short paper and the authors’ papers is probably in the difference 
between the physical specifications of the two heat exchangers, 
e.g., baffle cuts, possible leakage and by-pass area, etc. 


Some 


2 Viscosity-Ratio Correction. The authors indicate that the 
data taken lead to a direct determination of the over-all coeffi- 
cient U,, based upon the logarithimic mean temperature differ- 
ence, and then go on to discuss the effect of the viscosity ratio 
(4/m,) on the coefficient. If, as the authors indicate, a viscosity 
effect must be included in the correlation of data, it would seem 
to indicate that the over-all coefficient was not in fact a constant 
as would be required for a calculation based upon a logarithmic 
temperature difference but varied with the length of the heat 
exchanger. If this is the case, it is important to know the point 
in the heat exchanger at which this viscosity ratio was calculated 
and how this point was arrived at. 


3 Pitch-Diameter Ratio Correction |(P—D,)/P}. 
authors have used Professor Short’s correlation for their work, 
some justification is in order, especially for the pitch-diameter 
correction factor. Examination of this correction factor indi- 
cates that as the tube pitch is increased, the factor [((P—D.)/P] 
approaches unity as a limit and a maximum, and also the tube 
bank as a whole approaches the flow and heat-transfer conditions 
of a single tube. For any other pitch-diameter factor less than 
1, the heat-transfer and flow conditions should be those of a tube 


Since the 


7 Development Engineer, M. W. Kellogg Company, New York, 


® See authors’ Bibliography (6). 
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bundle. The [(P—D,)/P] factor used thus indicates a lower 
heat-transfer coefficient for a tube bank than for a single tube. 
As various crossflow experiments have indicated that the heat- 
transfer coefficients for tube bundles are higher than those for a 
single tube in turbulent flow and approach those of single tubes 
for laminar flow, this factor does not appear consistent with ex- 
perience. The authors utilized only one pitch diameter ratio in 
their experiments so there is no check on the correlation. 

The authors probably took all these points into consideration 
in the course of their work, and it would be interesting to obtain 
their comments. 


B. E. Suort.* The writer has two criticisms of final Equation 
(3] inthe paper. It is believed the value of 0.6, given by Colburn 
for flow outside of tube banks, for the exponent of Reynolds num- 
bers is better than the 0.56 which is given in this paper. Also, 
the values of hs, as obtained from this equation, are nearer 100 
per cent higher than the writer’s values, than the 30 per cent 
which is stated in the paper. Recent data, obtained under simi- 
lar conditions (for cooling) as used in the material to which the 
authors have referred but with a much greater baffle height and 
more accurate control of the clearance, agree on the average 
within 10 per cent of the results quoted in the 1942 paper. 

A specific example is as follows: From Equation [3], the film 
coefficient hs, as computed from the fluid rate and properties for 
one run for the experimental exchanger cited is 2170, and when 
computed from Equation [5] of the authors’ reference (1), hs is 
1110, while the experimental value is 1040. Because some of the 
exchangers, from which data were used for the 1942 paper, had 
tube patterns different from the pattern the writer used, he is 
inclined to doubt that the different tube pattern used by the 
authors accounts for this discrepancy. 

The writer agrees with the authors that the method of comput- 
ing the effective velocity given by Equation [1] gives better 
results than Equation [2] even with small distances between 
baffles, but Equation [2] is much simpler and gives fair results 
with baffle spacings normally used commercially. 

The addition of a factor to allow for both heating and cooling 
is certainly important. 


D. A. Dononve." The contribution which this paper makes 
to the art is the observation of different heat-transfer coefficients 
for heating and for cooling, and their correlation in the viscous 
region by use of a viscosity-gradient factor. Examination of 
Figs. 4 and 5 of the paper, reveals that the points for oil follow 
rather closely the straight-line relations charted for them, where- 
as the points for water are widely scattered and exhibit con- 
siderably greater deviations than those in the comparable plot of 
Short.?2 

The unit tested here is quite like one tested by Short and shows 
in Fig. 4 of the paper, a heat-transfer coefficient approximately 
35 per cent greater than Short’s. The authors adduce two ex- 
planations for the higher heat-transfer coefficient in their unit, 
neither of which is adequate. The first explanation is based upon 
less leakage area in this unit than in the comparable unit of 
Short. Assuming that leakage occurs in a direction along the 
tube length, it is interesting to examine the relative sizes of the 
areas open to flow in this direction. Flow areas in the two unitS 
calculated from the diameters given in this paper and expressed 
in terms of per cent are tabulated as follows: 


_ * Professor of Mechanical Engineering, University of Texas, Aus- 
tin, Tex. Mem. A.S.M.E. 


[ See author’s Bibliography (1). 
N — Exchanger Division, The Lummus Company, New York, 


* Authors’ Bibliography, reference (1), Fig. 5. 


Gardner 
Short and Siller 
Baffle-opening area, per cent.................-2-2eeee 86.2 93.1 
Annular area between shell and periphery of baffle, 
Orifice area between tubes and tube holes, per cent..... 9.7 4.6 


Fluid flowing through the tube-hole orifices, of course, con- 
tributes to the heat-transfer coefficient; in a certain type of shell- 
side baffling, known as orifice baffling, all of the heat is transferred 
by this mechanism. However, a glance at the tabulation reveals 
leakage to be a negligible factor in either of these units. The 
second explanation cited by the authors, that when the direction 
of flow across a tube bank is such that when the minimum flow 
constrictions are diagonal to it the heat-transfer coefficient is 
5 to 10 per cent higher than when the minimum constrictions are 
transverse to the flow, does not, of course, explain results 35 per 
cent higher. The difference in heat-transfer coefficient in these 
two units apparently lies in the difference of the flow paths 
available to the fluid in each. In the present unit there are three 
possible paths for cross-flow: (a) Penetration of the tube bundle; 
(b) flow along the center open lane caused by the channel parti- 
tion; (c) by-passing into the outer annular area between the tube 
bundle and enclosing shell. 

In Short’s unit (cross-sectional drawing, Fig. 8 of this discus- 


*/sin. ¢ — 1/2 in. p 


Fie. 8 Cross Section or TuBE BuNDLE USED By SHORT 


sion), there are two possible paths for cross flow: (a) Penetration 
of the tube bundle, and (6) by-passing into the outer annular 
area between the tube bundle and enclosing shell. The two tube 
layouts are alike except in the following respects: the Ross unit 
tested in the paper had a larger annular area which resulted from 
the packed-head construction, also a wider spacing between each 
half of the tubes, which resulted from the space requirement for 
the channel-partition plate; and, lastly, the baffles were rotated 
90 deg from one unit to the other. As a consequence of these 
seemingly minor differences in arrangement, the heat-transfer 
coefficient increased markedly, which can only mean tH&t a 
greater fraction of the total flow penetrated the tube bundle, and 
less by-passed in the present unit than in Short’s unit. Had the 
pressure loss been reported in this paper, the effect would have 
been far more pronounced, since cross-flow pressure loss is pro- 
portional to the 1.8 exponent of mass velocity whereas the heat- 
transfer coefficient is proportional to its 0.6 exponent. 

A quick, approximate comparison of heat-transfer coefficient 
and pressure loss in each of these units may be made in terms of 
the quantity of water flowing through the shell. To do this use 
Short’s correlation to predict the performance of his unit in terms 
of the quantity of water flowing through the shell if the baffle 
spacing were 2 in. and then 1 in., and compare the anticipated 
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performance with that which was obtained experimentally in 
the authors’ unit. 

It appears to be generally realized that publication of experi- 
mental test results to be of value to those interested in analyzing 
and correlating the data must furnish a full report of the tests 
instead of an incomplete, partial report. The information neces- 
sary for analyzing tests on the shell side of heat exchangers would 
include the following: 

1 Quantity of hot fluid. 

2 Hot fluid inlet and outlet temperatures. 

3 Quantity of cold fluid. 

4 Cold fluid inlet and outlet temperatures. 

5 Physical properties of the fluids if not commonly known: 
density, specific heat, thermal conductivity, and viscosity. 

6 Pressure loss on each fluid stream. 

7 Details of the shell-side physical structure to be shown by a 
cross-sectional drawing to scale of the tube layout, including the 
size and location of the baffle openings; also the baffle spacing 
and tube length, size, and gage. 

Although the A.S.M.E. has been publishing papers dealing with 
this subject for about 12 years, none has contained all of the 
necessary information outlined. It is to be hoped that the Heat 
Transfer Division, which is sponsoring these papers, will in the 
future request authors to present complete reports of their tests. 


Autuors’ CLOSURE 


The authors agree with Mr. Nottage’s recognition of the need 
for a fundamental study of flow patterns in baffled shells. Such 
a program would probably be more successful in a specially con- 
structed apparatus, than in a commercial unit of the type used 
in this investigation. 

Mr. Miller and Mr. Donohue have properly called attention to 
the desirability of including experimental data. In view of the 
current paper shortage, the limited variation in experimental con- 
ditions, and the limited scope of the conclusions resulting from 
this work, the authors did not feel that presentation of the data 
was called for. They will be glad to make the data available to 
anyone who wishes to study the work in detail. 

Referring to staggered versus in-line tube arrangements, Mr. 
Miller regards Professor Short’s tube arrangement as definitely 
staggered; while that of this paper is referred to as in-line. It 
should be recalled that both Professor Short and the authors used 
3/s-in-OD tubes on !/2-in. triangular pitch. The arrangements 
differ in that the direction of flow varies by 90 deg in the two cases. 
Since Grimison’s cited work!’ indicates an expectation of a slight 
increase in film coefficient when the flow direction is changed 
without altering the tube arrangement, the authors still believe 
that this effect may be a contributing factor. If Mr. Miller has in 
mind a comparison between !/:-in. triangular pitch and tubes in 
line on '/;-in. square pitch, we agree that the coefficient should 
be lower in the latter case. However, this variation in pitch does 
not apply to the conditions of these experiments. 

he viscosity ratio (u/u,.) and other fluid properties were based 
upon the arithmetic mean bulk temperature of the shell fluid. 
Mr. Miller correctly points out that the over-all coefficient may 
be expected to vary if the fluid temperature changes significantly, 
and that the use of the logarithmic mean temperature difference 
is incorrect when the over-all coefficient varies. The over-all 


13 See Authors’ Bibliography (5). 
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whole, based upon the terminal operating conditions. 

As a test, the authors have used Equation [3] of the paper to 
calculate film and over-all coefficients for the experimental run 
showing the greatest variation in fluid properties. In this case, 
cooling 969 oil, there was an inlet temperature of 222 F, and 
an outlet temperature of 123 F. Corresponding termina! 
temperature differences were 151 deg F and 54 deg F, with g 
logarithmic mean temperature difference of 94 deg F. Calculated 
over-all coefficients were 40 Btu/(hr) (sq ft) (deg F) at the inlet, 
23 at the outlet, and 24 corresponding to the mean bulk tempera- 
ture of 172 deg F. 

Graphical integration of 1/U( At) (where At = point tempera- 
ture difference) versus oil temperature permits the calculation of 
an average heat flux of 2120 Btu/(hr) (sq ft). This is in good 
agreement with a flux of 2260 Btu/hr)(sq ft) calculated from 
the product of the logarithmic mean temperature difference and 
the over-all coefficient based upon the mean bulk temperature. 
Because this represents the extreme variation to be expected from 
this work, the authors believe that Equation [3] may justifiably 
be used to represent point conditions. For design calculations, 
when significant variation in the over-all coefficient is apparent, 
one of the well-known methods to treat variable over-all coeffi- 
cients should be used. 

The authors used Professor Short’s correlation because, of the 
methods which have been proposed in the literature, it appeared 
to offer the best possibility of correcting for the variations in 
internal construction. The pitch-diameter ratio factor 
(P — D,)/P was not varied in the experimental unit, but was 
included in the correlation in order to permit direct comparison 
with Professor Short’s results. 

To one significant figure, the authors feel that their exponent on 
the Reynolds number of Equation [3], with a value of 0.56, is in 
agreement with Colburn’s recommended value of 0.6 for flow out- 
side tube banks. The second significant figure of the exponent is 
obviously subject to some uncertainty, as is indicated by the 
spread of the points in Fig. 7 of the paper. The authors have used 
Colburn’s value of 0.6 in the development of the Wilson plots in 
Figs. 1 and 2, and did not feel justified in modifying the method 
by plotting 

Recent correspondence with Professor Short has revealed that 
the example cited by him has been calculated for cooling of 
water at a modified Reynolds number of 37,000. The authors 
regard this application of Equation [3] as invalid, since the paper 
definitely limits Equation [3] to modified Reynolds numbers 
below 600. In this range, as Fig. 4 indicates, the authors’ cool- 
ing data lie about 30 per cent above the line presented by Profes- 
sor Short in his 1942 paper. 

Mr. Donohue has called attention to the possibility of better 
penetration of the tube bundle by the fluid in the authors’ test 
unit, and has suggested that comparable pressure drops for the 
test unit should be considerably higher than those reported by 
Professor Short. A preliminary correlation of pressure-drop dats 
by the authors, using the method of Professor Short!* in order to 
provide a consistent comparison, has indicated dimensionless 
friction-roughness factors approximately twice those determined 
for Professor Short’s unit. 


14 See authors’ Bibliography, (1). 
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coefficients here calculated are average values for the unit as a 
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Instrumentation for Flight Testing 


of Thermal Anti-Icing Systems 


By W. C. DROEGE,' MINNEAPOLIS, MINN. 


At present there are only meager design data available to 
the aeronautical industry on the amount of heat neces- 
sary to keep an airfoil anti-iced in various icing conditions. 
Data obtained at the Aeronautical Ice Research Laboratory 
at Minneapolis from flight tests of thermal anti-icing 
systems of several U. S. Army Air Forces aircraft were 
limited by the instrumentation installed by the individual 
manufacturers. The specifications presented to guide the 
aeronautical! industry in the instrumentation of such sys- 
tems thus far have not been adequate. This has resulted 
in varied instrumentation of similar systems, giving a 
variety of results that were difficult to analyze and co-or- 
dinate. It is desirable to draw upon the past experience 
of the Aeronautical Ice Research Laboratory to present 
what are felt to be the minimum instrumentation re- 
quirements for thermal anti-icing systems. The require- 
ments presented herein should not be considered final, 
as additional instrumentation for more complex systems 
may be required in the future. 


N the basis of past experience in analyzing flight-test 

() data on thermal anti-icing systems, there appears to be a 

need for standardization of instrumentation. In general, 

the instrumentation should be sufficient to permit measurement 
of the following variables: 


1 Surface temperatures of the outer and inner skin. 
Air temperatures within the system. 
Air-flow rates to various portions of the system. 
Air-flow distribution through various portions of the system. 
Such instrumentation as may be required in addition to 
that specified herewith to determine the local values of the unit 
thermal conductance. 


THERMOCOUPLE-INSTALLATION REQUIREMENTS 


Surface temperatures are important in determining the heat 
dissipation from an airfoil at various chordwise points. Several 
tests that have been conducted to determine the effect of dif- 
ferent types of thermocouple installations (2, 4)? show that ar- 
rangements such as shown in Fig. 1 give the most accurate 
measurement of surface temperatures. A good method of fasten- 
ing the thermocouples securely is shown in Fig. 2. 

Outer-skin thermocouples should be installed at the chordwise 
points, as shown in Fig. 3, in order that the heat dissipation from 
the airfoil leading-edge region may be predicted as accurately as 
possible. 

The internal heat-transfer coefficients are fairly constant; 
therefore fewer thermocouples need be installed on the inner skin. 


‘Project Engineer, Northwest Airlines, Inc., Aeronautical Ice 
Research Laboratory, Wold-Chamberlain Field. 

? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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The location of inner-skin thermocouples is as shown in Fig. 3. 

The right and left sides of most thermal anti-icing systems 
are similar, and only one half of the system need be instrumented. 
Check instrumentation should be installed on the opposite mem- 
bers at the same stations as on the completely instrumented 
members. The check thermocouples need not be more than four 
or five in number. 

The following is felt to be a minimum number of stations that 
should be instrumented with thermocouples: 

1 Wing-tip section. 

2 Two stations equally spaced in the outboard wing panel. 

3 One station between nacelles on multiengined aircraft. 

4 One station between inboard nacelle and fuselage, if this 
section is heated. 

5 In single-fin aircraft, the tip of the fin and a station midway 
between the tip station and the attach point. 

6 In multifin aircraft each individual type fin should be 
instrumented in the manner of a single fin, and check thermo- 
couples should be installed on any similar fin. 

7 One horizontal stabilizer should be instrumented at a sta- 
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_ tion near the tip, and at two stations equally spaced between 
the tip station and the fuselage. 


Air temperatures should be measured at the following locations: 


1 Free-air temperature should be measured by means of a 
shielded thermocouple or a mercury thermometer. 

2 The ventilating-air temperature, before and after the 
heater, should be measured. 

3 Air thermocouples should be installed in the D-duct at 
each instrumented section. 

4 Air temperatures of the double-skin exit air should be meas- 
ured at each instrumented station. 

5 Air temperatures should be measured at each air flowmeter, 
either immediately before or immediately after the meter. 


Structure temperatures should be measured to determine 
whether the maximum allowabie temperature 200 F (3) is ex- 
ceeded. 

Air-flow rates to the system should be measured as accurately 
as possible. The measurements should be made near the heater 
at, or in, each separate duct leading to a specific part of the sys- 
tem, i.e., ducts to the empennage, etc. 

It is desirable to meter the air flow by means of a flow nozzle, 
orifice plate, or Venturi meter; however, in many installations this 
type of meter cannot be used because of lack of space or excessive 
pressure drop. Where this is the case, a submerged Venturi, 
Fig. 4, and wall static taps should be installed. In extreme cases, 


STATIC PRESS 


Fig. 4 


a total-head tube of the Venturi type and wall static taps will 
have to suffice. The installation of Pitot static tubes should be 
avoided because the small pressure differentials obtainable from a 
Pitot static tube can lead to appreciable errors in the calculated 
air-flow rates. In all installations of fluid-metering devices, the 
device should be calibrated in place against a meter of known ac- 
curacy. 

The air-flow distribution in the system may be determined by 
static-pressure readings at various points throughout the system. 

Static pressures should be measured in the D-duct, and in the 
double-skin passage near the exit, at each instrumented station, 
if the heated air is exhausted into the wing. 

Appendixes 1 and 2 present analyses of typical data for dry air 
and icing conditions, respectively. 


Appendix 1 


From the temperature-distribution curve, Fig. 5, it is possible 
to determine where the air flow over the airfoil changes from 
laminar to turbulent. Utilizing the temperature data, the local 
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Fia. 6 
values of unit thermal conductance may be calculated from the 


following formulas (5): 
Leading edge of the airfoil (cylinder) 


Laminar-flow region (flat plate) 


0.5 


Turbulent-flow region (flat plate) 


Ui 
fee = 0.51 (22) 


fee = unit thermal conductance at a distance z feet from 
leading edge, Btu/(hr)(ft*)(deg F) 

arithmetic average of surface temperature and free-air 

temperature, deg R 


3 


U. = free-air stream velocity, fps 
z = distance from leading edge, ft 
D = diameter of cylinder, ft 
y = density of air, lb per cu ft 
U,; = local velocity at distance z, fps (determined from 


velocity ratio, Fig. 8) 
From Figs. 5 and 6 the heat dissipation per unit area in Btu 
per sq ft per hr, can be calculated from 


| | = | 
— 
| 
(1) 
i 
Q/A = 
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where 


Q = heat dissipated, Btu per hr 

fe = unit thermal conductance, Btu/(hr) (ft*) (deg F) 

At = difference between surface temperature and ambient-air 
temperature, deg F 

A = area of surface over which heat transfer is occurring, 
sq ft 


By evaluating the area under the curve in Fig. 7 and dividing 
by the total distance, the average heat dissipated per unit area 
(Btu per sq ft per hr) is determined. 

From the air-flow rates and the temperature of the air supplied, 
the total heat supplied to the system can be computed from 


[5] 


where 
Q = total heat supplied, Btu per hr 
W = air-flow rate, lb per hr 
C, = specific heat of air, Btu per deg F per lb 
At = temperature rise of air in duct over ambient, deg F 
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Appendix 2 


For an icing condition, the convective heat transfer is calcu- 
lated from the equations in Appendix 1. In addition, the heat 
loss through evaporation must be considered. Thus the total 
heat transferred per unit area is the sum of the convective and 
evaporative heat transfer, and may be expressed as follows 


where 
Q, = total heat transferred, Btu per hr 
Q, = heat transferred by convection, Btu per hr 
Q. = heat transferred by evaporation, Btu per hr 
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From reference (6) 


where 
Btu 
(hr) (ft?) (deg F) 
t = difference between surface temperature and ambient- 


air temperature, deg F 
A = area of surface over which heat transfer is occurring, sq ft 


f., = unit thermal conductance, 


From reference (7) 


Se AP 
Q, = 0.622LA ( P, ) (8] 
where 


L = latent heat of evaporation of water, Btu per Ib 
C, = heat capacity of dry air, Btu per deg F per lb 
AP = difference in vapor pressure of water at surface tem- 
perature and at ambient-air temperature, in. Hg 
P, = barometric pressure, in. Hg 


In Equation [8], L is assumed to be constant at 1056 and C, 
is assumed constant at 0.24. The equation may then be written 
as follows 


2730 f-APA 
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and 


The total heat transfer per unit area may be expressed in terms 
of X, as follows 


[13] 


[14] 


RIO 


Equations [1] through [8] are valid only when the surface is 
hydrophilic, i.e., the area from which evaporation occurs is the 
same as the area from which convection occurs. 

In computing the heat transfer from an airfoil in an icing condi- 
tion, Fig. 9, temperature data from Fig. 4 of Appendix 1 were 
utilized. 

Point values of (1 + X) f. and Q/A are plotted versus dis- 
tance from leading edge and presented in Figs. 9 and 10, respec- 


tively. 


BIBLIOGRAPHY 


1 “Report on the Development and Application of Heated 
Wings,’”’ by Myron Tribus, 2nd Lieut., A.C., Army Air Forces 
Technical Report No. 4972, July 23, 1943. 

2 ‘An Investigation of Thermocouple Errors,’’ by W. B. Shep- 
pard, Northwest Airlines Ice Research Base, Serial No. IRB 46-1-1, 
September, 1945. 

3 ‘Army Air Forces Specifications No. 40395-B,”’ Paragraph D-2, 
February 12, 1945. 

4 “Development Tests of Various Methods of Heat De-Icing 
Horizontal Stabilizer,’’ Report No. ES6026, Douglas Aircraft Com- 
pany, August, 1945. 

5 “A Simplified Method for the Calculation of the Unit Thermal 
Conductance Over Wings,’’ by R. C. Martinelli, A. G. Guibert, E. H. 
Morrin, and L. M. K. Boelter, N.A.C.A., ARR, March, 1943. 

6 ‘A Design Manual for Exhaust Gas and Air Heat Exchangers,”’ 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1947 


by L. M. K. Boelter, R. C. Martinelli, F. E. Romie, and E, H. Morrin, 
N.A.C.A., ARR, No. 5A06, August, 1945. 

7 “Thermal Anti-Icing System Analysis of Heat and Mass 
Transfer Mechanisms,”’ by L. M. K. Boelter, A. G. Guibert, M. W. 
Rubesin, R. C. Martinelli, V. D. Sanders, and E. H. Morrin, Univer- 
sity of California, September, 1945. 

8 “Report on the Development and Application of Heated 
Wings,” edited by Myron Tribus, Capt., A. C., and J. R. Tessman, 
Army Air Forces Technical Report No. 4972, Addendum I, January 9, 
1946. 


Discussion 


A. G. Gursert.* In Appendix 2 the author states that the 
equations are valid only when the surface is hydrophilic, that. is, 
completely wetted, in which case, the area from which evapora- 
tion occurs is the same as the area from which convection occurs. 
Most aircraft surfaces are not hydrophilic. 

Tests on electrically heated cylinders under icing conditions on 
Mt. Washington have indicated that the wetted area can be as 
low as about 30 per cent of the heated area. Consequently, if 
only a fraction of the heated area actually is utilized for evapora- 
tion, then use of the total heated area in computing the heat loss 
by evaporation can cause an error of appreciable magnitude. 


AuTuor’s CLOSURE 


Mr. Guibert’s statement that the assumption of equal areas 
of heat and mass transfer might cause appreciable error is cor- 
rect. 

Some means of determining these areas is necessary. 
face under consideration could be photographed or the areas 
could be approximated by visual observation. 

When this difference in areas is brought into consideration, 
Equation [14] in Appendix 2 can be modified as follows 


Q/A = (1 + A,,/AgX)f, At 


where A,,/A, is the ratio of the mass-transfer area to the heat- 
transfer area. 


The sur- 


2 Project Engineer, Northwest Airlines, Inc., Aeronautical Ice Re- 
search Laboratory, Wold-Chamberlain Field, Minneapolis, Minn 
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Determination of the Thermal Correction 


for a Single-Shielded Thermocouple 


By W. M. ROHSENOW! anp J. P. HUNSAKER? 


Previously lacking a satisfactory technique for measur- 
ing the temperature of a hot gas stream, a single-shielded 
thermocouple has been developed which, while entirely 
practical, requires a thermal correction when being ap- 
plied. A rapid graphical method of determining this cor- 
rection and its magnitude in relation to some thermo- 
couple designs is outlined. 


INTRODUCTION 


ATISFACTORY techniques have been evolved for the 
S measurement of high temperatures of solids and liquids by 
means of thermocouples, but there is no completely satis- 
factory technique for the measurement of the temperature of a 
hot gas stream. 

When a hot gas is flowing in a duct, the walls of the duct are 
usually at a lower temperature than that of the gas. If the duct 
could be perfectly insulated there would be little difficulty en- 
countered in measuring the gas temperature. Known techniques 
of thermocouple pyrometry could then be applied with great pre- 
cision. Actually, as in gas-turbine testing, the pipe walls are 
always colder than the gas stream, hence a simple, bare, un- 
shielded thermocouple, although deeply immersed in the gas 
stream, ‘‘sees’’ cold walls, will exchange heat by radiation, and 
will consequently measure a temperature which is between that 
of the wall and the gas stream. Rohsenow in reference (1)* has 
presented a graphical method for finding the correction to be 
applied to such bare thermocouple readings. Since at best the 
evaluation of this correction is not very precise and is rather tedi- 
ous, it would be desirable to use a thermocouple that requires 
no radiation correction or one for which the correction is small. 

Emmons (2) has found theoretically and experimentally that a 
thermocouple with eight ‘concentric polished metal shields reads 
within 5 deg of the true gas temperature of 1500 F when the pipe- 
wall temperature is 200 F lower than that of the gas stream. In 
most applications, such as gas-turbine testing, the objections to 
using this multishielded thermocouple or variations of such a 
thermocouple are the excessively large size,and the danger of 
mechanical failure. With these thermocouples there exists a dan- 
ger that the assembly might fail mechanically, thereby endanger- 
ing the rotating machinery. The device is necessarily large, par- 
ticularly if it is sturdily constructed to minimize the danger of 
failure. This excessive size causes unwanted pressure drop if 
several are placed at one cross section of the duct; requires large 
openings in the duct wall if the thermocouple is to be removable; 
makes explosation of temperature stratification difficult; and 
no doubt increases the cost of manufacture. 


1 Assistant Professor, Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. A.S.M.E. 
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The difficulties inherent with the multishield design and the 
bare exposed design can be overcome by a compromise design of a 
rugged single-shielded thermocouple. The thermal correction 
to be applied to the single-shielded thermocouple is smaller than 
that of the bare thermocouple but is significant enough to be cal- 
culated. The purpose of this paper is to present a rapid method 
of determining this correction and to indicate its magnitude for 
some practical thermocouple designs. 


ANALYSIS 


For the single-shielded thermocouple, the true gas temperature 
is calculated, in a manner analogous to that of Rohsenow (1), by 
solving for the unknown gas temperature from two simultaneous 
equations expressing the energy balance of the thermocouple tip 
and the energy balance of the shield, Fig. 1. At equilibrium the 


GAS _-—-THERMOCOUPLE 


SHIELD 


Fie 1 ScHematic DIAGRAM OF SINGLE-SHIELD THERMOCOUPLE 


net heat transferred to the shield from the gases by convection 
and radiation must equal the net heat transferred by radiation 
from the shield to the cold wall; and the net heat transferred to 
the thermocouple from the gases by convection and radiation 
must equal the net heat transferred by radiation from the thermo- 


couple to the colder shield and to the colder walls. Then for the 
shield 


Qes Res = Rsw {1] 
and for the thermocouple 


Qer + Rer = Rrs + Rrw [2] 


where Q is convection heat transfer, R is radiant heat transfer, 
and subscripts G, 7’, S, and W are for gas, thermocouple, shield, 
and wall, respectively, and where a pair of subscripts reads from- 
to, for example, Qgs = convection heat transfer from gas to 
shield. These equations can be simplified to the form shown 
later when the following assumptions are made: 

(a) Neglect gaseous radiation terms, Rgr and Regs. The 
term Rgr is probably extremely small since the radiant mean 
beam length within the shield is small; Rgs is probably not very 
small since there is an appreciable beam length from the shield 
to the pipe wall. Each of these terms is negligible for gases in 
which the percentage of carbon dioxide and water vapor is small. 
In gas turbines about 400 per cent excess air is used; conse- 
quently, these percentages are small and the gaseous radiation 
terms may be neglected. 

(b) The end of the last porcelain insulator has the same tem- 
perature and emissivity as that of the shield or metal tube. 

(c) The cavity within the shield is spherical. This assump- 
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CONNECT A AND B TO LOCATE C 


B C 


Fic. 2. Diagram A 


tion simplifies the determination of the angle factors. Then the 
two energy equations reduce to 


he(Tg — Tr) = Frsero,(T — Ts‘) 
+ Fryero,(T7* — Ty')..... .. (3) 
and 
hs(Tg — Ts) = — Tyw')....... . [4] 
where the subscripts are as before and 
T = absolute temperature, deg F 


h 


PF 


film coefficient of heat transfer, Btu/(hr) (sq ft) (deg F) 

0.1723 X 10-*, Btu/(sq ft)(hr)(deg R)‘, Stefan Boltz- 
mann constant 7 

emissivity of surface 

angle factor 


The angle factor from the thermocouple to the wall Fry, for 
example, is defined as the fraction of the total solid angle of the 
wall, 47, that the thermocouple ‘‘sees.”’ 

If the weight flow rate of the gas is known, the coefficient of 
convection, h, and h,, can be estimated from data given by Mc- 
Adams‘ or, in more ready form, from data by Rohsenow.® 

The emissivities of the thermocouple and shield, e7 and eg, 
must be assumed. These emissivities must lie between 0.00 for a 
perfectly reflecting surface and 1.00 for a black-body surface. 
The most probable value is somewhere around 0.8 for oxidized 
steels. 

Now with the measured values of thermocouple temperature 
and wall temperature, 7’; and Tw, the true gas temperature 7'g, 
can be calculated from the simultaneous equations. This is a 
trial-and-error type of solution. In order to expedite this opera- 
tion the following diagram solution is presented. 


D1acram SOLUTION 
The two Equations [3] and [4], expressing the heat balance be- 


4 Bibliography (4), p. 221. 
§ Bibliography (1), fig. 5. 


tween wall, gas, and thermocouple, and wall, gas, and shield, 
respectively, can be reduced to the following form when simpli- 
fying approximations are made generally similar to those indi- 
cated in reference (1) 


T;—T 
. = Frsg | Tars’ + Frw Tarw’. (6) 
T w 


and where 
T moe = 3/2(Ts + Tw), Targ= '/2(Tr + T's) 
and 
Tarw = + Tw) 


Diagram A, Fig. 2, is constructed from Equation’ [6b] and dia- 
gram B from Equations [5] and [6a]. The technique of using 
these diagrams is shown by the example worked out on the calcu- 
lation form, Fig. 3, and by the dotted line on the diagrams for the 


following: 


hs = 


thermocouple reading = 1500 F 

wall temperature = 1300 F 

mass gas velocity = 3.5 lb per sec per sq ft 
angle factor = 0.89 

angle factor = 0.11 

diameter of thermocouple junction = '/; in. 
diameter of shield = #/s in. 

emissivity = 0.8 assumed 

emissivity = 0.8 assumed 

coefficient of convection = 100 (see footnote’) 
coefficient of convection = 44 (see footnote’) 
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Three values of 7's, shield temperature, are as- 
sumed. First ¢’ is obtained from diagram A and 
then t, is obtained from diagram B, using 
the terms inside the parentheses. Then, with the 
terms outside the parentheses, diagram B is again 
used to obtain t,;. These two values of ty: and ty: 
should be equal for a correct solution. The three 
sets of values of ty: and ty: are plotted on the 
graph Fig. 3 and the intersection of the resulting 
line with the 45-deg line indicates the correct 
value of t,, the true gas temperature. A fourth 
confirming trial is then made. 

It is a fortunate property of these diagrams 
that great precision is not required in following a 
path through them to obtain an accurate answer. 
On the other hand, a particular solution is very 
sensitive to the assumption of shield temperature. 


ReEsutts or SrupiEes 


In order to show the effect of the variables, 
pipe-wall temperature, gas velocity, or coefficient 
of convection, assumption of emissivity and 
thermocouple temperature, on the deviation be- 
tween the reading of single-shielded thermocouple 
and the true gas temperature, some illustrative 
calculations were made with the results shown in 
Figs. 5, 6, 7, and 8. For purposes of comparison, 
calculations were also made for an exposed and 
an enclosed type of thermocouple, illustrated in 
Fig. 4. The junction of the enclosed thermo- 
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(TrTw) = (hr) 
Fie. 2 Diagram B 
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|/| tr | 1500 | | 
| 2| tw | ewree| 1300 | 
ts | | 1440 | 1450 | 1431 
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couple was assumed to be within a !/,-in-diam enclosure; and 
hence because of the relatively large diameter, its coefficient of 
heat transfer is much lower than that of the bare-wire type where 
the diameter of the thermocouple junction is only about '/ in. 

The single-shielded thermocouple, analyzed in Figs. 5, 6, 7, and 
8, is a practical approach to single shielding and has been used 
quite successfully. In order to have a name for it let us call it 
the ‘“‘protected-tip thermocouple.”’ As shown in Fig. 4, it is seen 
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Fie. 5 Errect or WALL TEMPERATURE 


to consist of a */s-in-OD and '/,-in-ID stainless-steel tube with a 
3/,.-in-diam hole drilled through the tube at the location of the 
thermocouple junction. A pressure seal is at the cold terminal 
end of the tube. With this arrangement, the coefficients of con- 
vection heat transfer for the thermocouple junction and shield 
are different, and the angle factors are from thermocouple to wall, 
Frw = 0.11, from thermocouple to shield, F7s; = 0.89, and from 
shield to wall, of course, Fsw = 1.00. 

The calculations were centered on a reference point where the 
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thermocouple reading, 77 = 1500 F, the pipe-wall temperature 
Tw, is 100 deg F less than 7'y, the emissivity, « = 0.8, and the 
mass gas velocity, G = 3.5 lb per sec per sq ft. These reference 
conditions*are indicated by the dotted lines in the figures. Each 
figure shows the relationship between the true gas temperature 
and one of these four variables, while the other three are main- 
tained constant. 

Fig. 5 shows that the variation of the radiation correction with 
pipe-wall temperature is almost linear; and Fig. 6 shows that 
the correction also varies approximately linearly with emissivity. 
In Fig. 7 it will be noted that at low values of gas flow rate G, 
the radiation correction increases greatly, while at higher values 
of G it decreases fairly uniformly from the reference point. The 
value of G = 3.5 at the reference point is & fairly low value; and 
since it is expected that in most gas-turbine applications only 
values of G = 2 or more will be encountered, the radiation cor- 
rection would not be excessively large. 
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In Fig. 8 the effect of thermocouple temperature with a con- 
stant difference of 100 deg F between wall temperature and 
thermocouple temperature is shown. The correction is seen to 
decrease approximately linearly with thermocouple temperature. 
It should be noted that, in a particular duct, the difference be- 
tween thermocouple temperature and wall temperature will de- 
crease with decreasing gas-stream temperature; consequently, 
the corrections at the lower gas-stream temperatures would be 
smaller than those shown in Fig. 8. 

As mentioned previously, the value of emissivity and the rela- 
tion between heat-transfer coefficient and mass gas velocity must 
be assumed in order to calculate the thermocouple correction. 
But these assumptions cannot be made with much certainty, 
with the result that the calculated radiation correction may be 
in error as much as 50 per cent. Consequently, the smaller the 
radiation correction the less will be the uncertainty in the true 
gas temperature. Therefore since the radiation corrections per- 
taining to the protected-tip thermocouple are the smallest of the 
three types of thermocouples, true gas temperatures derived from 
protected-tip thermocouple will have the least uncertainty of the 
three types of thermocouples. 

It is apparent from Fig. 6 that if means can be found to reduce 
the emissivity of the shield and thermocouple to the neighborhood 
of zero, as by using polished-metal surfaces, the resulting correc 
tions would be very small. 
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CONCLUSION 


A rapid graphical method for finding the correction to be ap- 
plied to single-shielded thermocouple readings is presented; and 
also a practical design execution for such a single-shielded thermo- 
couple is outlined. 
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Discussion 


H. B. Norracg.* Would it not be of interest to consider how 
the graphical solution presented might be employed in case the 
velocity of the stream were high enough to require the introduc- 
tion of a “recovery factor’’ at the thermocouple? 


AvutTHors’ CLOSURE 


The question raised by Mr. Nottage is certainly of interest. 
The graphical solution as it appears in the paper neglects bound- 
ary-layer effects due to high-velocity streams. However, this 
analysis and graphical solution may be used for high-velocity 
streams if one replaces 


hr by her 
hs by hes 


(To Tr) by (Pm + — Tr) 


V 
(Tg — Ts) by (T,, + rs T's) 


in the equations and on the charts. : 
Here h, is an effective coefficient of heat transfer defined by 
McAdams, Nicolai, and Keenan (5) as 


dq 1 


h, = — 
dA Tsurtace — Ta. w. 
where 7's4.w. = temperature of an adiabatic wall in the gas 
stream. The recovery factor is defined as 
Tod. y 
V2/2g C 


where 7',, = temperature of flowing stream 
V = velocity of stream, fps 
C, = specific heat at constant pressure of gas, ft-lb/ 
Ib (deg F) 


The stagnation temperature of the stream, 7'0, may be calculated 
from 
T T Le 

ee T+ 

29 C, 
Values of the recovery factor for the wall of pipes are found in 
reference (5) to average 0.88 in the range of Mach number from 
0.2 to 1.0. For wires in an air stream, Hottel and Kalitinsky 
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(6) and Eckert and Weise (7) report values in the range 0.65- 
0.88. 

Consider the effect of a Mach number of 1 on the example 
calculated in Figure 3. Assume hy = h,r, hs = hg7, and rg = = and 
rr = 0.8. At a temperature of 200 F abs the velocity of 
sound in air is approximately 2130 fps and C, = 0.277; then ‘lot y? = 1371 + 327 = 1698 F 


th =tg—r 2 C, = 1533 — (0.8) (827) = 1371 deg F 


(2130)? 
san = 327 deg F 
2g C, ~ 2(82.2) (0.277) (788) 


For a Mach number of 0.25 these values would be ¢,, = 1517 deg 
F and 7, = 1537 deg F. 
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Electrically Heated Glove for — 
Local Values of Heat-Transfer Coefficients 


By J. K. GOSS,1 MINNEAPOLIS, MINN. 


In designing anti-icing systems for airfoils, together 
with other factors, it is necessary to know local values of 
external heat-transfer coefficients of the airfoil. To deter- 
mine reliably the coefficients not only on the leading edge 
but back on the wing, the heated-glove method has been 
devised. It has been used by Fairchild Aircraft, N.A.C.A., 
and to a considerable extent by Northwest Airlines, Inc., 
Aeronautical Ice Research Laboratory both on aircraft and 
in tests atop Mount Washington in New Hampshire. 


requires a thorough knowledge of the thermal require- 

ments. In order to calculate these heat requirements, 
it is necessary to know, along with a number of other factors, the 
local values of the external heat-transfer coefficients of the sub- 
ject airfoil. These coefficients have been determined in the 
past by using theoretical and empirical equations for a cylinder 
of a size that will fit into the leading edge of the airfoil, and simi- 
lar equations for a flat plate. This is shown diagrammatically 
in Fig. 1. This method gives fairly dependable results in the 


Pea design of thermal anti-icing systems for aircraft 


FLAT PLATE EQUATIONS 


ARE USED 
CYLINDER EQUATION 
43 VSEO . 
. 
1 


region of the leading edge, but from the imaginary cylinder back 
on the wing it is not as reliable. Also, in the region where the 
transition from laminar to turbulent flow occurs, the external 
heat-transfer coefficients must be estimated. 

In order to determine the local values of the external heat- 
transfer coefficients, Btu/(hr) (ft?) (deg F), the amount of heat 
being dissipated per unit area, the temperature of the surface, 
and the ambient-air temperature must be known. Difficulties 
are encountered in the determination of the actual heat going into 
the air from the surface, and in the measurement of the actual 
surface temperature. 


DEVELOPMENT OF ELECTRICALLY HEATED GLOVE 


One can be assured of knowing the quantity of heat transferred 
from the surface to the air if the equipment is designed so all the 
heat goes into the air, or if it is designed so the heat losses other 
than that to the air can be measured, and the necessary correction 
be made therefor. The electrically heated glove incorporates 
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both of the conditions mentioned. A test heater strip of ni- 
chrome ribbon, !/, to 1 in. wide, is used with guard strips of the 
same material mounted parallel with it and as near as possible 
to it. If these strips are connected in series so the same current 
flows through each, the same heat will be generated in each, and 
the side strips will prevent heat flow from the edge of the test 
heater. A question may arise as to why one strip the width 
of the three could not be used. One strip would serve the same 
purpose in so far as heat flow from the instrumented section. is 
concerned, but would require 3 times the current, resulting in 
larger-capacity wires and control equipment. In other words, 
three strips are used instead of one wide strip because a more 
practical unit is thereby obtained. 

There is another, though lesser, reason for having a compara- 
tively wide heated-surface area. If, for some reason, the air 
should flow diagonally across the heaters instead of parallel with 
them, the air would be heated more or less, depending upon the 
area considered. The wider strip heats the air crossing at an 
angle before it reaches the instrumented section nearer the proper 
temperature. The air flow over a number of the gloves used at 
the author’s laboratory has been checked by using string, and it 
has been found, as nearly as can be determined by this method, 
that the air flow was parallel to the heater strips. 

Heat flow from the heater strip into the airfoil presented a 
greater problem. Sufficient insulation to make this heat flow 
negligible would require considerable material betweeen the 
heater and the airfoil surface on which it is mounted. This 
would result in a glove surface that would be built up somewhat 
above the airfoil surface for which the local external heat-trans- 
fer coefficients are being determined. Since different sizes and 
shapes of airfoils have different coefficients or relation of coef- 
ficients, it is desirable to get the glove surface as nearly as pos- 
sible the same as the surface under test. 

With this in mind, a compensator heater strip was incorporated 
in the glove under the heater strip and insulated from it ther- 
mally. In the construction of most of its heated gloves, the au- 
thor’s laboratory has used */;. to '/,-in. leather belting that had 
been trimmed to assure uniform thickness. However, rubber has 
been used also and has been found to be very satisfactory. By 
adjusting the current through the compensator strip, the heat 
generated is controlled to the point where the compensator 
temperature is approximately the same as the mean tempera- 
ture of the outer surface, resulting in a minimum of heat flow 
through the insulating material, hence a minimum correction on 
the total heat is required. See Fig. 2 for typical glove cross section. 


MeruHop oF MEASURING SURFACE TEMPERATURE 


The problem of measuring actual surface temperature was not 
worked out so easily. The best means of getting the true surface 
temperature is to embed the junction in the surface. However, 
it is not practical to install the thermocouple wires in the heater 
strips, because the current flowing through the heaters usually 
produces a potential into the thermocouple wires, causing incor- 
rect temperature indications. Considerable work has been done 
at the Aeronautical Ice Research Laboratory on different methods 
of connecting No. 40 thermocouple wires to the nichrome ribbon, 
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but as yet no technique has been developed by which to make a 
dependable connection that will result in no induced potential. 

It is necessary, then, either to insulate the thermocouples elec- 
trically from the heater, or, if direct current is used through the 
heaters, to take one set of temperature readings, then reverse the 
direction of current flow through the heaters and read the tem- 
peratures again, of course maintaining the same current flow. 
The induced potential then should be the same in each case, 
adding to the thermocouple potential in one case and subtracting 
in the other. The average of the two should be the correct read- 
ing. However, this procedure will result in an increased amount 
of data and much calculating, and it is readily seen that errors 
could result if the identical conditions were not maintained during 
both readings. It is possible that the error due to the induced 
voltage would be canceled out if alternating current were used 
through the heaters. However, this has not been tried at the 
laboratory, because the necessary alternating power has not been 
available on the aircraft used. It is advisable, then, to insulate 
the thermocouple junction electrically from the heater strip, 
but, at the same time, make the thermal insulation as small as 
possible. 


LocaTION OF THERMOCOUPLES 


It is necessary to install thermocouples to indicate the tem- 
perature of both the test heater and the compensator heater. 
The thermocouples are placed closer together near the leading 
edge and in the region where the air flow over the airfoil becomes 
turbulent. Usually about '/2 to 3/,-in. spacing will suffice. Be- 
yond the point of transition the thermocouples can be located 
farther apart, with the last ones about 3 to 5 in. apart. In other 
words, referring to the typical temperature diagram, Fig. 3, the 
thermocouples must be located closer together where the slope of 
the curve changes rapidly. 

The thermocouples on the compensator strip can be placed 
between the heater and the insulator strip with electrical insula- 
tion between the couple and the heater. A narrow piece of 
cigarette paper was found to be good material to use as it gives a 
minimum of thermal insulation, but insulates the thermocouple 
electrically from the heater and yet is tough enough so the wires 
will not cut thréugh it. Instrumenting the surface presented a 
slightly greater problem. The best method found for installing 
these thermocouples was to place them under the heater strip, 
insulating them from the heater as just explained. When the 
heater strip is cemented on, a slight bump will result at the ther- 
mocouple location, which in most cases is not exactly desirable. 
The bumps will not be very great, however, if care is taken when 
installed. 

Research is now being conducted to find a material‘that can be 
painted on the heater and sanded smooth, into which the No. 40 
thermocouple wires can be embedded in such a way that they 
indicate the actual surface temperature. Several installations 
have been made at the laboratory with the thermocouples on the 
outside of the glove. Lacquer was sprayed on the surface to 
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make it smoother, but this system was not too satisfactory be- 
cause it would not last long enough, especially if used in moisture. 

The various component parts of the glove have to be cemented 
together with an adhesive that will securely bind the nichrome 
to the leather and rubber. Bostik M-50 plastic cement has been 
found very suitable for this purpose. Another that serves the 
purpose very well is M-3 cement, made by the Minnesota Mining 
and Manufacturing Company. 


Heat-FLow CAaLcuLaTIONs 


Heat will flow from a location of higher temperature to one of 
lower temperature. It can be seen from Fig. 3 that at some 
points heat will flow from the test heater to the compensator, 
and at other points from the compensator to the test heater. 
Therefore it is desirable to locate the thermocouples on the com- 
pensator directly under those on the test heater. Then the cor- 
rection for the heat flow can be made most readily. However, 
to know what the correction should be, the thermal conductance 
of the thermal insulator between the test heater and the com- 
pensator heater must be determined. This can be done by in- 
sulating the outside surface, so no heat is lost from the test heater 
to the air when it is htated, but all the heat flows through the 
insulating material. If R is the resistance of 1 ft length of the 
resistance ribbon, the heat being generated in that length is /*R 
watts. The heat rate per unit area Q/A, is then given by the 
relationship 


_ PR(2) 
A 


where W = ribbon width, in. 


watts per sq ft 


= 41.04 WwW Btu per sq ft per hr 


Then the thermal conductance of the material is 


i= = 41.08 Btu/(ft?) (deg F) (hr)..---: (1) 
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Where At is the temperature difference (deg F) of the test heater 
and the compensator. If the insulating material is of uniform 
thickness and composition (and it is desirable to make it so), 
the value of thermal conductance will be substantially the same 
for each point. 

In operation during flight the ambient-air temperature, the 
current to the test heater, and temperatures at each point on 
both the surface and the compensator are noted. The total heat 
going into the air, then, at any point, equals the heat being gen- 
erated, corrected for the heat flow through the insulating mate- 
rial, or expressed as an equation 


( 

? = 41.04 — + f,(t, — t,) Btu per sq ft per hr 

A Ww 
where f, = thermal conductance found from Equation [1], tf, = 
compensator temperature (deg F), and t; = surface temperature 
(deg F). Then the external heat-transfer coefficient 


PR 
41.04 


Btu/(hr) (ft?) (deg F). [3] 


where {, = ambient-air temperature (deg F). 


Discussion 


Vicror Pascukis.? The technique named by the author, 
“electrically heated glove,” is a very interesting one, which 
should have many applications. The usefulness of the paper 
would be enhanced if the author in his closure could show how the 
heated glove is fitted to the airfoil. It would appear from the pa- 
per as if the glove, which may be something like '/: in. thick, 
would protrude beyond the metal of the foil, making it a less de- 
sirable design. 

The author states that the purpose of the guard heater is to 
avoid lateral flow, and that no heat can flow through the guard 
heater. This appears doubtful because the guard heater receives 
the same amount of heat as the main heater but, because of the 
lateral heat loss, uses more heat. It is customary to supply to the 
guard heaters a great amount of heat so controlled that the tem- 
perature of the guard heater and the main heater are the same. 

In the description of the calibration of the insulation placed be- 
tween the nichrome heating element and the compensator heater, 
the author states, ‘the outside surface is so insulated that no heat 
is lost from the test heater to the air.’’ Obviously, this is inac- 
curate because there does not exist such insulation. A numerical 
evaluation of the error through the insulation would be interest- 
ing. In order to make the error small the insulation would have 
to be fairly heavy, requiring a long time for achieving steady 
state. In such long times a number of experimental difficulties 
arise, for example, minor fluctuations of the air temperature pass- 
ing the compensator heater, etc. 

Supplementing the paper with this information should help to 
make the method applicable to a number of problems. ° 


Kirsy Waker.’ The first matter the writer wishes to discuss 
is one of detail regarding the attachment of the couples. It is 
his recollection that when he originated the glove (an outside 
strip and an inner compensator strip), the first use on an airplane 
Was with the couples touching the metal strips directly. In order 
to prevent induced voltages, a common thermocouple wire was 
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not used. The instrument taking the reading was switched sepa- 
rately to each couple, both wires of a given couple being con- 
nected after disconnecting all other couple wires. This method, 
however, doubles the number of lead wires required .so in most 
cases the customary common lead with couples insulated from the 
strips is more practical. 

The writer disagrees with the feeling that results from the glove 
are checked by the methods previously used for estimating the 
surface coefficients in the absence of direct test data. The writer 
feels that the coefficients obtained from the glove are the true 
values and are themselves checking the methods used to predict 
them. 

The writer also suggests that coefficients obtained on wings 
should be assembled and plotted versus Reynolds number (RN). 
This would give designers of new planes a simple method for es- 
timating the coefficients to be expected. The cylinder-and-plate 
method is too involved. In any event, both the number plotted 
against RN and RN should be carefully considered before a 
method of plotting is worked out. It is suggested that the nose- 
cirele diameter could furnish the D of RN, and the distance back 
from the nose along the airfoil might be LZ. Perhaps then for a 
given L/D, data could be plotted against Reynolds number and 
so furnish a simple usable chart for the designer. 

AUTHOR’s CLOSURE 

The first matter the author wishes to clarify is the purpose of 
the glove. By obtaining the spot temperatures and unit heat 
dissipation, the unit thermal conductances can be definitely de- 
termined. The values obtained by use of the empirical equations 
can be compared to these positively determined values to de- 
termine how nearly correct the equations are for the particular 
airfoil under consideration. 

Considerable research has been conducted in our laboratory on 
methods of welding or soldering thermocouples to nichrome heater 
strips. We have been unable to devise a satisfactory method 
that would result in both a mechanically secure connection and 
one free from errors when direct current passed through the 
heater. Our efforts have been with No. 40 iron constantan thermo- 
couple wire intended for incorporation in equipment to be used on 
aircraft. The induced voltage can be reduced or eliminated by 
properly connecting the wires normal to the current flow. How- 
ever, it cannot be depended upon to give temperatures without 
error. 

One organization used thermocouples welded to a heater strip 
on equipment similar to that discussed in the paper, and obtained 
temperatures in error from zero to 15 F. In order to use the 
equipment and not construct new, they took two sets of data, 
reversing the direction of current flow for the second. By aver- 
aging the two indicated temperatures for any point, the induced 
error was canceled out. 

Probably the most reliable method of actual contact of the 
thermocouple to the heater was that used by Fairchild where they 
inserted the thermocouple through a hole under the heater and 
normal to it. However, this system has not been possible in 
many of the glove applications at the writer’s laboratory. 

Sketches in Figs. 4 and 5 show how an error is induced. In 
Fig. 4, assuming contact is made only at the junction, there will 
be a voltage drop between points A and B. The same will be 
true with the connection indicated in Fig. 5. We obtained the 
best results in our laboratory tests by making a butt connection to 
the two wires, thereby reducing the distance between A and B; 
however, as has been previously indicated, the results even then 
cannot be depended upon. 

Several changes have been made in the general construction of 
the glove used at this activity since this paper was written, in 
order to make a more simplified and improved unit. We have 
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done away with the compensator heater entirely for some units. 

The later units were constructed with glass cloth as an insulator 

under the heater, and a thin layer of glass cloth over the heaters. 

Formvar was used for the bond for the layers of glass cloth and 

heaters. To obtain actual surface temperatures, the No. 40 ther- 

mocouple wire was run under the outer layer with the junction 

projecting to the surface through the weave. On others they, 
were placed on the top but embedded in the formvar. 

Our experience has indicated that with 0.002 to 0.005-in-thick 
heater strips '/2 in. or wider, the temperature of the adjoining 
edges of the test heater and the guard strips can be maintained 
with appreciably the same heat generation or current through the 
strip. Therefore we have been constructing our gloves with the 
guard and test strips of the same size material and connecting 
them in series to assure the same heat generation. 

The electrically heated glove has been mounted in various ways 
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to airfoils, but the most commonly used method has been to 
cement it layer by layer on a sheet of aluminum bent over a form 
of the proper shape. After completion the unit is removed from 
the form and secured to the wing. In order to obtain a surface 
profile the same as that of the wing test section, the unit is located 
at a smaller section, or ribs are cut to make a form for the glove. 
The ribs are then cut to fit over the wing at any desirable location 
and the glove, along with its form, is mounted on the wing. 

The comments on ‘‘the outside surface is so insulated that no 
heat is lost from the test heater to the air during calibration” are 
well-founded. It is quite true there will be some heat flow to the 
air; in other words, the “no” should have been “‘little.” If prop- 
erly insulated, the error introduced because of the small amount of 
heat flow would be negligible as far as the calculations of the 
thermal conductance of the insulating material between the test 
heater and compensator is concerned. 
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This paper demonstrates the practicability of determin- 
ing the proper shape of a cam to produce a required motion 
by means of what might be termed ‘geometrical kine- 
matics.’ The author shows how the general principles of 
geometry and kinematics can be applied and that the 
graphical method is not limited to determining a cam pro- 
file as the envelope of the follower. The methods of kine- 
matics, including graphical construction, can determine 
points of contact and centers of curvature, so as to avoid 
cusps. Dimensions of the cam can be obtained to any de- 
sired degree of accuracy by calculations based upon the 
geometrical constructions. Designers and draftsmen will 
find the methods explained easy to understand and use. 


INTRODUCTION 


HIS paper might have been entitled ‘Geometrical 
Kinematics Versus Analytical Method in Cam Design.” 
The problem of determining the proper shape of a cam to 
produce a required motion is usually supposed to lie in the field 
of kinematics; but a few months ago an article? was published by 
this Society, in which a purely analytical method was applied to 
the case of the disk cam and flat follower. Any method that gives 
correct results is worthy of consideration; but the present author 
hopes to show that geometrical methods are the proper ones to 
use in solving this kind of kinematical problem. 
In the article referred to, the two following statements were 
made: 


1 “In this procedure (the graphical-envelope method for 
determining a cam profile) the points of contact between the 
cam and the follower are initially unknown and it is difficult to 
estimate their exact location.” 

2 “The minimum radius to avoid cusps is difficult to deter- 
mine graphically, except by trial, but can easily be found ana- 
lytically.”’ 


It is the purpose of the present paper to show: 


1 How the general principles of geometry and kinematics can 
be applied and that the graphical method is not limited to 
determining a cam profile as the envelope of the follower. 

2 That the methods of kinematics, including graphical con- 
struction, can determine points of contact and centers of curva- 
ture, so as to avoid cusps. 


3 Further, that dimensions of the cam can be obtained to any 
desired degree of accuracy by calculations based on the geo- 
metrical constructions, 


It is believed that the paper will show also that the methods of 
geometry and kinematics are practical because they are easy for 
a designer or draftsman to understand and use, and that they 
lead to knowledge not likely to be obtained in other ways. There 
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Kinematics of Disk Cam and Flat Follower 


By ALLAN H. CANDEE,' ROCHESTER, N. Y. 
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is so much ground to cover, however, that explanations will have 
to be exceedingly brief. 


THe PrRosLEM DEscRIBED 


A simplified diagram of a rotating disk cam and flat follower 
having straight-line motion is given in Fig. 1. The cam is as- 
sumed to rotate at constant angular velocity and the motion of 
the follower is specified. The problem then is to determine the 
shape of the cam. 

Three material bodies which have relative motion are the frame, 
the cam, and the follower. Two important geometrical elements 
are the follower profile and the cam profile, which must be so 
related as to produce the specified motion. Two points that first 
get our attention are the center of rotation and the point of con- 
tact. Mere inspection of the diagram suggests to us that the 
position of the point of contact at any instant has something to do 
with follower velocity and that the shape of the cam profile must 
determine the changes in velocity. 

In determining the cam shape at any given point of contact it 
is often enough to have the normal line and the center of curva- 
ture as a point in that line. For the flat follower in the present 
problem the normals at points of contact always have the same 
direction. Furthermore, it is not difficult to see that at the cen- 
ter of curvature there is a component of velocity in the direction 
of the normal and that this component is equal to the follower 
velocity. 


Kinematic ASPECTS OF PROBLEM 


Velocity and Acceleration Determine Center of Curvature. The 
disk cam and flat follower are one of the simplest possible cases of 
cam motion. What has already been suggested about the rela- 
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tion of the cam profile to the velocity and acceleration of the fol- 
lower is indicated more clearly in Fig. 2. The facts are set down 
mathematically as follows: 


Displacement of point of contact and center 


of curvature in direction of tangent... .... r 
Displacement of center of curvature in direc- 
tion of normal.... 
(Constant angular velocity of eam 
Velocity ai center of curvature in direction of 
normal, also follower velocity.............. v = dy/dt = zw 


Velocity of center of curvature in direction of 
tangent and line of centers, also rate of 

Acceleration of = dv/dt = (dz/dt)w = yw 

[t is thus seen that the saitiaaitl x, which is the off-center 
position of the point of contact (and of the normal), varies directly 
with the follower velocity, and that the displacement y, which 
gives the position of the center of curvature in the normal, varies 
directly with follower acceleration. These relationships must 
have been derived many times. The important principle is that 
the z- and y-displacements of the center of curvature of the cam 
profile from the center of rotation can be determined directly 
from the velocity and acceleration of the prescribed motion of the 
follower. 

Follower Motions. In the article? which has been cited, five 
vases of follower motion were considered, namely: 


Zero velocity (dwell). 


2 Constant velocity. 

3 Constant acceleration. 

4 Simple harmonic motion with 1 cycle per revolution of cam. 
5 Simple harmonic motion with 2 cycles per revolution of cam. 


These are all motions that might be adopted by a designer be- 
cause of ease of specification or description. Since the motions 
are described in simple mathematical terms, it is not surprising 
that the cam curves are found to be of comparatively simple type 
with fairly simple equations. Before we consider special cases 
of motion, important general principles and features will be out- 
lined. 
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Points, Lines, and Curves in General Problem. Certain geo- 
metrical points and lines are common to all cases of motion in 
the present problem, and are illustrated in Fig. 3. Since the fol- 
lower has straight-line motion, its center of rotation is imaginary 
and at infinity; and since the follower profile is flat, its center o/ 
curvature is also at infinity. This means that certain lines in the 
diagram are parallel, whereas in the general problem of cam mo- 
tion both of these centers would be at finite positions and no 
lines would be parallel. 

Various points and lines are designated in the diagram and are 
also listed as follows: 


Center of rotation of cam 
2 Center of rotation of follower (at infinity) 
Line of centers . 
4 Follower profile (straight line) 
5 Cam profile (curve) 
> Point of contact 
7 Normal to profiles, at position determined by follower 
velocity for a given case 
8 Center of curvature of follower profile (at infinity) 
» Center of curvature of cam profile, in the normal, and as 
determined by follower acceleration 
10 Instant center of relative motion between cam and fol- 
lower, at intersection of normal and line of centers 
11 Vertical center line, through cam center of rotation and 
perpendicular to line of centers. 


Besides these basic geometrical features, other points, lines, 
curves, and velocity vectors will be considered later. 
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Moving Points and Instantaneous Velocities. The only fixed 
points in the general case are the two centers of rotation, that of 
the follower being an imaginary center at infinity. There are thre 
moving points of special interest: namely, the point of contact P, 
the center of curvature (of cam profile) C, and the instant center 
O;. Fig. 4 shows velocity vectors and their x- and y-components 
at these points. Designating the constant angular velocity © 
the cam by w, we can write values of the various vectors as fol- 
lows: 


Velocities at Center of Curvature: 


Velocity relative to frame of point in cam..........- y = 
Horizontal component. v1, = 
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Fic. 4 VELOcITIES 


Velocity of Normal: 


The normal line is considered as moving with the center of 
curvature; that is, at each instant the point in the normal 
at the position of the center of curvature has the same ve- 
locity as that point in the cam. In the present problem 
the normal has a motion of translation, and therefore all its 
points have the same velocities relative to the frame. 


Velocities at Point of Contact: 


The point of contact is a point in the normal and so has the 
same velocities relative to the frame as the center of cur- 
vature. 

Velocity of point of contaet.........0.0.0..... v = rw 

Velocity of follower (vertical) 


Velocity of point of cortact along follower 
Velocity of point | in cam relative to follower 
Velocities at Instant Center: 
Velocity along line of centers....... .. % = yw 
Vertical component of velocity of instant 
center relative to cam and follower. = 
Velocity of instant center relative to eam vind 


The negative signs for the vertical component are for the reason 
that the motion of the instant center relative to cam and follower 
is downward, whereas the motion of cam and follower relative to 
frame is upward, and in the previous expressions y-velocities have 
been upward. 

Ati is elementary but important in kinematics to consider the 
direction of velocity of a point in one moving body relative to 
another body. In our problem the directions of the velocities at 
points, C, P, and O, are particularly important. Thus at center 
of curvature C, the veloc ‘ity v of the cam relative to the frame is 
Perpendicular to radial line O-C; and at point of contact F, 
Velocity relative to the frame is in the same, that is, parallel, direc- 
tion. At instant center O,, the horizontal component is the same 
48 at C, but the vertical component of the velocity of this point 
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relative to cam and follower is downward instead of upward, and 
it is seen that a symmetrical similarity exists. In the same way 
that at C, v is perpendicular to O-C, which is one diagonal of 
rectangle O-O,-C-o, so similarly at O;, », is perpendicular to 
o-O,, which is the other diagonal. The directions of all these 
velocity vectors are thus known. 

Curves. In mechanisms, moving points travel in definite paths 
The velocities at three moving points have just been 
In Fig. 5 the various curves deseribed by the same 
points are indicated. 


or curves. 
discussed. 


At point of contact ? we have the following: 


The follower profile. 
The cam profile. 
The path of contact (relative to frame). 


At instant center O; there are the following: 


The follower centrode. 
The cam centrode. 
The line of centers (the path relative to frame). 


As for the center of curvature C, its positions relative to the 
frame can be determined by considering the variations in the fol- 
lower velocity and acceleration, as has been shown in the discus- 
sion of Fig. 2. The locus of the center of curvature relative to the 
‘am is known in both geometry and calculus as the evolute of the 
‘am profile, and leads to knowledge about that curve. 
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All the curves can be fully determined for any specified follower 
motion. Graphical constructions made according to kinematic 
principles not only yield points lying on the curves but also indi- 
cate important features such as cusps and points of inflection 
In each of the five cases of follower motion listed earlier the mo- 
tion has a simple mathematical description, and it is found that 
the related curves can be directly described and identified. It 
should not be expected, however, that such curves will always 
turn out to be of commonly known forms. When the follower 
motions are of more complex descriptions the related curves are 
correspondingly more complex. 

Before we leave Fig. 5 we should note that at point of contact 
P the line normal to the path of contact is parallel to line O-C. 
This is known from the previous discussion of velocities in con- 
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nection with Fig. 4. Also, at instant center O,, the line normal 
to the two centrodes is the line O,-o. Thus the directions of the 
normals to these important curves are known almost at the be- 
ginning of a given problem. 

The cam profiles for three of the given cases of follower motion 
are well known; and the information about these cases is given in 
Table 1. The application of graphical kinematics is particularly 
interesting in the cases of constant acceleration and simple har- 
monic motion with two cycles for one cam revolution. 


CaM FOR ConsTANT ACCELERATION 


Let us return to Fig. 2 and see how to apply a knowledge of 
kinematics to the case of constant acceleration. Known facts 
are listed as follows: 


1 The cam rotates at constant angular velocity. 

2 Since the follower velocity increases at a constant rate, the 
distance z increases at a constant rate. 

3 The normal and its three important points (point of contact, 
instant center, and center of curvature) are displaced in the hori- 
zontal direction at constant linear velocity. 

4 For acceleration to remain constant, y remains constant. 

5 The center of curvature is then a point moving at constant 
velocity along a horizontal line offset from the center of rotation. 

6 The locus of the center of curvature relative to the cam is 
the evolute of the cam profile. 

7 This locus must be a curve tangent to the normal at the 
center of curvature. 


Anyone acquainted with the geometry of curves, or the well- 
known involute cam in kinematics, or involute gear teeth, easily 
recognizes that the evolute curve in the present case must be the 
involute of a circle. The identity of the curve that forms the cam 
profile is at once clear. It is the involute of the involute of a 
circle. This isan interesting result to reach; and the author does 
not know where any previous reference to this particular curve can 
be found. One form of the curve and further kinematic relation- 
ships are illustrated in Fig. 6. 


Cr 


Fic. 6 Cam ror Constant ACCELERATION 
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In this diagram, B is the base circle and £ is one of its involutes; 
O is the center of rotation and C is the point of tangency of curve 
E and normal VN. The horizontal line through C is tangent to 
circle B at 0; and as this line rolls with the circle, the velocity of 

’ in the horizontal direction equals the product of radius O-o. 
and the angular velocity of the cam rotation about O. 

From well-known properties of involutes, normals, and evolutes, 
we recognize that normal N rolls on curve 2. Points in both V 
and F at the position of C have the same vertical velocity. This 
velocity is the vertical component of velocity of point C in its 
rotation about O, and is equal to the product of distance o0-C 
(equals radial distance O-O,) and the angular velocity. Since 
distance o-C is increasing at a constant rate, the vertical velocity 
of C and of all other points of N including P, is increasing at a 
constant rate and the requirement of constant acceleration is 
fufilled in the diagram. 

The cam profile M is constructed as the involute of curve F, 
which is the path of P relative to the cam. The form of the 
path of contact relative to the frame can be known by observing 
that the horizontal component of the velocity of P is constant, 
and that the vertical component is increasing at a constant rate. 
The path of a point moving in that way is known to be a pa- 
rabola; and in the diagram, the path of contact is shown as 
parabola P-Q, having a vertical axis coinciding with O-Q and 
having its vertex at Q. 

The centrodes will next be described. These curves are the 
paths of the instant center relative to the cam and follower. In 
any case of relative motion they are the only pair of curves that 
roll together without slipping. At instant center O,, the hor- 
zontal component of velocity is the same as at P and C, and the 
vertical component of velocity of O, relative to the cam and fol- 
lower is downward instead of upward, but equal in amount to 
the vertical component at P. The centrode of the follower is 
therefore known to be the parabola O,-q, similar to parabola 
P-Q and of the same size but inverted. The point O, moving 
along the line of centers at constant velocity while the can 
rotates, travels in a spiral of Archimedes relative to the cam, 
designated as A in the diagram. 

The principal curves in this case have now been shown. \' 
any given position, or positions, the locations of points P, 0; 
and C, relative to the stationary frame, to the follower, and to th: 
cam, can be determined directly by geometrical constructions. 

Before we leave this case it should be interesting to determine 
graphically the centers of curvature of the two centrodes, This 
will be done by making use of three elementary principles of kine- 
matics, which are stated as follows: 


1 Given a moving line for which the directions of the velocities 
are known at two of its points; construct a line perpendiculs! 
to the velocity vector at each of the points; then the intersecto! 
of the two perpendiculars is the instant center of the moving lin 

2 Given three relatively moving bodies, there are three 1" 
stant centers of relative rotation, which lie on the same straig! 
line. 

3 Given a curve fixed in a plane, a point moving along t 
curve, and the line that contains the moving point and is norms 
to the curve, then the instant center of the motion of the line re 
tive to the plane (and to the curve) is the center of curvature. 


The principles covered in the foregoing statements are all fund 
mental and long known and are a sufficient basis for the follo™ 
ing explanation: 

Again considering Fig. 6, the normal to the centrodes is ! 
0,-0, designated as n. Point O, of line n moves along the line” 
centers O-O,, and for this motion the instant center of n must ® 
on the line through O, perpendicular to O-O,, namely, on norm 
N. Point o where Jine o-C rolls on circle B is a stationary po 


neec 
tang 
obta 
Step, 
desir 
A SIV 
P, re 
time: 
arcs, 
Th 
curve 
ing p 
the m 
is un 
more 
meth¢ 
Vidua 
Inv 
Positi 
of cur 
brane} 
Point 
The re 
curve 


t 
n 
a 
el 
sl 
by 
th 
‘ 
in: 
ce 
de 
sec 
ter 
tics 
sho 
trac 
Sta 
witl 
Ma 
| 
q 
A fe) \ 
pert 
Op 


CANDEE—KINEMATICS OF DISK CAM AND FLAT FOLLOWER 713 


in the frame. Line n must continue to pass through 0, and its 
motion at that point is sliding in its own direction. The instant 
center for such sliding is on the line at o perpendicular ton. The 
intersection of this perpendicular with N is thus the instant center 
of n relative to the frame, and is designated as O.,. 

Consider three relatively moving elements to be the stationary 
frame, the cam as represented by the spiral of Archimedes A, and 
the normal n of the centrodes; O is the center of rotation of cam 
and frame, and O,, has just been shown to be the instant center of 
normal n and frame. The third instant center is that of n and A, 
and must be on line O,-O where it intersects normal n. We thus 
obtain O, as the center of curvature of the cam centrode, that is, 
of spiral of Archimedes A. 

For the center of curvature of the follower centrode, we con- 
sider, as three moving bodies, the frame, the follower represented 
by parabola O,-q, and normal n. The center of curvature, which 
is the instant center of the normal and the follower, must be on 
the straight line connecting O, (instant center of parabola and 
spiral of Archimedes) and instant center O4, that is, on normal n. 
Also, the center of curvature must be on the line connecting the 
instant center of normal and frame, O,, and the instant center of 
follower and frame. This latter point is at infinity on the line of 
centers, and is designated in the diagram as Oy. The line 
described is therefore a horizontal line through O,, and it inter- 
sects n at the point designated as O,. Point O, thus determined 
is the instant center of normal n and the follower, also the center 
of curvature of parabola O,-q. We have thus obtained the cen- 
ters of curvature of the centrodes. The same method could be 
applied to determine instant centers of all moving points and lines 
in the diagram. 

Practical Method for Draftsmen. A convenient and very prac- 
tical method of determining paths of moving points on paper is 
shown in Fig. 7. The case illustrated is that of cam profile 
of Fig.6. Theinvolute curve £ of base circle B is drawn on ordi- 
nary paper S;. Then a straight line N is drawn on transparent 
tracing material S.. Thin celluloid is particularly satisfactory. 
Start with the transparent sheet laid over the paper drawing, 
with line N (the normal) tangent to EF at any desired point C). 
Mark a point P at any desired position in V, and with a needle 
point prick through S. to obtain point P,; of the cam profile. 
Then transfer the needle point to C; and rotate S, slightly, which 
will cause NV to intersect ZH at a second point C;. Transfer the 
needle point to C, and adjust the position of S:; to make N 
tangent to E at Cy. Then again prick through S2 at point P to 
obtain a second point Ps, of the cam profile. Continuing step by 
step, with points Cj, C2, Cs taken at any intervals that may seem 
desirable, obtain the corresponding series of points P;, P2, Ps. 
Asmooth curve M drawn through such points is the path of point 
P, resulting from the motion of line N rolling on curve E. Some- 
times it is convenient to construct curve M as a series of circular 
ares, by using a compass, with poiats C as successive centers. 

The method shown can be used to roll one curve on another 
curve instead of rolling a straight line on a curve. The deserib- 
ing point need not be on the rolling curve but may be anywhere in 
the moving plane. This method of constructing kinematic curves 
is undoubtedly old and ought to be more widely known, as it is 
more convenient and probably slightly more accurate than 
methods in which compass and dividers are used to obtain indi- 
vidual points. 

Involutes of the Involute of a Circle. When in Fig. 7 different 
positions of P in line N are selected, different forms of the involute 
of curve E result. Going on to Fig. 8, Z,; and FE, are the two 
branches of an involute of circle B. Line N is tangent to FE, at 

point C. Three points in N are designated as P;, Ps, and P). 
The resulting paths are /,, J:, and J;, which are involutes of the 
curve E,, E:. Curve J; is the limit case that occurs when point 


Fic. 7 Metuop or Rotting Curves AND LINES TOGETHER 
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P, travels through cusp K formed by the two branches of the 
involute of the circle. The other two curves J; and /; are 
typical of the more general types, 7; being without any cusp and 
7; having two cusps. The conditions under which cusps are 
formed are apparent in the diagram and we see easily how to 
avoid them in designing a cam. 

« Exact Determinations. Before leaving this discussion of the 
cam for constant acceleration, let us see how the graphical con- 
struction of the diagram indicates the way to carry out exact 
calculations. In Fig. 8 the displacements from point A of point 
P, in the cam profile are designated as z and y.' Analytical ex- 
pressions for these co-ordinate distances can be written almost by 
merely inspecting the diagram. Let r = O-K = radius of base 
circle B; let A = constant distance P.-P,; and let @ = angle be- 
tween normal N and vertical axis K-O. 

Point ois where line C-o, the normal to involute Fj, is tangent to 
circle B. According to properties of the involute of the circle 
(which are very well known and easily derived), distance C-o = r@; 
and are K-C = '/.r6*. Along normal N, distance C-P; = are 
K-C. By considering the distances from point to point in the 
order O-o-C-P;-P,, the values of z and y are seen to be as follows 
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Fic. 8 INVOLUTES OF THE INVOLUTE OF A CIRCLE 


In these equations, terms containing common factors can be In order to determine the positions of points on the cam pro 
combined; but they are left just as first written because we are file, it is next necessary to introduce the cam rotation. Dis- 
interested here principally in method. By assuming different gram Fig. 9(d) shows how this can be done. The drawing ha- 
values of 6, the co-ordinates of point P; may be calculated for as been made with four equally spaced points to a quadrant of tl: 


many positions as desired and to any desired degree of accuracy. _ ellipse; and because of the cam rotating at half speed, there an FD 
eight positions indicated in the quadrant of a circle drawn abou 
the center of rotation. Assuming in diagram Fig. 9(c), that tl» 


In the ordinary case of simple harmonic motion, one cycle lowest point of the ellipse is a point of contact in the eam pr 
occurs during one revolution of thecam. We allknowthatacam _ file, then after three of the displacements indicated, we have dis 
in the form of an eccentric circle is the answer (see Fig. 1). Then gram (d) with the ellipse rotated to its position 3 (correspondins 
the center of curvature moves on a circle around the center of — to angle 6/2); and point 3 of the ellipse (corresponding to har 
rotation; and the amplitudes of displacement of the follower and monic angle 6) is a point of the cam profile. 
of the normal are equal. The positions of the follower at suc- A procedure for obtaining successive points around the cam © 
cessive intervals of time can be constructed by spacing points a layout is shown in Fig. 10. A sheet of transparent material 
around a circle, as in Fig. 9 (a). The radius of the construction used in a way similar to that of Fig. 7. The complete cam pr 
circle is made equal to the radius from the center of cam rotation _ file is seen as curve M in Fig. 11. 
to the center of curvature, as from O to C in Figs. 4and 5. Angle When possible, we like to identify a curve, that is, find out if 
6 represents the phase angle of the harmonic variation. has been described and if jts equation has been known previous 

If the same harmonic motion of the follower is to occur at the — in general mathematics. We can learn about curve M in Fig. ! 
same frequency, but with one revolution of the cam for two cycles, in the following way: This curve represents the cam profile wh 
the cam rotates only half as fast as before. With 6 designating the follower, tangent line 7), oscillates up and down over ellip» 
the angle of harmonic change, 6/2 becomes the corresponding 4), as illustrated in Fig. 9, diagrams (@) and (c). In Fig. 9° 
angle of cam rotation. In order to have the same follower veloci- the distance C (not to be confused with center of curvature 
ties as before, the displacements of the normal from the center of | in other diagrams) from center O to the center of ellipse £: © 
rotation must be twice as great as in Fig. 9(b). supposedly subject to choice. It is natural to wonder what bar 

The position of the point of contact for any given phase angle pens when C is zero, so that the ellipse then has the position of ! 
6, is in the follower (tangent) position for that angle, and alsoin in Fig. 11, with its center at the center of rotation O. 


the normal position for the angle, namely, at the intersection of a When £2, in Fig. 11, is the path of contact, tangent line 7:* l 

tangent and normal in related positions. Points on the path of an imaginary follower profile having equal displacements abo perpe 
contact therefore are obtained by superimposing diagrams (a) and below O. The same general method of construction sho* the li 
and (b), and taking the proper points of intersection, as in dia- in Figs. 9(d) and 10, then results in the four-cusped curve & rectly 
gram (c). The result is a foreshortened circle, namely, anellipse, Fig. 11. This appears to be a hypocycloid; and that it is ©. * angle 
with horizontal diameter twice the vertical; and this ellipse not hard to prove. In studying the matter, the author * 2 

represents the locus of the point of contact relative to the station- _ rived at three interesting propositions concerning hypocy¢!® straig 
ary frame. and epicycloids, having application here. These are as follo™ displa 
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Fie. 11 Cam Prorite ann Hypocyciorp 

| For any eycloid obtained by the rolling of two circles, the 
perpendicular distance from the center of the stationary circle to 
the line tangent to the eycloid at the describing point varies di- 
rectly with the sine of an angle bearing a constant ratio to the 
angle of displacement of the rolling circle. 

2 If a eycloid is rotated about the center of its base circle, a 
straight line, tangent to the cyeloid and parallel to a fixed line, is 
displaced with simple harmonic motion. 
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3 Ina plane rotating at constant angular velocity about a 
fixed point, a straight line, parallel to but displaced by simple har- 
monie motion from a fixed line through the center of rotation, has 
a cycloid as its envelope in the rotating plane. 


We cannot take space to discuss these results. The fact is, 
however, that curve Hf in Fig. 11 is a hypoeycloid. Then, since 
M and H have parallel tangents, 7; and T2, and the same normal 
V, also the same center of curvature C, M can be described as a 
curve parallel to a hypocycloid of four cusps. Furthermore, 
since it is known in both kinematics and mathematies that every 
cycloid is the involute of another cycloid, similar but of different 
size, we can also describe cam profile M as the involute of a 
hypocycloid of four cusps. The identity of curve M is thus com- 
pletely established. 

Exact Equations. Equations for calculating the co-ordinate 
distances z and y of a point in the cam profile can be written 
from inspection of diagram (d), Fig. 9. The radius of the circle 
giving the follower positions in (a) is designated as A; the radius 
of the cirele giving the positions of the normal, in (6), is 2A; C 
is here the distance from the center of rotation to the center of 
the ellipse forming the path of contact; @ is the angle of har- 
monic displacements; and 6/2 is the corresponding angle of cam 
rotation: then 


x = C sin 6/2 + 2A sin @ cos 0/2 — A cos @ sin 6/2 


uy = C cos 6/2 — 2A sin 6 sin 6/2 — A cos 6 cos 6/2 


Values of z aad y are calculated by assuming given values of the 
parameter 6. It is not necessary to differentiate in order to deter- 
mine the slope of the curve, because the construction of the dia- 
gram shows that the major diameter of the ellipse is parallel to the 
tangent to the curve, so that the slope equals tan @/2. 

More Curves in Harmonic Motion. Let us continue with the 
In Fig. 12 there are four 
moving points on the normal line, whose paths relative to the 
frame are shown. There is first the point of contact P; moving 
on ellipse (1), and a second point of contact P, moving around 
the central ellipse (2). These are the same as in previous dia- 
The instant center O; reciprocates along the line of 
The center of curvature C moves around a larger 

In the same way that point P:is ina horizontal line 
that is displaced harmonically above and below center O, so 
also C is a point in the normal that is displaced in a harmonic 
manner with O as the center. Point P, moves around ellipse (2), 
and point C moves around a similar ellipse (3) but of twice the 
size, because the displacements of C are twice those of Pz. These 
relationships could also be expressed in analytical equations for 
displacements, velocities, and accelerations, but such procedure 
in unnecessary for graphical construction. 

When the path curves relative to the rotating cam are deter- 
mined by the graphical method illustrated in Figs. 9 and 10, the 
results are as shown in Fig. 13. P; and Pz yield the curve M and 
the hypocycloid H,; as already discussed. The center of curva- 
ture C travels on the larger hypocycloid Hz. The instant center 
O, traces an ellipse £; as the centrode of the follower, and the four- 
looped curve R as the centrode of the cam. A study of all the 
interrelations in this case would furnish more than enough ma- 
terial for another long paper. Only a portion of the possible kine- 
matic investigations will be covered here. 

Several circles are shown in the diagram: Q, for the vertical 
displacement of P2; Q: for the horizontal displacement of normal 
N; Q; for the vertical displacement of C. These are also the 
minor and major auxiliary circles of ellipses FE; and £3; and there 
are the rolling circles Q, and Q; for hypocycloids H,; and Hy. 
We do not have time nor space to describe these features in detail, 


application of kinematics to this case. 
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In order to avoid the formation of cusps in the cam profile in 
this case, we see in Fig. 13 that it is necessary for the top of el- 
lipse E, to be outside of circle Qs. 

There is again the question about the identity of one of the 
curves, namely, the four-looped curve R. It proves to be what 
mathematicians have called the four-leaved rose, known in 
kinematics, however, to be a form of looped hypocycloid. 
Whether or not the rolling of the four-looped hypocycloid with an 
ellipse as centrodes has been illustrated previously, the author 
does not know. It is more important to know that the general 
principles of kinematics provide the means for working out 
these special problems. One more example of this will be shown 
in finding the centers of curvature of E, and R at their rolling 
point O,;. This can be done in several ways, but to make a short 
explanation, the center of curvature of the ellipse will first be de- 
termined without reference to the relations in Fig. 13, and the 
center of curvature of the looped hypocycloid will then be found 
in a diagram like Fig. 13. 


CENTER OF CURVATURE OF ELLIPSE BY KINEMATICS 

In Fig. 14 ellipse 1 is the same as EZ, in Fig. 13; and point P is 
in the same relative position as O,. This diagram shows kine- 
matic relationships in the rectangular ellipsograph that is 
illustrated in most books of kinematics and mechanisms.* It 
also shows the location of a point on the ellipse by means of the 
auxiliary circles. 

When points a and b of line 3 slide along axes X and Y, point P 
traces ellipse 1. In a convenient construction often used, line 5 
parallel to 3 intersects the auxiliary circles at points ¢c and d, and 
lines through these points and parallel to the axes intersect at 
point P on the ellipse. The perpendiculars to the axes at points 
a and b intersect at the instant center of 3 relative to 1. The 
rectangle thus constructed with a-b as a diagonal has link 2 for 
its other diagonal. Four relatively moving elements whose in- 
stant centers will be considered are as follows: 


* For instance, in ‘Mechanics of Machinery.’’ ‘‘Mechanism,” by 
R. C. H. Heck, McGraw-Hill Book Company, Inc., New York, N. Y.., 
1923, p. 303, Fig. 446. 
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Fig. 13 Curves 1In Harmontc Motton—Two 
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The ellipse and its axes. 

Line 2 as a link pivoted at the center of the ellipse. 
The sliding bar of the ellipsograph. 

The line 4 normal to the ellipse. 


There exist in all six centers, either permanent or instantaneous, 
for the relative motions of these four moving elements, which 
will be designated as 12, 13, 14, 23, 24, 34. The instant center ©! 
the normal relative to the ellipse, point 14, is the center of curve 
ture being sought. Centers 12, 13, 23, and 34 hardly need e™ 
planation. To find instant center 24, we first note that the no™ 
mal line 4 must always pass through point 13, which is a perms 
nent center in link 2. Therefore line 4 slides through 13 an¢ 
the instant center for such motion must be on the line at 15 per 
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pendicular to 4. The center 24 is also on a second line 34-23, 
and is determined by the intersection of the two lines in the dia- 
gram. 

Finally, point 14 is found as the intersection of lines 34-13 and 
12-24. This center 14 is the instant center of the normal relative 
to the ellipse and so is its center of curvature at point P(34). 
This method works for all points on the ellipse except those on the 
axes, for which a different treatment can be applied, as by the 
use of vectors representing infinitesimal displacements. 


CENTERS OF CURVATURE IN HARMONIC MOTION 


We are now ready to see the relation of the centers of curva- 
ture of the centrodes in this case of simple harmonic motion. In 
Fig. 15 the relative positions are the same as in Fig. 13.  Ele- 
ments having relative motion are numbered for convenience as 
follows: 


Frame. 

Cam (including profile and centrode). 
Follower (including profile and centrode). 
Normal to cam and follower profiles. 
Normal to centrodes. 


won 


Relative centers are designated by double numbers. Five of 
these centers that are known to start with are the following: 


12 O, the center of rotation of cam. 

13. Center of rotation of follower at infinity. 

23 O),, the instant center of cam and follower. 

24 C, the center of curvature of cam profile. 

34 Center of curvature of follower profile at infinity. 


The center of curvature of ellipse E,, which is the follower cen- 
trode, is located on normal 5 by the method of Fig. 14. Normal 
4 slides through O,, which is a point of 5; and instant center 45 
must be on the line through O, perpendicular to 4, namely, the 
line of centers. Center 45 is then at the intersection of line O-O, 
and line 35-34. Finally, center 25 is at the intersection of lines 
23-35 and 45-24; and 25 is the center of curvature of the cam 
centrode which is the four-looped hypocycloid R in the diagram. 
Other interesting relationships could be investigated in this way. 


TABULATION OF Five Cases oF Motion 


We have now seen what can be accomplished by the method of 
geometrical kinematics in two of the five cases of follower motion 
listed earlier. The general facts for all five cases are collected in 
Table 1. 


A cam may be required to produce different kinds of motion 
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during portions of a revolution. The different curves forming 
the cam contour can be properly joined by laying them out to have 
a common normal where one curve connects with another. Some- 
times a cam curve can be generated mechanically; in other cases 
points on the cam profile may be accurately calculated and a 
closely spaced series of cuts taken by a milling cutter. When 
mathematical exactness is not required in the motion, it may be 
practical to use an arc of the circle of curvature for a portion of 
the profile. 

The author would like to emphasize that the interesting curves 
shown in the figures and their geometrical descriptions are not the 
important part of his effort. What is important is that the curves 
can be constructed practically and exactly by applying methods of 
geometry and kinematics. 


ter 


TABLE 1 KINEMATIC DATA AND GEOMETRICAL RESULTS 
Case 1 2 3 4 5 
Motion of fol- Zero Constant Constant Simple harmonic motion 
lower velocity velocity acceleration One cycle Two cycles 
Co-ordinate dis- 
placements of 
center of curva- 
ture in direc- 
tion of: 
Tangent Zero Constant Increasing Harmonic displacement 
Normal Zero Constant Constant Harmonic displacement 
Position of nor- Fixed, at cen- Fixed, offset Changing at con- Harmonic displacement 
mal ter stant velocity 
Center of curva- Stationary,at Stationary, Moving on offset Displaced around Displaced around 
ture relative to center offset line circle qlilene 
frame 
Evolute of cam Point Circle Involute of circle Point Hypocycloid of 
profile four cusps 
Cam profile Circle Involute of Involute of invo- Circle Involute of hypo- 
circle lute of circle cycloid 
Instant center At center of Fix Movingalongline Harmonic displacement 
rotation of centers at 
constant veloc- 
ity 
Centrode of fol- Straight line, Straightline, Parabola Circle Ellipse 
lower on center offset 
Centrodeofcam Point, at cen- Circle of Archi- Circle Four-looped 
medes 


pocycloid 


3 
fe 
; 
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CONCLUSION 


Geometrical Method Versus Analytical Method. It is hard to 
believe that the wealth of information which has been yielded by 
graphical construction could be obtained by purely analytical 
methods. Evea they, when applied to cam problems, must start 
with illustrative diagrams. There are instances of course when 
general equations are desirable for problems in kinematics. Usu- 
ally, however, such equations are not needed because, as has been 
shown, equations for calculating dimensions exactly in a given 
case can be written directly from properly made diagrams. The 
designer or draftsman can then see what he is doing. 

No originality can be claimed for the methods and principles 
applied to the problems here discussed. In fact the principles 
are recognized as fundamental and almost elementary. The 
methods which have been shown have been in use by the author’s 
company for more than 20 years in the solution of problems in 
gear cutting and. cam design. It seems, however, that such 
methods ought to be known more widely. Our textbooks in 
kinematics so far do not show anything about the curvatures of 
the paths of moving points in mechanisms. An acquaintance 
with such knowledge can be very useful in machine design. The 
author agrees with de Jonge*® that instructors in this field ought 
to have more interest in what has already been done elsewhere 
and look beyond what is in a particular book. Finally, there 
has been so much emphasis on the analytical method generally 
that any other method is considered to be almost “unscientific.” 
It is hoped that this paper has demonstrated that to apply kine- 
matic methods to cam design is wholly practical. 


ACKNOWLEDGMENT 


The author sincerely thanks Mr. A. E. R. de Jonge for reading 
the paper and making a number of valuable criticisms and sugges- 
tions for improvement in wording and contents. 


Appendix 


The curves in the various figures of the paper were constructed 
by the graphical methods that have been described, without previ- 
ous knowledge of what the curves would be. After seeing and 
identifying them, it was interesting to find that two of the rather 
unusual features were already in kinematic literature. 

The rolling together of a spiral of Archimedes and a parabola 
as centrodes, in Fig. 6, has been known. Hartmann® shows these 
curves as the pitch curves for a noncircular rotating gear and a 
mating rack having straight-line motion. 

The curve parallel to a hypocycloid of four cusps, as in Fig. 11, 
which Carver and Quinn? failed to identify, was illustrated and 
discussed by Reuleaux.? The latter also illustrated and discussed 
the four-looped hypocycloid, Fig. 15, but not as a rolling curve or 
centrode. 

Instances of previous work such as these are interesting, al- 
though even if already seen they might not be remembered when 
one is applying a workable method to solve a new problem. The 
author would not have known of these important publications 
of Reuleaux and Hartmann except for de Jonge’s valuable 
papers. 


4“What Is Wrong With ‘Kinematics’ and ‘Mechanisms?’ ’’ by 
A. E. R. de Jonge, Mechanical Engineering, vol. 64, 1942, p. 273. 

5 “A Brief Account of Modern Kinematics,”’ by A. E. R. de Jonge, 
Trans. A.S.M.E., vol. 65, 1943, p. 663. 

€“‘Die Maschinengetriebe,” by W. Hartmann, Deutsche Ver- 
laganstalt, Stuttgart, 1913, p. 277, Fig. 255. 

7*‘Lehrbuch der Kinematik,” by F. Reuleaux, Zweiter Band. 
Braunschweig, 1900, pp. 38-39, Fig. 21, p. 63, Fig. 53. 
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Discussion 


A. E. RicHarp bE Jonae.® The writer was asked to present « 
discussion on this paper. He follows this call with all thy 
greater pleasure, as this paper by his friend, the author, is thi 
first which follows the ideas expressed by the writer in two of hi- 
papers”! presented several vears ago before this Society, namely 
to deal with kinematic problems in a purely geometrical way. 

As the author has stated at the beginning of his paper, the latter 
is the direct outcome of an article by Messrs. Carver and Quinn’ 
on this same subject. However, they dealt with the subject 
analytically, and it is significant that they were not able to solve 
by these methods, all the problems involved. On the othe: 
hand, the present author has accomplished the solution of al! 
these problems easily by using a geometrical approach, and he 
deserves full credit for having shown that the geometrical treat 
ment of a kinematical problem is not only easy, but simple and 
efficient, and that the answers, in most cases, require only to lv 
read off from the appropriate drawings. 

The author has been kind enough to give the writer credit {v 
having given him assistance. It should be made plain, however, 
that the ideas have been his own and that he has chosen the 
manner of treatment of the problem entirely by himself. That 
in doing this, he has not always selected the simplest manner o/ 
approach should not be held against him, as the most importan! 
thing is that he has obtained results. His outstanding achieve 
ment is that he has shown how the designer or draftsman may get 
these results in a simple and direct manner on the drawing board 
without having to solve differential or integral equations, or 
use higher calculus. Thereby, he has confirmed the writer's state 
ment in one of his papers cited,’ namely, ‘Analytical method: 
although suitable for certain subjects, are wholly inadequat: 
however, for the design of machinery, because design on tl 
drawing board requires geometrical methods as the logieal mean- 
of approach.” 

Going now into details, it is to be deplored that the author hia- 
followed the outline of Messrs. Carver and Quinn in discussing 
the problems of motion of the disk cam and flat follower. By 
doing this, the practical value of his paper has undoubtedl 
suffered. The writer is disappointed also that the author ha- 
not used the modern terminology proposed by the writer in li 
papers, although the writer.had drawn the author’s attention t 
this. There should have been no reluctance on his part, as L. R 
Koenig, in a recent paper,'? has used this new terminology al- 
ready. The sooner it is adopted by writers on kinematic sub- 
jects, the quicker will it become general property, and_ the 
quicker, also, will its conciseness and simplicity make itself felt by 
doing away with lengthy terms and sentences for simple con- 
cepts. In this discussion, the writer is going to adhere to his 
terminology, and, for the convenience of the reader, states her 
that he will use the following: 


for instantaneous center 

for centrode 

for tangent to the centrodes at i 
stantaneous center 

for any straight line passing throug! 
the pole 


“rotopole,”’ or simply ‘‘pole’’ 
“pole tangent”... 


* Research Engineer, Babcock & Wilcox Company, New York 
N.Y. Mem.A.8.M.E., 

*“What Is Wrong With ‘Kinematics’ and ‘Mechanisms?’” 
A. E. R. de Jonge, Mechanical Engineering, vol. 64, 1942, pp. 273-278 

10 **A Brief Account of Modern Kinematics,” by A. E. R. de 
Jonge, Trans. A.S.M.E., vol. 65, 1943, pp. 663-675. 

1 **An Analytical Method of Cam Design,”’ by W. B. Carver ane 
B. E. Quinn, Mechanical Engineering, vol. 67, 1945, pp. 523-526. _ 

12‘*A Uniform Method for Determining Angular Accelerations 
Mechanisms,” by L. R. Koenig, JourNAL or AppLiED MECHANIC 
Trans. A.S.M.E., vol. 68, 1946, p. A-41-A-44. 
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for normal to the tangent of the cen- 
trodes at the instantaneous center 

for velocity of the instantaneous center 
on the polodes (centrodes) 

for the line joining the end-points of all 
velocity vectors of the points of a 
pole ray 

for the angle made by the theta line 
with the pole ray 


pole velocity’’..... 


‘theta angle”’....... 


Entering now into the discussion of the author’s paper, the 
author has described the problems with which he intended to deal 
ind has outlined their kinematical aspect. This he has done 
partly analytically by deriving velocities and accelerations from 
the displacements, and while there cannot be much objection 
raised to it, it is not “strictly geometrical’ and could have been 
avoided. There is another important point which has to be 
criticized; namely, that the author has not analyzed the 
mechanism, with which he deals, in terms of a link mechanism, 
in order to find out what the real kinematical content of it is. Had 
he done this, he might have discovered a very much simpler as- 
pect of the instantaneous motion of a disk cam and flat follower. 

It may be of interest to show how the writer would analyze this 
problem. 

The mechanism of the disk cam and flat follower is shown in 
Fig. 16 of this discussion. In it, a is the disk cam, b the follower, 
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IN TERMS OF A LINK MECHANISM 
(Cardanic motion.) 


and ¢ the frame whicli is shown to be fixed as indicated by the 
hatching. When the frame is released and the follower fixed in- 
stead (inversion), center O of the cam'* moves along the straight 
line b, which is fixed to the follower. At the same time, the 
center of curvature, C, of the cam profile at P, its point of con- 
tact with the follower, must move, for a time differential, along 
the straight line b, also fixed to the follower, because the radius 
of curvature, PC, is constant during this time interval. Line 
segment OC = a replaces the cam during this infinitesimal mo- 
tion. Thus, a straight-line segment OC moves with its two 
end points O and C on two straight lines b, and be, respectively, 
which are at right angles to each other and are fixed when the 
follower is fixed. This is the well-known problem of Cardano, 
OF, as it is called in this country, of the elliptic motion. 


‘* For the sake of easy comparison, the writer will use, as far as 
possible, the letter symbols used by the author, except in Figs. 19 
and 20 of this discussion, where he uses Hartmann’s method for ob- 
taining the radii of curvature. 
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It is now easy to see that the rotopole O, of the cam relative 
to the follower is the intersection of the two normals, OO, and 
CO,, to b; and bs in O and Qs, respectively. The polodes are the 
two circles m and m2, 2, being that of the follower, is fixed to b, 
while m2, that of the cam, is fixed to the latter. 

In the author’s Fig. 4 it may not be quite clear why the 
vertical component of the pole velocity is directed downward. 
When C in the Cardanic motion is given a velocity v, to the right, 
point O, Fig. 17 in this discussion, obtains a velocity v, down- 

° ward, because of the in- 
stantaneous rotation of a 
= OC about O,. Con- 
sequently, the rotopole O, 
has the same components, 
v, to the right and », down- 
ward, and the pole veloc- 
ity »; must be perpendicu- 
lar to 00;. This, however, 
assumes that the follower 
is fixed. When, on the 
other hand, the original 
motion is restored, that 
is, When the frame, c, is 
fixed again, C' receives an 
additional velocity v, up- 
ward, so that the result- 
ing velocity v of C is per- 
pendicular to OC. 

From this it will be seen 
that in the author’s Fig. 4 
two different states of mo- 
tion are superposed, hence the confusion, because in the second 
case, when c is fixed again, the vertical component of 0; vanishes, 
and OQ; simply moves on the normal ray OO, with the velocity 
v, to the right. 

A further criticism, also connected with the author’s Fig. 4, 
is as follows: Under the heading of “Velocities at Point of Con- 
tact,” in the text connected with his Fig. 4, he has listed cor- 
rectly the velocity of the point of contact along the follower as 
v, = yw and has shown it in the direction toward the right. 
He has also listed correctly the ‘‘velocity of point in cam relative 
to follower (sliding velocity)” as v, = y,*w and has shown it di- 
rected toward the left, both under the assumption that the 
angular velocity w is turning the cam anticlockwise. He has 
failed, however, to list the “velocity of the point of contact along 
the circumference of the cam,’’ which one would have expected, 
as he has given that along the follower. This velocity of P along 
the cam circumference is composed of two components, v, due to 
the motion of the center of curvature C to the right, and v, due 
to the rotation of the normal about the rotopole 0;. This will 
become clear from Fig. 18 in this discussion, in which a represents 
the cam and 6 the follower. When the cam is rotated through an 
infinitesimally small angle dé, the point C comes to C’, and if 
the normal CP were engraved on the cam, it would come into 
the position C’P’, which cuts CP in O,; and makes with it the 
same infinitesimally small angle dé, the angles OCP and OC’P’ 
being equal (= ¢). 

In order that the normal C’P’ become again perpendicular to 
the follower profile, it has to be rotated about O; with the angular 
velocity w in clockwise direction, until it comes into the position 
C.Po, and has then further to be displaced parallel to itself from 
CoP into position C’P”. Thus, the velocity of the point of con- 
tact along the cam circumference is v, + v, toward the right. 
If in Fig. 17 of this discussion, the end point of this velocity vec- 
tor v, = v, + v, be connected with the end point of the pole 
velocity component », of O; along OO,, this connecting line is the 
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theta line of the pole ray PO,C, con- 
sidered as the system of the radius 
of curvature, and this theta line 
meets the pole ray PO, in C, the 
center of curvature of the cam pro- 
file at P. This is the Hartmann 
construction for the center of cur- 
vature, which was described by the 
writer in a previous paper. '° 

In his Fig. 5, the author tas 
correctly labeled the various curves, 
but special emphasis should be laid 
on the systems to which these curves 
belong. Thus the curve through 
P is the path of the point of con- 
tact relative to the frame, just as is 
one of the curves through C the path 
of the center of curvature relative 
to the frame. The other curve 
through C belongs to the cam and 
is the evolute of the cam profile, 
that is, the envelope of the respec- 
tive normals of the cam circum- 
ference. The curves through O, are 
the polodes between cam and fol- 
lower, one belonging to the cam and the other to the follower. 

After these preliminary explanations, let us now consider the 
cam of constant acceleration. The author has correctly deter- 
mined the cam profile as the involute of the involute of a circle. 
He states that he does not know of any previous reference to this 
particular curve. Although the curve as such is not specifically 
mentioned, the entire subject of evolutes and of ‘evolutes of 
evolutes and their connection with accelerations and higher ac- 
celerations has been fully covered previously, as the writer will 
show elsewhere. 

In his Fig. 6, the author could have obtained the path of the 
point of contact, P, relative to the frame, in a much simpler way 
by making use of his statement that the normal to this path, 
PO. as the writer shall designate it, is parallel to CO. Conse- 
quently, the subnormal is constant, namely equal to Oo, and the 
curve must, therefore, be a parabola. The same holds for the 
polode of the follower relative to the cam, which, therefore, is also 
a parabola identical with that of PQ, but inverted. The author 
has failed to show how the points Q and q, the vertices of the two 
parabolas, were obtained with respect to the frame. Q is a fixed 
point in that system, and its position depends on the lowest 
position of the follower, while g is a movable point, the position of 
which depends on that of the follower at the given moment. In 
fact, the distance go and that from Q to the line F are equal and 
equal to the length of the are of involute E from its point of origin 


on the base circle B to the point of tangency of the normal, that 
is, equal to ry 


Fig. 18 oF 

Point oF Contact Be- 

TWEEN CaM AND FOLLOw- 

ER ALONG CIRCUMFERENCE 
or Cam 


The author has failed to state also how the 


Archimedean spiral was drawn for the position indicated. This 
can be accomplished easily by plotting the length of the radius 
of the base circle, Oo = O,C, on every tangent of the involute 
E of base circle B from its point of tangency. 

Next, the author has determined the locations of the centers 
of curvature of the polodes. His constructions are correct, and 
it should be mentioned that, in this case, the constructions chosen 
are the simplest that are possible. However, it must be pointed 
out bere that the constructions are possible in this particular 
case only on account of the special nature of the problem that 
reduces to the Cardanic problem which in itself is a special case 
of a more general problem. The writer has drawn attention to 
the determination of the radii of curvature of the polodes in one 
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of his papers,’® and in his closing remarks to Mr. Candee’s 
discussion thereto, has stated that, generally, this problem is far 
more complicated, and has indicated the ways in which it must 
ordinarily be solved. Nevertheless, the author deserves credit for 
having determined correctly the radii of curvature of the polodes 
by the three-pole method (Aronhold-Kennedy theorem) in this 
particularly simple case. 

The method of actually drawing the curves, illustrated in the 
author’s Fig. 7, has been well known for many years and was 
used by both Professors Reuleaux and Hartmann and their stu- 
dents as a standard method to obtain curves quickly. 

The equations of the cam-profile curve are correct and refer, 
naturally, to the cam itself and to a system of rectangular co- 
ordinates fixed to it, as indicated in the author’s Fig. 8. From 
this figure, it will be seen also that the cam-profile curves either 
have no cusps or two cusps, for even in the limiting case, where 
the point P: passes through the cusp of the involute £\-F2, the 
curve has a loop but no cusp. 

In his appendix, the author acknowledges that the polodes, 
namely, the Archimedean spiral driving a parabola, were dis- 


cussed by W. Hartmann as a noncircular gear driving a mating ° 


rack having straight-line motion. What he has failed to state, 
however, is that this is exactly the present problem in which the 
parabola represents the rack having straight-line motion (fol- 
lower) and the Archimedean spiral the mating gear that drives it 
(cam). 

The case of the simple harmonic motion of one eycle ot the 
follower during one revolution of the cam has been treated all 
too briefly. Referring to Fig. 16 by the writer, it becomes clear 
that this case is identical with the Cardanic motion, because the 
length a = OC becomes constant for the full cyele of the motion 
instead of being constant for a time differential only. Conse- 
quently, we have in this case the Cardanic motion with all that it 
implies, provided the usual slider ¢ on line b;, which contains the 
axis of rotation of the cam, is fixed instead of, as usual, b; and /y, 
b, (which is rigidly connected to the follower) sliding through c. 
All relations of the Cardanie (or elliptic) motion hold also in this 
case which is a very illustrative example for the theory of equiva- 
lent mechanisms of which the writer has spoken in one of his 
papers. '° 

Passing now to the same harmonic motion of the follower—and 
emphasis must be laid on same—but with two cycles for one rota- 
tion of the cam, the author has analyzed the problem carefully 
and has constructed the cam profile correctly as a parallel curve 
to a hypocycloid, which latter is enveloped by the straight line 
T2 in his Fig. 11. The cam profile thus is enveloped by straight 
line 7, which is parallel to, and equidistant from T,. He has 
stated, further, three theorems to prove that the curve enveloped 
by T; is a hypocycloid. While all this is correct, it was unneces- 
sary, because it had been proved long ago by Reuleaux,"‘ as the 
author himself stated in his appendix. Reuleaux has shown the 
curve H of the author’s Fig. 11, to be a hypocycloid produced 
either by a circle of !/, the size of that shown in the author’s Fig. 
11, rolling inside this circle, or as an envelope of a diameter of & 
small Cardanic circle, rolling inside the circle of the author's 
Fig. 11. The hypocycloid H2, of his Fig. 13, Reuleaux has 
shown similarly to be produced either by a circle of '/, the size of 
the largest circle Q; of the author’s Fig. 13, rolling inside the 
latter circle (like circle Qs), or as the envelope of a diameter of a 
small Cardanic circle (not shown in the author’s Fig. 13, but half 
the size of Q,) rolling inside the large circle Q; of that figure. 
Reuleaux has also shown in his Fig. 53,'4 that the eam profile 
of the author is the equidistant to the small hypocycloid H,, and 
has shown the cam profile together with an ellipse of the same 
major and minor axes, thereby indicating the difference between 


14 See author's reference 7. 
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both curves. In addition, Reuleaux has shown how the two 
four-cusped hypocycloids H, and H, of the author’s Fig. 13, are 
related to one another and that H, is double the size of H;, and 
since he has also illustrated and described the four-looped curve 
of the author’s Fig. 13, which mathematicians have sometimes 
called the ‘“‘four-leaved rose,” and shown it to be a '/, homo- 
centric hypocycloid,'* all curves derived by the author were known. 
Since Reuleaux dealt with these curves as cycloidie curves, he 
was, naturally, not interested in a special practical problem like 
the one dealt with by the author. Consequently, he had no 
reason to show them as polodes for a given mechanism, which, 
as the author has demonstrated, is easily done. 

The equations given by the author for the cam profile are cor- 
rect, but can still be simplified further for practical use in cal- 
culating points of the cam profile. 

Of the other curves of this harmonic motion, ellipse /, in the 
author’s Fig. 13, requires special mention. As demonstrated in 
his Fig. 12, it is the locus of point C, the center of curvature of the 
cam profile at the point of contact, with respect to the frame, and 
its simple generation is indicated in that figure. It is of interest 
to note that most properties of variable points in this harmonic 
motion, such as the center of curvature, follow ellipses or laws 
related to ellipses. The other ellipses require no further comment 
beyond what the author has said about them. The author has 
also indicated correctly the circles by the rolling of which the two 
hypocycloids are produced as point curves, (his Fig. 13). 

Once more we come now to the problem of finding the radii of 
curvature of the polodes. In this particular case, where one of the 
curves is an ellipse, this can be accomplished, and the author has 
singled out this ellipse for first determining its radius of curva- 
ture. Again, the writer is obliged to utter words of caution, as 
it may seem to the uninitiated as if the method of the three 
centers, applied here by the author again successfully, can always 
be used for that purpose. As the writer has stated before, this is 
not the case. The ellipse, however, 1s quite a special curve, being, 
in fact, any curve of the Cardanic motion which, as previously 
mentioned, is a special and particularly simple case of a more 
general motion. In this case, the three-pole theorem by Aron- 
hold-Kennedy can be applied, however, and the author has pre- 
sented the construction correctly. Yet, this construction has 
a weakness, which the writer has here not mentioned so far, but 
which in one of his papers,'® he has pointed out for the Bobillier 
construction, of which the author’s construction is but a special 
case, namely, that it is not applicable in the central positions at 
the end points of the major and minor axes. There exist other 
purely mathematical-geometrical constructions for the radius 
of curvature of an ellipse, but they too suffer from this fault. 

A simple construction, which does not suffer from this restric- 
tion, is the Hartmann construction for the radius of curvature, 
which the writer has explained in his paper just cited.° It re- 
quires the knowledge of the velocity of the point describing the 
ellipse and of the component of the pole velocity perpendicular 
to the normal ray of the describing point. Since the ellipse in the 
Cardanic motion is a point curve and not a polode, its radius of 
curvature can be found readily by the Hartmann method. If 
the ellipse is drawn and its axes are known, the radius of curvature 
can be determined as follows: Draw, in Fig. 19 of this discussion, 
from point A of the ellipse, for which the radius of curvature is to 
be found, a cirele with the semimajor axis, which cuts the minor 
axis in A». Join Az with A, AA, meeting the major axis in A). 
The points A, and A, are the end points of a diameter of the small 
Cardanic circle and represent the line segment a that moves with 
Its end points along the axes. Erect perpendiculars to the axes 


at, ehrbuch der Kinematik,’’ by F. Reuleaux, Z2weiter Band, 
Die Praktischen Beziehungen der Kinematik zu Geometrie und 
Mechanik,” Braunschweig, 1900, pp. 38-39, and Fig. 31. 


Fic. 19 Rapius or CURVATURE OF AN ELLIPSE BY THE HARTMANN 


MetTHOD 


in A; and Ag, respectively, which meet at P, the rotopole of the 
instantaneous motion of A; A». PA is the normal ray for the 
point A, and on it must lie the center of curvature. Let us now 
use the velocities under the assumption that the angular velocity 
w = 1. In that case, the velocity vectors for the straight line 
A-A,-A, are equal to the pole radii and perpendicular to them. 
Thus, the velocity v, of A is equal to PA, and the pole velocity is 
equal to OP = u and perpendicular to OP, but can also be ob- 
tuined from the velocities of the points A; and Az as shown in Fig. 
19. Its component perpendicular to AP is uy. Join the end 
points of vu, and uy. This line, the theta line for the pole ray PA, 
meets PA in M, the center of curvature of the ellipse at point A. 
This construction is easily remembered and does not require four 
separate systems that have to be singled out as in the case of the 
author’s three-pole method. Besides, it holds also for the vertices 
of the ellipse and is not sensitive to unavoidable errors in drawing. 
Applied to the author’s Fig. 15, it supplies the center of curvature 
of the polode of the follower. 

We come now to the radius of curvature for the four-looped 
hypocycloid R. According to the Hartmann construction, this is 
found as follows: 

In Fig. 20 of this discussion, which in its essential parts is 
a copy of the author’s Fig. 15, let M, be the center of curvature 
of the ellipse 2, at the rotopole P, the ellipse being the polode of 
the follower, and assume the latter to be fixed. The cam rolls 
then with its polode R on the ellipse, the center of curvature C 
of the cam profile describing momentarily a straight line c 
parallel to the follower profile. Since the point C describes 
momentarily a straight line, it must lie on the inflection circle 
of the relative motion between cam and follower. Let the 
angular velocity of the cam be w = 1, turning anticlockwise. 
The velocity v, of point C then is equal to PC and perpendicular 
to it, and since the pole P likewise lies on the inflection circle, 
it must have a velocity component u, = v, perpendicular to pole 
ray PC. As the pole tangent is perpendicular to the principal 
normal ray PM,, the pole velocity u is known, being the velocity 
of which u, = »v, is the component perpendicular to PC. Join 
the end point of u with M;. This line is the theta line of the 
radius of curvature of the ellipse 2,, considered as a separate 
system, and indicates the angular velocity with which it rotates 
about M,;. A point on this radius of curvature, which coincides 
at the moment with the center of curvature M, of the four-looped 
hypocycloid R, must have a velocity, the end point of which lies ° 
on this theta line uM), because the three rotopoles P, M2, and 
M, must lie on a straight line. On the other hand, the center 
of curvature M; of the hypocycloid R, considered as a point of 
this system turning momentarily about the rotopole P, must 
have a velocity proportional to M2P, that is, its end point must 
lie on a line P var, which, for w = 1, makes the theta angle 3 = 
45 deg with PM,;. The point on this system, which coincides 
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monic Motion RY THE HARTMANN METHOD 
momentarily with M,, has therefore a velocity M, ov, = PM. 


In order that the velocity vs, fulfill both these conditions, its 
end point must be the intersection of vy,P and uM,. The projec- 
tion of this intersection onto PM,, the point M2, is the center of 
curvature of the four-looped hypocycloid R, the polode of the 
cam. 

This construction is just as simple, or simpler, than that of 
the three-center method, according to Aronhold-Kennedy, does 
not require the finding of five relatively moving systems, but only 
of three, and is still applicable for the centers of curvature of the 
four-looped hypocycloid, where the pole falls into the vertices 
of the ellipse, in which case the author’s method fails. 

This covers the principal points of the author’s paper that re- 
quired elucidation. 

It is indeed gratifying to see that, at last, a practicing engineer 
has taken the writer’s advice seriously, to investigate kinematic 
problems in a geometrical way by means of kinematic geometry. 
While the author has not used the most general methods, he has, 
nevertheless, obtained results with those he was familiar with, 
and that is the main point. It is to be hoped that others will 
follow his example and investigate further problems of the un- 
told many that still await solution. The principles of kinematics 
“are relatively few, especially of geometrical kinematics, and what 
can be done by their proper and systematic use has been clearly 
illustrated by the author. In the solution of other examples, 
similarly unexpected results are easily obtained, and the writer 
again exhorts mechanical engineers who have to design ma- 
chinery, to study the modern methods of kinematics and the 
theory of mechanisms, as they will derive great benefit from such 
a study. 
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The author is to be congratulated heartily for having achieved 
such splendid results, notwithstanding the fact that the curves 
which he believed to have discovered were all known. 


W. M. Dupuey."® As a result of several years’ experience in) 
designing valve cams for internal-combustion engines, the writer 
now uses analytical methods entirely for such work. It is be- 
lieved that results are obtained more accurately and in a much) 
shorter time than by graphical methods. It is true that if a 
cam actuates a complicated train of parts including bell cranks, 
and so ferth, the displacements at various points of the system 
usually are not linearly related because of changing angles. In 
such problems graphical methods are usually most practical 
because an unknown point can be located much more quickly by 
intersecting ares on a drawing board than by trigonometrical 
calculations. However, for the simpler problem of the disk 
cam, whose follower has a straight-line motion, all of the unknown 
quantities can be obtained very quickly by elementary calculus 
as shown by Messrs. Carver and Quinn. In order to specify such 
a cam, it is necessary to give lift values to four significant figures 
The author proposes to write the necessary equations by inspec 
tion of a graphical construction. The writer feels that the time 
spent in making the graphical construction is wasted, since the 
original equation specifying the required motion of the follower 
is all that is necessary to accomplish the following purposes: 


1 To compute the lift values at suitable intervals. 
2 To determine the diameter of the follower from the mavxi- 
mum velocity involved, which determines the maximum eecen- 
tricity of the point of contact. 

3 To compute the maximum negative accelerations whic!) 
determine the minimum diameter of the cam in a very simple way 


Messrs. Carver and Quinn have given the analytical treatment 
for the case in which the follower has a flat face. The writer has 
found it equally simple to apply analytical methods to the case 
in which the follower has a roller or a circular profile. 

The author should be complimented for his excellent exposition 
of the graphical theory of the centrodes and centers of curvature. 
Present textbooks on this subject are entirely inadequate. The 
writer has not been able to find a single textbook on kinematics or 
machine design in which the elementary facts are stated: (a 
That the diameter of the follower depends directly upon the 
maximum velocity which the cam is required to impart to it; 
(b) that the minimum permissible diameter of the cam depends 
directly upon the maximum negative accelerations. If a newly 
designed cam is checked in these two respects by analytical 
methods, it is unnecessary to perform any graphical work. The 
shape of the cam will be generated automatically when the lift 
values are applied to a milling machine or jig borer in the shop 


B. E. Quinn." In a previous paper’ Professor Carver and the 
writer developed a method for obtaining the following informa- 
tion concerning a disk cam with a flat-faced radial-motion 
follower: 

1 The minimum radius of the cam necessary to avoid cusps 

2 The minimum length of the follower face. 

3 The location of the point of contact between the cam and 
the follower. 

4 The parametric equations of the cam contour. 


Our method consisted of relating the motion of the follower 


16 Associate Professor of Engineering Mechanics, Case School o 
Applied Science, Cleveland, Ohio. Mem. A.S.M.E. 

17 Mechanical Engineering School, Purdue University, Lafayett® 
Ind. Jun. A.S.M.E. 

18 See author's reference 2. 
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to that of the cam, and of obtaining the cam contour by deter- 
mining the envelope of all the positions of the follower. It is 
inconceivable that this procedure could be considered free of 
kinematics and geometry; yet the author states in his article: 
“This paper might have been entitled ‘Geometrical Kinematics 
Versus Analytical Method in Cam Design’” and also “Any 
method that gives correct results is worthy of consideration; 
but the present author hopes to show that geometrical methods 
are the proper ones to use in solving this kind of kinematical 
problem.” 

The geometrical methods which we employed through the use 
of analytic geometry enabled us to express certain fundamental 
ideas in a more general manner. Has the author failed to recog- 
nize the geometry inherent in these mathematical procedures? 

To determine the minimum radius of the cam necessary to 
avoid cusps, we derived a simple expression from the equation of 
the follower motion, and showed that this radius depended di- 
rectly upon the motion requirements of the follower. Neither 
graphical construction nor any knowledge of intermediate curves 
It is interesting to see that the author’s method 
is also based upon the same fundamental characteristic, although 
he did not outline a general procedure for determining the mini- 
mum radius for all types of follower motion. 

In comparing the author’s method with ours, the two impor- 
tant differences which follow should be stressed: 


was required, 


| By using analytic geometry, we developed a general pro- 
cedure which can be applied to all cam problems with this type 
of follower. The cam contour is always the envelope of all the 
follower positions, despite the complexity of the follower motion. 
This fact thus gives a direct approach to any cam problem. 

2. By the use of analytical geometry, we showed that the cam 
contour can be obtained without using any intermediate curves. 
The contour was obtained directly from the conditions of motion 
imposed upon the follower. 


However, we find the author’s methods interesting, and suggest 
that he consider eam problems involving the oscillating followers. 


Ernest WitpHaper.? The author shows that the equation of 
the cam profile is not needed to draw exact conclusions about its 
profile curvature. He demonstrates that the position of the 
curvature center on the contact normal N is directly related to 
the acceleration. Ordinate y of the curvature center C defines the 
acceleration, which is yw. 

In designing cams, no difficulties with profile curvature are 
incurred when the acceleration is positive; y is then a positive 
quantity, as in Fig. 4. The larger y is, the less curved is the cam 
profile at P. The limitations occur when y is negative, as in 
deceleration. The curvature center is then displaced upwardly 
from instant center O;. When the deceleration is so large that 
yis numerically equal to yp = O,P, the radius of curvature of the 
cam profile is zero. The resulting profile then contains a sharp 
point, which should be avoided. The minimum radius of curva- 
ture should be a finite distance p. The larger p, the larger is the 
load capacity of the eam. 

When the maximum deceleration is given, distance yp should 
amount to 


y) +p 


Yp = ( 


ona cam with flat follower. This determines the size of the cam 
to be used. 

A cam of given size, with given distance yp, is good for a de- 
celeration factor equal to or smaller than (yp — p). 


Tee Engineer, Gleason Works, Rochester, N. Y. Mem- 
AS.M.E 


de 


AvuTHOR’s CLOSURE 


As to 
terminology, the author recognizes the logical basis and concise- 
ness of the terms proposed, but is still hesitant about some of 
them. ‘Pole’ for “instant center’ is easy to accept; but it is 
not yet clear what the equivalents would be for “‘fixed center,” 
“permanent center,” and ‘‘center of rotation.”’ 

Mr. de Jonge’s Fig. 16 and accompanying discussion are in- 
deed interesting. Whether or not his explanation will seen 
simpler than that of the paper will depend on how much aec- 
quaintance the reader may have with the problem of Cardano to 
which reference is made. Fig. 17 and discussion are an improve- 
ment over the author’s Fig. 4. 


Mr. de Jonge’s criticism of the paper was invited. 


It was intended in the paper to show that the problems therein 
can be solved by applying simple elementary principles known to 
all engineers, without dependence on methods presented in Eure- 
pean literature still unfamiliar to most of us. For instance, Mr 
de Jonge states that it was unnecessary for the author to devise 
proof that curve H in Fig. 11 is a hypocyeloid, ‘‘because it had 
been proved long ago*by Reuleaux.’’ The fact is that the author 
devised his own proof for the occasion, and only happened to 
consult Reuleaux’s book afterward. It might just as well be said 
that the whole paper was unnewessary because somewhere, in 
some language, all its principles, methods, and results have been 
set forth previously. The author believed it worth while, however, 
to show how these kinematic problems can be solved as they arise 
by applying simple fundamental principles. 

For drawing the spiral of Archimedes, curve A in Fig. 6, the 
method was that of Fig. 7. In Fig. 6, line o-C ean be rolled on 
circle B just as in Fig. 7 line N is rolled on curve £, and point O 
carried by line o-C then moves on the spiral of Archimedes A 
This is equivalent to the method suggested by Mr. de Jonge; but 
the author prefers “rolling” to ‘plotting’ when possible. 

It is interesting to see the method of Hartmann applied to 
determining the center of curvature of an ellipse. The author, 
however, showed the method that he has used for at least 20 
A study 
of Mr. de Jonge’s Fig. 19 shows that nine straight lines and two 
circular ares are required in the construction, not counting the 


‘ 


years, and one which can be applied in most instances. 


major and minor axes and the moving line .A-Ay-A>s. In the 
author’s Fig. 14 only five straight lines are required. If one is 
interested in economy of effort, the 5-line method is likely to be 
preferred. 

It is true, as Mr. de Jonge says, that in the general case oi 
link motion, it is a difficult problem to determine centers of curva- 
In the cases of motion in the 
paper, however, these centers of curvature are readily found as 
shown because the identification of the curves is possible. 

The author wishes to take exception to two points in Mr 
de Jonge’s concluding remarks. First, it is not quite accurate 
to suggest that the author’s paper is the result of “taking seri- 
ously the writer’s advice to investigate kinematic problems in a 
geometrical way,” for it is stated in the paper that its methods 
have been in use by the author for more than 20 years, whereas 
his acquaintance with Mr. de Jonge began only in 1944. The 
author’s interest in and high evaluation of Mr. de Jonge’s papers 
has already been acknowledged. Second, the author did dis- 
cover for himself the identity of “the involute of the involute of a 
circle” in Fig. 6 and the curve parallel to a hypoeyeloid in Fig. 11 
He carefully avoided saying that these curves had not been pre- 
viously known. 


ture of the centrodes (polodes). 


‘ 


The author is grateful to Mr. de Jonge for his interest and effort 
in contributing to this discussion. 

In reference to the discussion contributed by Professor Dudley, 
the author wishes to say only that determining the positions of 
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points in a cam curve by numerical calculation is not in itself 
an analytical method. Whether a method is analytical or geo- 
metrical depends on whether the solution has been obtained by 
algebraic or by geometrical treatment. 

Mr. Quinn points out that some use of geometry and kine- 
matics was made in the article? on ‘“‘An Analytical Method of 
Cam Design.” The present author believes*that he is justified in . 
calling the procedure in that article ‘‘purely analytical,’ for the 
reason that completely general equations for the given kind of 
problem were first derived, and then equations for special cases 
were obtained by substitution of proper values. 

Differences in treatment between the analytical method of the 
article? and the geometrical method of the present paper are seen 
plainly by comparing such features as the following: (1) deriva- 
tions of equations; (2) Fig. 5 of Carver and Quinn and Fig. 11 of 
Candee; (3) the tabulations of results. 

The author’s main concern about the article? was the intima- 
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tion therein that solutions by the graphical method, that is by 
geometry, as usually employed for cam design and for kinematic 
problems generally, are too difficult to be practical. The present 
paper is believed to have shown that treatment and solutions by 
the geometrical method are not difficult. 

The suggestion in the paper that there is a controversy between 
geometry and analysis (algebra) is a reference to the advocacy by 
Mr. de Jonge in his previous papers**® for a revival of interest in 
the development and in the teaching of kinematics. This little 
controversy existed before the article by Messrs. Carver and 
Quinn. 

The contribution by Mr. Wildhaber emphasizes the point that 
a knowledge of the positions of the center of curvature of a cam 
profile, for which the equation of the curve is not needed, is suffi- 
cient for avoiding cusps in cam design. Our textbooks of kine- 
matics, however, so far contain practically nothing about. centers 
of curvature. 
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Application of Tables for Helical Compres- 


sion and Extension Spring Design 


By H. F. ROSS,' BEVERLY, MASS. 


Tables have been developed covering all standard steel- 
wire gages between 0.025 and 0.394 in., music-wire gages 
between 0.010 and 0.118 in., and most even fractional di- 
mensions. Odd wire sizes or nonferrous materials may 
also be derived with slight additional work. A summary 
is given of design considerations, and limitations, together 
with examples of the application of the spring tables as an 
aid in applying the fundamental principles outlined. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A = ratio of torsional modulus of elasticity to that of steel 
c¢ = spring index 
d = wire diameter, in. 
D = mean diameter, in. 
f = deflection per coil, in. 
+ = shearing modulus of elasticity, psi 
k = spring constant, lb per in. 
K = stress multiplication factor 
K. = stress-concentration factor due to curvature 
K, = stress augment due to shear 
1 = axial length of active wire in tension spring, in. 


L = length, in. 

N = number of active coils 
P = load, lb 

8 = stress, psi 


FUNCTION AND Scope 


The primary functions of a spring table are to save time by 
eliminating tedious calculations and to offer visual comparison 
toward the creation of the optimum design. 

The design of helical compression and tension springs from 
round wire of any given material may be reduced to a few simple 
steps by the use of the accompanying tables. The speed and 
accuracy with which these tables may be utilized to develop a 
spring of any desired characteristic will become apparent when 
compared to various other methods such as charts, spring slide 
rule, or nomograms. 

The tables are developed to include all standard steel-wire 
gages between 0.025 in. and 0.394 in. (Washburn & Moen), 
music-wire gages between 0.010 in. and 0.118 in., and most even 
fractional dimensions. For any given outside diameter between 
‘/sin. and 41/2 in. all of these gage sizes may be found which fall 
within the index extremes (D/d) of 3 and 20. Odd wire sizes or 
nonferrous materials may also be handled with very little addi- 
tional work. 

Spring tables are no panacea for poor spring design, but in- 
stead should be used as the tool of a competent engineer or de- 


' Research Division, United Shoe Machinery Corporation. 
; Contributed by the Machine Design Division and presented at the 
Semi-Annual Meeting, Detroit, Mich., June 17-20, 1946, of THe 
AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


signer as a short cut to a result based on the inherent proper- 
ties of a material, rather than its use. The design of a spring is 
dependent upon an understanding of the use to which it will be 
subjected, and to this end, a summary of design considerations 
and limitations will be presented, together with the application 
of the spring tables as an aid in applying these fundamentals. 


Use oF THE TABLES 


In each space on the tables are two numbers. The top number 
is the load in pounds which a spring of any material will sustain 
at 100,000 psi stress, corrected to include Wahl’s factor. This 
value may or may not be the safe stress for the conditions im- 
posed upon the spring in service, or the material selected, but re- 
gardless of what stress is selected, the load will change in direct 
proportion to the change in stress. Obviously, since any stress 
selected is immediately apparent as a percentage of 100,000, 
the load will also change by the same percentage. This makes a 
convenient base on which to start. For example, if the safe 
stress were determined to be 150,000 psi, the load-carrying ca- 
pacity of the spring, as listed, would be multiplied by 1.5. These 
loads are independent of the number of coils in the spring or the 
material used. Safe stresses for both static and fatigue con- 
ditions will be discussed later. 

The lower number appearing in the space is the spring scale 
per single coil of wire. To get the scale or rate of any steel spring, 
merely divide by the number of active coils. For nonferrous ma- 
terials, the result obtained for steel must be multiplied by a factor 
dependent upon the relative value of the shearing modulus of 
elasticity to that of steel. This factor A is listed for common 
spring materials in Table 1. 


TABLE 1 RATIO OF TORSIONAL MODULUS OF ELASTICITY TO 


THAT OF STEEL 


Material A 
18-6 Stainless steel. .. 0.8696 


The deflection per single coil of wire is equal to the load divided 
by the scale per single coil, or with respect to the tables, the top 
number divided by the lower number in each space. This result 
when multiplied by the number of active coils represents the 
total deflection of the spring at 100,000 psi. Here again, a per- 
centage change from the basic stress of 100,000 psi will result in 
an equal percentage change in deflection. For materials other 
than steel, the defleetion obtained by use of the tables must be 
divided by the correction factor for the modulus of the material 
A. 

The spring tables might readily list the deflection per coil in- 
stead of the scale per coil, but it has been the experience of the 
author that the most frequent request of a designer is for a spring 
which will deliver a specified load at some particular length, or 
at the assembled and maximum compressed lengths. For such 
problems, the scale per coil is somewhat more convenient. Also, 
a visual comparison of the relative stiffness is useful when com- 
paring various combinations of dimensions and wire sizes. 

From the basic figures listed in the tables, therefore, any spring 
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of reasonable proportions up to 4'/2 in. OD may be designed with 
nothing more than a simple multiplication or division required to 
extrapolate to the desired stresses. 

Another valuable characteristic of this type of table is the com- 
parative value offered by the various combinations of outside 
diameter and wire size which will give similar characteristics. 
Since all values listed are for standard wire sizes, the data to 
obtain the same or varying characteristics are readily available 
by inspection. Wire substitution is particularly easy in this 
respect. 

Equations To Deve Lor TABLEs 
The table values are derived from the basic spring equations 


reduced to simplest form. The load or top number in the table 
is derived from the equation 


P = xs d3/8 DK 
since 


s = 100,000 and D/d=c 


this reduces to 
P = 39,300 d?/cK 


The spring scale per coil or bottom number in each square is 
derived in the following manner 
k/coil = P/f 
f = 8PD?/d‘G 
k/coil = = 1,437,500 d/c® 


where G = 11.5 X 10% For nonferrous materials this becomes 
1,437,500 dA/c*, where A is a correction factor for materials 
other than steel, a few of which are listed in Table 1. Since the 
load value in each space of the table is independent of material 
used, this correction is all that is necessary to proceed with the 
design of the spring. 


INTERPOLATION FOR Opp SIzEs 


Because of the close increments of the table, either odd wire 
sizes or coil diameters may be interpolated linearly with neg- 
ligible error. For example, the interpolated table values for 
0.130-in-diam wire and 7/; in. OD would be 92 lb for P, and 
1004 for the scale per single coil. Actual calculated values are 
91.9 and 995, the error being 0.01 and 0.9 per cent, respectively. 
Similarly, when the outside diameter or combination af both out- 
side diameter and wire diameter are odd sizes, the interpolated 
values will closely approximate the calculated values. 


DESIGN OF COMPRESSION SPRINGS 


The design of compression springs will be considered here in 
three principal categories, as follows: 

1 Average service conditions. 

2 Maximum design. 

3 Fatigue design. 

The use of the tables, together with certain other charts to 
facilitate design, will be illustrated by examples picked to cover a 
cross section of the problems commonly faced by the spring 
designer. 

Average Service Conditions. Average service conditions may 
be defined as slow or static loading of a spring at normal tem- 
perature in a noncorrosive atmosphere. 

Standardization of stresses which will provide satisfactory life 
for a majority of spring uses, is desirable from a viewpoint of 
simplicity. Such a chart is given in Table 2. 


DESIGN 
UNDER 


RECOMMENDED MAXIMUM TORSIONAL 
FOR HELICAL COMPRESSION SPRINGS 
AVERAGE SERVICE CONDITIONS? 


(Plain carbon steels) 


Music Tempered 
Wire diameter, wire, steel, Hard-drawn steel, 
in. psi psi psi 
0.020 to 0.036 100000 100000 v0000 
0.031 to 0.092 90000 100000 80000 
0.093 to 0.176 90000 90000 80000 
0.177 to 0.282 wos 90000 70000 
0.283 to 0.436 85000 
0.437 to 0.624 SO000 Cold-wound for > OD 3 ir 
0.437 to 0.624 90000 Hot-wound for < OD 3ir 
0.625 to 0.874 90000 
0.875 to 1.249 80000 | Hot-wound 
1.25 to 1.5 80000 


® Refer to (1)? in the Bibliography. 


105 10° 10” 
NUMBER OF CYCLES TO FAILURE 


Fic. Typicat Strress-Cyeie Curve ror Hericat Springs 


Stresses, either higher or lower, may be used at the discretio) 
of the designer for the particular case. As a guide to the numbe: 
of cycles of zero to maximum stress application necessary to 
cause failure, a typical stress-cycle curve (2)? is given in Fig. | 

Example 1. Assume a steel spring is desired to work in a ‘ 
in. hole to give a load of 10 Ib at its maximum compressed lengt! 
of 11/2 in., with a stress not to exceed 100,000 psi. 

From the spring tables, the outside diameter of the spring 
is selected as 28/59 in., and looking down this column it is seen tha! 
0.059 wire will deliver a load of 10.8 Ib at a stress of 100,000 ps»: 
Since this is the smallest wire size that will support the load re- 
quired at the safe stress specified, it will give the minimum sca! 
obtainable or 60.4 per single coil of wire. If a higher scale is de- 
sired, continue down the list to the desired stiffness. For this 
example let us assume a minimum scale is desired. Assuming 
3/; in. clearance from the minimum working length, the solid 
length should not exceed 1'/s in., approximately. This will allow 
19 total or 17 active coils of 0.059-in. wire to be used for a spring 
with squared and ground ends. The spring scale will then |» 
60.4/17 = 3.55 lb per in. deflection, and the free length of 1! 
spring 1'/, + 10/3.55 = 45/,5in. 


NONFERROUS MATERIAL 


Example 2, Assume that the spring in example 1 is to b 
made from phosphor bronze with a maximum safe stress 0 
50,000 psi. 

Looking down the column under ?°/s. in. OD as before, it ca! 
be seen that a wire diameter of 0.075 in. will support 22 |b a! 
100,000-psi stress, or 11 lb at 50,000 psi. The spring seale pe: 
single coil as listed for steel, multiplied by the factor A for phos 
phor bronze is 170 X 0.5435 = 92.4. For an assumed allowabl 
solid length of 1'/s in., a total of 15 coils may be used, or 13 activi 
coils for flattened and ground ends. From these data: k = 
92.4/13 = 7.1 lb per in. deflection; L = 11/2 + 10/7.1 = 2” 
in. 


2 Numbers in parentheses refer to the Bibliography at the end © 
the paper. 
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ROSS—APPLICATION OF TABLES FOR HELICAL COMPRESSION AND EXTENSION SPRING DESIGN 


Maximum Design Loaps 


If in a given design a demand is made for a spring which will 
deliver the maximum possible load without regard fatigue 
life, it is convenient to use two plots in conjunction with the 
tables. 

The load as listed in the tables includes Wahl’s complete cor- 
rection factor A, This factor is the product of the correction for 
shear A, and the correction for curvature A, or simply A = A,K,, 
Figs. 2 and 3. The curvature factor (3) applies to a concen- 
tration of stress in a very small area of the cross section and has 
little effect upon the total load-carrying capacity of the wire, ex- 
ept in fatigue. But the shear load, assumed to be distributed 
uniformly over the cross section, is a definite stress augment, and 
it is therefore reasonable to assume that the shear factor should 
be included in any calculation of total stress. 
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CURVATURE 


The equation for maximum stress to be used in static design 
may be expressed as 


Smax = SPD/xd* + 4P/xd? or K, 


where A, = 14+ 0.5, ¢. 

Since the table values already contain the complete correction 
factor A,A,, it is convenient to eliminate the curvature correc- 
tion for static design by multiplying the table loads P by A, to 
obtain a somewhat higher load at 100,000-psi stress. The value 
of K. for any combination of outside diameter and wire size has 
been plotted in Fig. 4. 

The load thus obtained at 100,000-psi sta‘ic stress may be pro- 
portioned directly to correspond to the maximum stress (4) for 
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MUSIC WIRE 

PRETEMP. ALLOY STEEL WIRE 
PRETEMP. CARBON STEEL WIRE 

CARBON STEEL 


160 + 


Ht + + 


140 = 
++ ALLOY STEEL WIRE-HEAT 
TREATED AFTER COILING 


CARBON STEEL WIRE-HEAT 
TREATED AFTER COILING 


STAINLESS STEEL WIRE (18-8) 
100 | PHOSPHOR BRONZE WIRE * 


MAXIMUM DESIGN STRESS -T HOUSANDS P.S.1.-UNCORRECTED 
& 


BRASS WIRE 
\ 
80 
* 6B & S NUMBERS HARD 
+—+ 
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WIRE DIAMETER - INCHES 
5 STRESSES FOR COMPRESSION SPRINGS: 
Sratic LOADING 


any given wire diameter and material as given in Fig. 5. These 


values are valid for index ratios between 4 and 9, but may be 
used for other ratios at somewhat lower stresses. 

the curve are actually above the tor- 
but the values are still applicable 
because the residual stresses due to the cold-setting of the wire 


The stresses given by 
sional elastic limit of the wire, 
offset the induced stresses to some extent. Such stresses are top 
limits, and should not be used except where space is at a premium. 
Some load relaxation, and early breakage may be expected from 
repetitive use. 
exceed these 


The stresses in a spring when solid should not 
values if it is to permit closing without permanent 
which cannot be closed solid without perma- 
nent set are generally considered poorly designed. 
The equation for the maximum solid load may be expressed as 


set. Springs 


Prootia Smax 


100,000 


where P is taken directly from the tables. For example, what 
maximum load when compressed solid can be obtained from a 
music-wire spring with an outside diameter of °/s in. and a wire 
diameter of 0.055 in.? 

From the tables, P = 10.0 lb; from Fig. 4, A, = 1.08; and from 


Fig. 5 the maximum stress 8,4, = 171,000 psi. Therefore 


Protia 10.0 X 1.08 * 1.71 18.5 Ib 


For any desired number of coils, the seale is immediately obtaina- 
ble from the tables, and the free length necessary to get the 
maximum solid load readily calculated from the solid length and 
scale. 

DEsIGN FOR FATIGUE 

Having given the use of the tables for one extreme, let us now 
swing to the design of springs for fatigue loading. The usual 
method of designing springs to withstand continuous stress repe- 
tition is to base the calculations upon stress range. The endur- 
ance limit of the wire, or ability to withstand complete reversal 
of stress, is dependent upon wire diameter and material. Some 
suggested stress ranges for various wire sizes and materials are 
listed (5) in Table 3. 

These values represent the approximate torsional endurance 
limit of the wire, and should theoretically give unlimited life. 
However, it must be realized that this is for ideal conditions and 
contains no factor of safety. Such things as surface condition of 
wire, eccentricity of loading, or corrosion have a marked influence 
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TABLE 3 OPERATING STRESS RANGE? IN POUNDS 
PER SQUARE INCH 


Music 
wire, 
alloy- 
steel 
wire, Hard- 
valve- drawn 
spring steel Stainless 
wire wire 18-8 
Up to 0.032 in. 0 to 85000 0 to 70000 0 to 50000 
0.032 to 0.062 0 to 80000 0 to 70000 0 to 50000 
0.062 to 0.125 0 to 75000 0 to 60000 0 to 50000 
0.125 and over 0 to 70000 0 to 50000 0 to 50000 


@ Wahl correction factor K included. 


Phosphor 
bronze 


0 to 35000 
0 to 35000 
0 to 35000 
0 to 35000 


on the fatigue strength. It is customary therefore to include a 
factor of safety in the design, particularly where the spring is 
difficult to replace, or breakage would be injurious to some im- 
portant function. This factor should vary between 1.25 and 2 
according to conditions, but a value of 1.5 should suffice for most 
purposes. 

g The value of the allowable stress range decreases as the upper 
limit is raised. For the better grades of pretempered wire up to 
0.207 in. diam, a typical stress-range chart (6), which also in- 
cludes the additional range obtainable by shot-blasting, is shown 
in Fig. 6. 
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Fic. 6 Enpurance-Limit DIAGRAM FOR SMALL HELICAL SPRINGS; 
Correction A INCLUDED 


A curve such as this is an average curve, for general use, and 
should apply to index ratios between 5 and 10, approximately. 
However, the endurance range for a smaller index will be on the 
safe side and vice versa for a larger index, because the chart is 
used with full stress-concentration correction AK and assumes com- 
plete sensitivity to this concentration. 

Shot-blasting is a surface phenomenon which develops a residual 
compressive stress in the outer layers, but has little or no effect 
upon the elastic limit of the material. The diagram indicates a 
usable range up to the minimum expected yield point for this 
class of materials, a value assumed to be the peak stress, if ex- 
cessive creep is to be avoided. Higher endurance limits obtaina- 
ble on shot-blasted springs are seldom used for this reason, A 
line indicating the approximate minimum elastic limit is shown for 
situations where no relaxation is allowable. This value may be 
expected to increase as the wire size is decreased, however, and an 
individual diagram may be constructed if desired. 

For low minimum stresses, say, up to 20,000 psi, the stress 
range is sometimes held constant for the sake of simplicity. For 
example, a limiting endurance range of 0 to 70,000; 10,000 to 
80,000; or 20,000 to 90,000 psi. The resulting error is then ab- 
sorbed by the factor of safety. For higher minimim stresses the 
range must be reduced as in Fig. 6. 

The construction of the maximum stress line of the endurance 
diagram may be accomplished by drawing a straight line between 
the zero to maximum endurance limit and the ultimate torsional 
strength of the material located on the minimum stress line, or to 
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HELICAL SPRINGS 


the torsional yield point if a more conservative design is desired 
When used with a proper factor of safety, average curves (7), 
such as those shown in Fig. 7, may prove satisfactory without 
having to resort to an individual diagram for each particular case. 

Poor spring design may be the result not only of too-high 
stresses but also of too-low stresses with resulting increase in the 
weight of the parts and the material used. 

Assume that a steel spring of valve-spring wire is desired to 
oscillate rapidly between 3 in. and 2 in. length at loads of 100 |b 
and 50 lb, respectively. It may readily be seen from Fig. 6 that a 
wire which has 50 per cent initial stress could have any top stress 
limit up to 100,000 psi, and still keep within the safe stress range, 


i.e., safe stress range /(top stress limit) must be equal or greater , 


than 50 per cent in this case. Assume a factor of safety of 1.3. 
Then the maximum value of the stress will be 77,000 psi. Since 
the solid length cannot exceed approximately 15/4 in., it may be 
seen from the tables, bearing in mind the listed load is calculated 
at 100,000-psi corrected stress, that the wire size which will 
support 100 lb at 77,000 psi with a scale of 50 lb per in. is about 
0.192 in. diam with an outside coil diameter of 2 in. In this case, 
approximately 9 total coils can be used in the solid length, or 7 
active coils for squared and ground ends. The actual active coils 
necessary to obtain the desired scale would be 331/N = 50, or 
N = 6?/; approx. The stress at 100 lb load = 100,000 « 100 134 
= 74,500 psi, which is within the maximum stress limit. A 
practiced eye can frequently gage the right sizes on the first try, 
although additional trials require only a few moments’ work. 
TENSION SPRINGS 

The use of the tables applies equally to tension springs. How- 
ever, it is necessary to know the amount of initial tension wound 
into a spring before proceeding. Since this stress is identical to 
that provided by axial loading, the initial tension is included in 
the load values of the table. 

The initial stress which may be wound in a spring is a function 
of the ratio of the mean coil diameter to the wire diameter. This 
may be varied over wide limits (8). There is, however, an average 
maximum initial stress readily obtainable on commercial spring- 
winding machines without special setup, which will be used as 
the standard in following calculations, Fig. 8. 

This stress may be closely approximated by the empirical 
equation 100,000/c, where c = D/d. For the sake of convenience 
the stress has been expressed in terms of a factor, Fig. 9, which is 
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ROSS—APPLICATION OF TABLES FOR HELICAL COMPRESSION AND EXTENSION SPRING DESIGN 


INITIAL TENSION IN THIS AREA 
MAY SOMETIMES BE OBTAINED 
BY HAND COILING GUT SHOULO 
NOT GE SPECIFIED EXCEPT IN 
EXTREME @ASES. 
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Fic. 8 Torsionat Stress From INITIAL 
TENSION IN CorLeD EXTENSION SPRINGS FOR DIFFERENT D/d Ratios 
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Fic.9 Init1a Tension Factor X Loap P or TaBLes = AVERAGE 
Initia, TENSION IN Pounps NorMALLY Wounp By AvtTomati 
CortiInc MacHINge +20 Per Cent APPROXIMATELY 


merely the initial stress wound into the spring expressed as a 
percentage of 100,000 so that the load P may be multiplied 
directly by the factor to find the initial tension in pounds. How- 
ever, the load P contains the curvature correction AK and since 
the initial tension is a function of the uncorrected stress, the 
curve in Fig 9 has been multiplied by the value of K. This 
Operation is readily performed, since both K and the initial ten- 
sion factor are a function of D/d. In effect, the curvature correc- 
tion is thereby canceled. 

The limits of variance from this curve are approximately +20 
Per cent. Lower values are hard to maintain and higher values 
hecessitate special setup or, in extreme cases, hand-coiling with 
resulting higher cost. 
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Average Service Conditions. Average working stresses for 
tension springs will, in general, be lower than for compression 
springs. A value commonly used is 80 per cent which factor 
should be applied to Table 2 for general use. 

Sharp bends or offset loops will cause higher stresses in the end 
coils and may therefore be the governing factor in the determina- 
tion of a safe stress. Offset loops also make it difficult to predict 
the spring load accurately at some predetermined length, because 
the eccentricity causes bending in the first few coils at each end. 
Because the spring is not rigid in bending, the central axis of the 
spring gradually aligns itself with the line of action of the pull, thus 
eliminating the bending moment. But since the end coil must 
assume the full offset moment, and each succeeding coil a lesser 
amount, the coils do not separate uniformly, and the load from 
the initial tension appears gradually instead of immediately as in 
the case of axial loading. This makes calculation of the load at a 
given length difficult, particularly in short springs. 

A typical illustration of information a designer might request is 
given in the following example, a problem picked to show the use 
of the tables where trial and error is required. 

What steel tension spring approximately ®/s in. OD will give a 
pull of 15 Ib at 4°/, in. length and 30 Ib at 5°/,in.? 

From the conditions of the problem certain facts are available 
which may be utilized to determine the optimum design. The scale 
is 15 lb perin., the free length can be estimated at 4 to 41/2 in. 
depending upon the initial tension. Assume 4'/,in. The loops 
will take about 1'/, in., leaving 3 in. of length for active wire. 
The safe stress using Table 2 is 80,000 psi, which necessitates a 
table value P of 30/0.8 = 37.5 lb asa minimum, or approximately 
0.085-in-diam wire. This allows 35 coils in the active length, ora 
k/coilin the tables of 35 X 15 = 525 to arrive at the desired spring 
scale. 

From these data a glance at the tables will show that a spring 
with an outside diameter of '%/3. in. and 0.085-in-diam wire will 
come very close to these approximations. The actual data may 
then be computed as follows, assuming loops to be the same di- 
ameter as the coil: 


l= L— (20D — 3d) where! = length of active wire along the 
spring axis, and L = length between the inside of the loops. 
l = 4.25 — (1.188 — 0.225) = 3.287 in. N = 3.287/0.085 = 38 
coils. k = 569/38 = 15lbperin. From Fig. 9 the initial tension 
is 0.22 X 37.9 = 8'/;lb. The load at 45/,;in. = 8.3 + 7.5 = 15.8 
Ib and at 53/, = 30.8lb. Since the initial tension may vary +20 
per cent, these figures should be sufficiently close to specifica- 
If desired, initial tension may be specified as 7!/2 lb to 
make the calculations exact, with any tolerance desired com- 
mensurate with its use and cost. 


tions. 


Maximum Desien Loaps 


Because of the absence of cold set in tension springs, the 
maximum stresses without permanent set must be reduced some- 
what below those of compression springs. The stresses repre- 
senting the minimum expected values of the torsional elastic 
limit (4) are given in Fig. 10. 

The maximum static-load capacity of a spring without perma- 
nent set may be taken as 


PK, Smax/ 100,000 


For example: What is the maximum pull and deflection obtainable 
from a music-wire spring with an OD = '/; in., wound from a 
0.047-in-diam wire with 15 active coils? 

From the tables, P = 7.83 lb; from Fig. 4, K, = 1.09; and 
from Fig. 10, smax = 129,000 psi: hence 
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Prax = 7.83 X 1.09 X 


“ 
“ana 
= 
% 4a | 
DAW | | | | 
| 


TRANSACTIONS OF THE A.S.M.F. 


T T 


| 
EXTENSION SPRINGS _| 


musicwirne | | | 
PRETEMPERED ALLOY STEEL WIRE | 
PRETEMPERED CARBON STEEL WIRE | 
HARD DRAWN CARGON STEEL WIRE | 
HARD DRAWN SIAINLESS STEEL (18:8) 


PSI (UNCORPECTED) 


+ 


j-+-ALLOY STEEL WIRE AND BARS 
4 HEAT TREATED AFIER COILING __] 


CARBON STEEL WIRE AND BARS 
AT TREATED AFTER COILING} 


MARIMUM DESIGN STRESS ity THOUSANDS 


PHOSPHOR BRONZE WIRE’ 
* DRAWN 8 B&S NUMBERS HARD |_|. 
| | | ! 


| 
| 


20 
02 03 04 05 


O8 10 15 30 4050 
WIRE OR BAR DIAMETER - INCHES 


DESIGN STRESSES FOR EXTENSION SPRINGS; 
Static LoapING 


Fic. 10 Maximum 
From Fig. 9 the initial tension is 0.13 X 7.83 = 1 lb, approxi- 
mately; the scale from the tables is 75.6/15 = 5.04 lb per in.; 
and the maximum deflection without permanent set is (11 - 
1)/5.04 = 2 in. approximately. 
DESIGN FOR FATIGUE 


The torsional endurance limit, Table 3, and the stress range 
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charts, Fig. 6, may be applied to tension springs in the same 
manner as for compression springs. However, it should be borne 
in mind that other factors may influence the life of a tension 
spring, among which are stress concentration in the loops, intro- 
duction of bending stresses due to the increase in the helix angle 
under load, sagging of long horizontal springs, dynamic con- 
siderations under fast action, and offset loading. The effeet of 
these factors on the life of a spring is not always easy to predict, 
and the uncertainty of a particular case is reflected in the choice 
of a factor of safety. 
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| 522 | 464 | 421 | 383 
20.7) 13.8 10.0 7.32 5.43 
013 | .659 | 592 534 486 | 447 | 414 356 
29.3] 196 | 14.0 10.3) 7.61 | 6.01 | 4.72 
014 | .823 | 732 | 669 603 | 560 | 519 | 480, 450) .422 
40.3] 269)! 194/140) 8.19) 645) 5.20 4.18 
O16 | 1.21) 1 983) N97 s24 768 714 | 673 626 .592 561 
72.9 | 48.2 | 34.4 | 24.5 | 18.4 | 14.4] 11.3} 9.13 | 7.37 6.06 | 5.05 
018 | 1.71 | 1.53 | 1.40 | 1.27 | 1.17 | 1.08 | 1.01 947 | | | .793 | .754 
124 81.0 | 57.4 | 41.2 | 30.7 | 23.7 | 18.6) 15.0] 12.1 | 9.87 8.30 | 6.96 | 
] -02@ | 2.32 | 2.08 | 1.89] 1.74 | 1.48 | 1.39] 1.30 | 1.22 | 1.14] 1.08 | 1.03 972 936 
| 200 130 91 3 65 4 45 6 37.5 | 29.3 23.5 In 9 15.4 12.8 10.8 9 06 7.87 
-022 3.03 | 2.75 | 2.50 | 2.29 | 2.12 | 1.96 | 1.83 | 1.72 | 1 60 | 1.52 | 1.44 2.37 | 1.30} 1.24) 1.18 | 
306 | 199 | 140 100 | 73.9 | 56.8 | 44.0) 35.5 | 28.2 23.20 19.3) 16.2) 13.4! 11.7) 10.1 
024 | 3.90 | 3.51 | 3.22 | 2.96 | 2.72 | 2.53 | 2.36 | 2.23 | 2.09 | 1.97 | 1.87 | 1.77 | 1.68 | 1.61 | 1.53 | 1.47 | 1.41 | 1.36 | 1.31 sit ae ieee a 
464 | 297 20s 147 108 | 83.2 | 64.3 | 51.5 | 41.4 | 33.6 28.2 23.4] 19.9] 16.9! 14.6 | 12.6] 11.1 | 9.67 | 8 62 
025 | 4.36 | 3.95 | 3.63 | 3.32 | 3.06 | 2.85 | 2.66 | 2.51 | 2.35 | 2.22 | 2.11 | 1.99] 1.91 | 1.81 | 1.74 | 1.65] 1.59 | 1.53 | 1.48 
566 | 359 | 250) 177 130 | 99.3 | 77.1 | 61.5 | 49.2 | 40.3 | 33.7 | 27.7 | 23.7 | 20.2 | 17.6 | 15.0] 13.1 | 11.5] 10.2 
026 | 4.88 | 4.42 | 406 | 3.72 | 3.44 | 3.20 | 2.98 | 2.51 | 2.63 | 2.4% | 2.35 | 2.24] 2 14 | 2.04 | 1.94 | 1.87 | 1.79 | 1.73 | 1.65 
678 433 299 210 155 119 | 91.1 | 72.8 | 58.4) 47.5 | 39.6 | 33.2 | 28.0 | 23.9 | 20.5 | 17.8 | 15.5 | 13.6 | 12.0 
| 5.98 | 5.45 | 4.99) 461 425 3.98 | 3.70 | 3.49! 3.29, 3.10 | 2.94! 2.79 | 265 | 2.55} 2.41) 2.3 2.24 | 2.14 
965 | 612 419 | 297 216 165 127 101 80.6 65.7 54.5 | 45.4 | 38.0 | 32.9 | 28.1! 24 21.1 | 18.4 
029 | 6.61 | 6.03 | 5.55| 5.08 | 471 | 4.41 | 4.10| 3.86 | 3.641343 | 2.94 | 2.81 | 2.71 | 2.58 | 2.50 | 2.38 
1160 | 727 | 496} 348 | 253 193-149 118 | 94.1. 76.6 | 63.7 | 53.0 | 44.6 | 38.1 | 32.9 | 28 24.6 | 21.4 2 
-031 | 7.94] 7.24 6.69 | 6.15 | 5.74 | 5.36 | 4.99 | 4.69 | 4.42 | 4.15 | 3.97 | 3.76 | 3.58 | 3.43 | 3.28 | 3.01 | 2.91 
1588 992 683 473 344 260 200 159 126 102 | 85.2 | 70.7 | 59.2 | 50.7 | 43.5 32.7 | 28.6 Poste cae Ot oy eee 
032 7.87 | 7.30 | 6.76 | 6.25 | 5.84 | 5.47 | 5.14 | 4.54! 4.59 | 4.35 | 4.12 3 95 | 3.75 | 3.60 3.33 | 3.18 | 
1157 | 793 | 545 | 398 301 231 146 118 | 97.8 | | 68.0 58.1 | 49.9 37.5 | 32.7 
61 7.97 | 7.37 | 6.85 | 6.39 | 5 97 | 5.62 | 5.29 | 5.01 | 4.74 | 4.53 | 4.31 | 4.13 | 3.96 3.61 | 3.51 
1367 | 916 635! 460) 345 | 265 210) 166 135 | 112 | 92.4] 77.5 | 66.5 | 56.9 42.4 | 37.5 
035 10.1 | 9.34 | 8 67 | 8.10 | 7.54 | 7.10 | 6.66 | 6.32 | 5.93 | 5.66 5.36 | 5.14 | 4.92 | 4.72 4,32 | 4.14 | 40 
1804 | 1213 | 834) 604 457 | 346 274] 217 175 | 145 120] 101 | 74.0 55.0 | 47.6 | 42 
-037 | ror 9.42 | 8.88 | 8.28 | 7.84 7.41 | 7.01 | 6 64 | 6.33 | 6.01 | 5.75 | 5.51 5.07 | 4.59 | 47 : ae oes 
| 1580 | 1095 | 755 | 588 | 448 | 353 | 280 | 225) 186 154 128 110 | 94.2 69.6 | 60 7 | 53 
12 6 | 11.7] 109] 10.3 9.66 | 9.13 | 8 63 | 8.15 | 7.76 | 7.34 | 7.03 | 6.72 | 6.45 5.93 | 5.71 | 5.5 
| 2066 | 1410 1009 | 752 | 572| 448 | 234 193 162 138 118 | 87.9 76.2 | 67 
— : - - - 
13.4 12.5} 119 9.40 | 8.96 | 8.54] 8.10 | 7.80 | 7.47 | 7 | 6.85 | 6 61 | 6 39 
| | 1276) 960 | 716] 561 | 445 | 356 | 294] 243] 203 172 147 | 6109 } 947/53 5 
— | | | 
043 | 15.3 | 14.4 | 13.5 | 12.7} 12.0 | 11.4 | 10.8 | 10.3 | 9.76 } 9.33 | 8.91 | 8.60 8.24 | 7.91 | 7.61 7 36 
| 2284 | 1618 | 1205 901 | 706} 559 443 | 368 300 249 212 183} 156), 134) 117 103 . aR Ben 
045 | | 16.3 | 15.3 | 14.5] 13.7 | 12.9 | 12.3 | 11.8] 11.2] 10.7] 10.2] 977 | 9 
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| | | 2716 2092 | 1624 1281 1048 855 | 706 } 596 509 | 431 | 370 320 
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| | j 31.7 | 30 3 | 29 0 | 27 9 70.8 | 25.8 | 94.8 | 23.8 | 23 22 4 
| 2709 | 2196 | 1779 | 1461 | 1213 | 1032 | 873} 721] 641 S62 
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072 | | 42.0 | 40.3 | 38.9 | 37.6 | 36.2 35.1 | 33.8 | 32.8 
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075 | | 145.3 | 43.7 | 42.1 40.8 | 39.2! 38.0! 36.9 
| | 3381 | 2819 | 2379 «1981 | 1690 1445 | 1259 
| | |_| 2696 | 2263 1910 1632 1421 
080 | | | | 52.8 | 50.3 | 48.7! 47.1 | 45.5 | 44.1 
| | | | | 3852 3245 «230019531705 
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8 1.50 1.44 | 6.87 | 6.18 | 1.51 | | | | | 
he —— 1.92-4 1 5 | 16.3 7 | 1.77 | 1.66 5 60 - | | 
028 12.9) 11 H 1.93 1.87 07 6.66 - | | 
2.13 | 4 (12.06 2.15 | 7.40 | | 
029 2,31 14.9 | 13 a 2 36 7 | 8.77 | 7.4 03 | 1.93 | | 
16.7 2.52 26.3] 12 2.24 | 2.12 | 27 | 6.20 | | | | } | —- 
ost | 2,70 | 19.7 260 | 2.51 2,77 110.0) 8.47} 2 02 | 
| 75 | 2.67 | ; | 14.8 | 12 | 2.33 | 2.3 7.07 | 
2.95 | 2851275 7.9 | 16.4 | BO 2.45 | 826 | 7 2.31 
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3.41 20 3.08 2 93 | | 2.83 | 2.73 17.4316 | 
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47 4.99 | 37.8 | 34.1 469 | 4.45 | 17.5) 1 | 25 | 4.10 10.8 
7.0/4 | 24.0 | 3 | | 4.4 v0 
— 51.8 $07 | 5.69 | 36 29.4 2 32 | 506 | 4.87 16.8 | 14.7 | 73 | 4.57 
} 426) 34.6 | 5 86 | 5.32 | 222/192 511 | 4.93 | {5 s | 12.4 
| $6'8 | $i | 35°6 | 30°S | 35° | | 
35 | 7.09 62°5 | | 42 | 6.02 | 3.83 | 23.1 2 § 85 | 5 | 14.6 
69.6 | 62 99 | 6.68 | 30.9 | 2 5.26) 600 5 | 18 6 | 16. -|——— 
| | | | | | 6.86 | 6.54 | | 3,29 | 6.08 | 5.78 
16 | 74 17 72 | 7.39 | 23 | 
1103110 | 957 | 9 41.5 | 36 | 783 | 7.56 | 
| best Py | 70:8 | 80 19.8 | 10.4 | 19.0 | 40.5) 10.9 | 10 
—|— 16 —|— 13.7 | 13.( 96.3 | 3 | 53.4 12 
s 187 | 14 | 13 | 113 | 3.8 | 13.2 70 0 | 61 3 | 13.0 
16.8 | 16 | 166 | 158 128 | | 152 14 3/705 
21.5 | 20 382 28.2 | 21.0 |, 239 | 198 | 19.5 17 | 
5 29 290 |" 239 | | 21.3 | 156 | 139 17 
25.8 | 25.1 | 504 | 446 | | | 72,8 22.3} 213 | 203| 19 | 
| 258 | | | 2878 | 230 7103 | “Ves | 19 
71 | 30.6 | | 7380 Q | 27,4 | 26.0 | 24.5 273 240 | 22 | | 
4 . 845 28-9 | 28 2 | “495 7354 | | 225 2 : 
072 | 3171 30 | | 7300 37.0 | | | “192 | 166 1337 | | 
6 | 33.5 | 32.6) 317 | §92 23.5) 2 260 _| on? | 24.8 150 133 
33.5 | 3 48 | 666 | 29.8) 28 | 305 267 | 257 171 25 6 
— 34 6 844 | 748 | 33 2 | 313 2 | 368 | 26 196 | | 27.4 | 266 136 
| 35.6 953 33.2 1 44 28.9 | 27.3 227 28 4 | 27 153 
669) S41 4 31.8 | 30.2 | 2 262 —|— 99.4 | | 
"87.1 | 36.2 | | “Fas | 33 “432 | “Sea | 7309 317 | 30 | | 2.5 | 31.2] 30.3 
5 | 3 953 525 | 33,2 | 31.7 25: 32.5 174 
err | | 8.0 640 3403 | *343 | 33.6 | 32 195 
1230 | 1075 | 405 | 363 308 | 33.8 220 
285 4 | 0.8 | 39 ¢ 37 215 
| | fas | 29 | 40. 442 tet 70 | 35 242 
1 9 | 46.5 183 | 10. ~—-~=}- 41.8 | 42.9 520 4 | 37 276 | 355 
thos | | 51.7| 4921469 38 | 617 41.7) 400| 38 3 | 315 6 | 35 
50.9 | 49 | 1506 “53.4 | 51.7 | 49 43.4) 41.7 Is 363 37,8 | 72,8 | 
.085 965 | 1708 53.4 1101 | 890° ---- 56) 43 488 | 4 6 | 391 “279 247 
1965 548 1539 | 1368 47.7 | 45 33 | 574 é 406 | 316 | 2 3 
—- 7.9 | 56 1734 $5.1|5231500 16 | 68 43.9 | 42.2 363 | 42.6] 41 
59.5 | 57 55.1 | 52.3 966 | 816 683° 6 | 45.8 82] 417 | 44.0] 4: 275 
.090 “58.4 | 566 1515 | -1220 | 50.0 | 47 562 4 | 7.3| 45.6 319 309 ved 
58. 1710 | 15351524 786 | 66: 397) 47:7 
1920 3|57.7!§ 40 | “944 2 525 | 45! 5091493 $40 
3 | 63.8 1997 | 176% 56 |63.3|0607 | 3 | 83s | | 8.7 
—|-—- SS 6 | 63: | 8 | | 50.8 | 48. 
“yee | 79.81 77.5 = mse | | S308 | | = ’ 42 | 
100 | 79:8 3726 50 | 18 3 | 65.4 921 | 789) 678 452 
6 74.8 | 1298 | | 2 | 65.7 | 63 664 | 3 | 57 
———-| | 88 78.1 156. 68 771 59% 452 
105 | 7:5 4720 2367 1903 74.2 13,9 1048 894 | 63.5 509 
——|-— 91.0 Seat | 2103 | | 8 |73.8!71.1 | | 
106 4973 | = | | | “ar | 1013 | 671737 | 
4950 | 900 | 86 ties | 84,3 | | 79,3 
118 7 | 2884 | 1977 | | | 112 | 109 | 1398 | 
Se | | | | | | 273 | 265 4735 
-——- _—- | | 9863 | 3 | 250 | 5359 
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| | | | | | | | ; 
049 453) 4 | 4.55 | 4.41 | } 
1.9] 9°66 | 8.50 | | 
| 5.44 | 5.14 | 4.98 | 4.82 | | | | | | 
140] 1 } 11.4] 103 | 9.43 | | 
054 | 6.47 | | 6.06 | 5.86 5.73 | | | 
17.6] 1 1414.51 13.1) 11.9! 108 | 10.0 
055 | 6771/6 6.40 | 6.22 | 6.02 | 5.88 | 5.70 | 5.56 : 
19.0 | 17.8 | 15.6 | 14.2 | 12.9/ 11.7 | 10.7 | 9:90 | 
089 | 42/8 | 7.89 | 7.68 | 7.45 7.24, 700,651 669 6.49 | 6.33 | | 
25 6 | 23 21.1) 1891 17.3 | 1588 | 14.3) 13.2) 12.2) 11.1) 103 | 
‘ 
063 | 10.219.85 | 9.60| 9.29! 9.00/88!) 55) 8.35 8.07 7.59 | 7.75! 7 36 
33.7 | 30.4 | 27.5 | 24.8 22.6 | 206; | 17.4) 15.8 | 14.7] 13.6 11.6 | 
067 12.2] 11.9) 11.5] 11.1) 109 | 106 loz 03 | 9 78 | 9.50 | 9.23 | | 8.46 | 
| 43.5 | 39.3 | 35.6 | 32.2 | 29.3 | 26.9), 243 22.3 | 207) 19.0 | 17.4) 15.0 | 13.0 | | 
122) 11.9! 11.6| 11.1 | 10.5 | 9.97 | 9.59 | 9.21 | : 
56.2 | 51.0 | 45.3 | 41.3 | 37.4 | 34.2 | 31.5 | 266 | 26.4 | 24.0 | 22.4 | 19.1 | 16.4 | 14.3 | 12.6 | 
072 | 15.2 | 14.7 | 14.2 | 13.8 | 13.4! 13.0 | 12.7) 12.4] 12.1 | 11.5] 11.0] 10.4) 10.0) 9 62 | | 
59.9 | 53.1 | 48.2 | 44.0 | 39.4 | 36.0! 33 3 | 30.2 | 27.9 | 25.8 | 23.5 | 20.4 | 17.4 | 15.1 | 13.3 | 
075 | 16.0, 15.7/ 15.11 14.8) 144) 14.0) 136 | 133 29) 124] 10.9 | 10.4 | 
71.1 | 63.9 | 576) 52.5 | 47.0] 43.0) 395 | 362 43.2 | 30.3 | 27.9 | 24.0] 20.7} 17.9) 15 8} 13-8] ‘ 
| 184/179] 173 | 16.9| 164] 159! 156 | 15.11 14.7! 143) 140 | 13.3 | 12.8] 12.2) 
79.1 | 70.8 | 64.0} 58.1 | 52.8} 48.1 440) 403 37. 34.1 | 31.6 | 26.6 | 23.0) 200) 176) 15.4 
080 | 20.8 | 20.1 | 19.5 | 18.9 | 18.3/ 17.8 | 173) 16.9 16.4 | 161) 15.7! 15.0} 19.2 | 13.7 | 13.1] 12.6 | 12.2 
93.7 | 84.4) 75.6 | 68.5 | 62.1 561 4 165 42.9 40.1 37. | 31.5 | 27.0 | 23.5 | 205 Is 2 16 0 
085 | 24.9 | 23.9) 23.3} 226) 220 213] 205) 203) 19.7) 192) IS 17.9! 17.1 | 164) 158) 151!) 145 140 
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Experiments With Activated Tanks 


By N. MINORSKY,! PALO ALTO, CALIF. 


The purpose of this paper is to give an account of certain 
experimental work conducted by the Bureau of Construc- 
tion and Repair, Navy Department, in connection with 
the problem of the stabilization of ships against rolling by 
the so-called method of activated tanks. The paper in- 
corporates preliminary data from stabilization tests on the 
destroyer Hamilten. Activation of antirolling systems was 
produced by means of variable-pitch pumps inserted in 
ducts connecting the port and starboard tanks. Control 
equipment consisted of a servomotor system controlled 
through an electron-tube system by an instrument re- 
sponsive to angular acceleration of rolling motion. Al- 
though, because of the war, these tests could not be com- 
pleted, it is believed that the experimental program has 
progressed sufficiently to warrant formulation of certain 
conclusions of general interest. The principal attempts 
at stabilization of ships against rolling which have been 
made, with varying degrees of success, during the last 60 
years are considered briefly. 


INTRODUCTION 


MONG the chief methods of ship stabilization should be 
mentioned (a) gyroscopic stabilizers; (b)antirolling tanks; 
(c) moving weights; fins. 


/ 


The principal features of 
these methods are well known (1)? and will be mentioned only 
briefly here. 
through two distinct stages based on two different principles, the 


The development of each of these methods passed 
passive principle, and the active one. In systems based upon 
the passive principle, no special control device is used, and the 
stabilizing action is obtained by some kind of reaction inherent in 
the system itself. We may mention the following methods of 
stabilization based upon the passive principle: (a) Gyroscopic 
stabilizer of O. Schlick (2); 
weight of Cremieux (4); () bilge keels. The best studied of these 


b) Frahm’s tanks (3); (c) free-rolling 


four passive methods are (b) and (¢), the latter being accepted 
practice in naval architecture. 

Historically, passive methods preceded active ones for the 
simple reason that the theory of control action was developed only 
recently and thus was unavailable to early investigators. In 


later years, as the theory of controls progressed further, passive 


methods gave way to active ones. 

Thus for instance, the passive gyroscopic method of O, Schlick 
(4) was supplanted by the more efficient active gyroscopic method 
of E. A. Sperry (5). The passive method of bilge keels inspired 
the development of modern controllable fins by the Denny 
Brothers Company (6). The very inefficient and even danger- 
ous method of Cremieux was replaced by the active methods of 
Sir J. I. Thornyeroft (7) and C, L. Norden (8). 

Finally Frahm’s passive tanks gave way to more efficient ac- 
tive, or “activated” tanks, which appeared shortly before the 


‘School of Engineering, Stanford University. « 
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second world war both in Germany and in this country. This 
paper deals with the development of such tanks. 

The principal drawback of all passive methods is that because 
of the relatively weak coupling between the two degrees of free- 
dom of the system, viz., the ship and the stabilizing agent (gyro- 
scopes, Weights, bilge keels, or ballast), the ship has to roll over 
appreciable angles in order to bring into play an appreciable sta- 
In other words, any stabilizer based upon the 
passive principle reduces the rolling only slightly instead of re- 
ducing it enough so that the stabilized roll becomes negligible. 

There is still another reason why the method of passive tanks 
is ineffective. The system of passive tanks is essentially a de- 
vice based upon the phenomenon of resonance, which means that 
the rhythm of the motion of the ballast in the tanks should cor- 
respond to the rhythm of the rolling motion of the ship. On 
board the low-stability ships built at the beginning of this century 
and under the conditions of a regular pattern of waves encoun- 
tered,’ the performance of passive tanks was found to be satis- 
factory and roll-quenching of the order of 50 per cent was fre- 
quently reported (9). In later years, with the advent of ships 
with a higher metacentric height and in the usual generally con- 
fused seaway, the behavior of the passive tanks was found to be 
so unsatisfactory that this particular method of stabilization was 
gradually discontinued shortly after the first world war. Per- 
haps the whole situation can best be described by quoting Sir 
John Biles, who said in closing the discussion of this subject by 
the Institution of Naval Architects (10), ‘‘It-is a long time since 
1887, and yet we are still face to face with a doubt about the 
utility of rolling tanks.” 


bilizing moment. 


The gyroscopic method, in spite of its initial success on small 
ships, beeame obviously impracticable when attempted on the 
larger scale of the steamship Conte di Savoia (11). The excessive 
initial cost of the installation, considerable space required in the 
central part of the ship, the care and maintenance needed for a 
proper upkeep of enormous gyroscopes, all created a definite 
objection to this method of stabilization. Similar practical ob- 
jections arose in connection with the use of solid moving weights. 

As regards fins, their use on small craft such as destroyers 
and cross-Channel steamers has recently been reported (12). 
The chief disadvantage of this method of stabilization is that the 
stabilizing moment is proportional to the square of the ship’s 
speed. For vessels which always proceed at the same speed 
this is not a serious objection, if one is willing to accept the loss 
in speed caused by the drag of the fins. For vessels which, by 
the nature of their service, proceed at widely different speeds, 
this fact seems to be the principal handicap to an adequate design 
of the fin installation. Moreover, installation of fins is com- 
plicated and requires dry-docking; fins also increase the diffi- 
culties of docking unless they are made either removable or re- 
tractable inside the ship, which complicates further their design. 

It is apparent that all these difficulties arising from the use of 
fins do not appear when tanks are used. In faet, since wing tanks 
exist on practically every vessel the whole installation amounts 
merely to the provision of ducts to connect these tanks. More- 
over, either fresh water or emergency fuel oil can be used as 
ballast so that its weight does not need to be charged to the 
weight of the stabilizing plant. The stabilizing action of tanks is 


3’ Conditions of this kind are occasionally encountered, for instance, 
in the Bay of Biscay after the wind has died down after a storm. 
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independent of the vessel’s speed and does not cause any loss of 
speed. i 

All these potential possibilities of activated tanks seemed at- 
tractive enough to warrant further study of their operation. 

During their early work with activated tanks, German construc- 
tors used compressed air as the activating agent (13). In this 
country the early experimental work (14) was conducted using 
an axial-propeller pump as such activator for the following rea- 
sons: (a) The effect of the compressibility of air which might 
introduce time lags in the stabilizing control is avoided; (b) much 
stronger coupling is obtained between the ship and the ballast 
than is possible with compressed-air activation; (c) there is a 
possibility of smoothing out enormous accelerational peaks of 
power by means of flywheels. 

It is noteworthy that the Germans apparently came to the same 
conclusions later, because in their last installation on board the 
steamship Robert Ley (15), the ballast was activated by axial 
pumps instead of by compressed air as had been used initially. 


1 THEORY OF ACTIVATED TANKS 


GENERAL ARRANGEMENT 


In what follows we shall be concerned with the system shown 
diagrammatically in Fig. 1 which represents the cross section of 
a ship with tanks 77 and a connecting duct D. The ballast is 
activated by the runner R of a variable-pitch pump placed in the 
diffuser section d of the right-hand tank. The runner is driven 
by a motor M through a vertical shaft S passing through the 
tank. The angle a of the blades can be varied between the 
limits +30 deg by an auxiliary hydraulic gear, controlled through 
an appropriate electronic control circuit from instruments re- 
sponsive to the ship’s rolling motion. 


Fic. 1 Fic. 2 
In the full-seale installation, the stabilizing equipment con- 
‘sisted of two parallel units, shown in Fig. 2, comprising two sets 

of tanks TT and 7’T’ with corresponding ducts D and D’, The 
activating system (the runner R, shaft S, and motor M) was on 
the right side of the vessel for one unit and on the left side for 
the other one as shown. The blades of the two runners were 
governed by the same control equipment so that the two units 
always worked in synchronism. In this discussion we will always 
refer to the joint effect of both units. On the dynamical model 
only one pair of tanks was used, and their arrangement was there- 
fore asymmetrical as in Fig. 1. 

The blades were so designed that in their neutral position 
(a = 0) their projected area was nearly 98 per cent of the diffuser 
area, which amounted practically to closing the channel between 
the tanks. In other words, each time the blades passed through 
the zero angle, the motion of ballast was strictly zero. One might 
think from an offhand consideration that this would result in 
violent shocks in the hydraulic system; in reality, however, 
this did not happen because the approach of the blades to the 
zero-angle position was accompanied by gradually increasing 
decrements in the hydraulic system, so that the retardation of the 
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ballast was gradual as the blades approached the position a = 0), 

It is apparent that the alternate accelerations of ballast. in 
opposite directions require considerable peaks of power, which 
would normally result in enormous variations of the load on the 
driving motor. In order to avoid this, flywheels were added to 
the high-speed end of the installation, and the driving-motor 
characteristics were made slightly drooping. As a result of this, 
at the instant when, owing to the introduction of the blade angle, 
the accelerational load begins, the speed of the driving motor has 
a tendency to diminish; this permits the kinetic energy of the 
flywheels to come into play and thus to help the electrical energy 
to accelerate the ballast. This arrangement made it possible to 
“flatten out” the electrical acceleration peaks of power and to 
keep the electric-energy input at a fairly constant value under 
all conditions of rolling, as will be shown later. 


PARAMETERS—TRANSFER AND RATE OF TRANSFER 


Before proceeding with the formulation of the theory of acti- 
vated tanks, it may be helpful to introduce certain notations 
which will be used later. This dynamical system has two de- 
grees of freedom, the ship and the ballast. As generalized co- 
ordinates of the system, we will take the angle of roll @ and the 
angle ¢, which the line A-A joining the centers of the water lines 
in the tanks makes with the line L-L corresponding to the equa! 
distribution of ballast between the tanks, as shown in Fig. 3. 


Fia. 4 


The angular co-ordinates @ and ¢ will be considered positive !! 
they are directed clockwise in relation to their respective refer 
ence lines V-V and L-L, and negative if their direction is counte!- 


clockwise. With this definition of the angular co-ordinates ° 
and ¢, it is apparent that when a ship having a passive tank 
system is inclined over an angle @ (by a weight P, for example, ® 
A Fig. 4), the following relation exists 
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This means that by inclining the ship we do not “‘incline’”’ the 
ballast; instead, it remains level as shown in Fig. 4. 

In an activated system it is possible to incline the ship by 
allowing the activating agent (compressed air or axial pumps) to 


concentrate the ballast on one side of the vessel as shown in 
‘ 


Fig. 5 


Fig. 5. For such a system Relation [1] does not hold and in 
its place in a static condition 


This situation is sometimes expressed by stating that the ballast 
in passive tanks does not have any “potential coupling” (16) 
with the ship, while in activated tanks such coupling exists. A 
line A’-A’ symmetrical to the line A-A relatively to L-L, limits a 
portion of ballast of height C, Fig. 5. The weight w of this 
portion is called ‘‘the transferred ballast’’ or simply the “‘trans- 
fer.’ It is obvious that the value of w is 


w = belp........ 


where 6 is the width, l is the length of tanks, p is the weight of a 
unit volume of the ballast, and cis the height of ballast. 

The moment S of the force w with respect to the center of 
gravity G of the ship is 


S = belpl. cos = wl, cos @............. (4) 


where Lis the athwartship distance between the center of gravity 
of the water level in the tank and the center of gravity of the 
ship. It is clear that ec = 21 tang Assuming that the angle 
¢ is less than 30 deg, as it generally is, c = 2.4; furthermore, for 
stabilized rolling the angle @ is generally small and of the order of 
2 to 3 deg so that cos @ = 1. With these simplifications we 
can write 


w = = Ad... 
[6] 


Thus, up to the constant proportionality factors A and B, both 
the transfer wand its moment S are proportional to the angular 
co-ordinate @ both in magnitude and in direction. 

As the ballast swings back and forth during the stabilization 
process, the rate of flow in the cross duct is clearly proportional 
to w and hence by Equation [5] to ¢. 

The constants A and B are essential in the design of the sta- 
bilizing equipment. If, however, one is interested primarily 
in the control action, the amplitude and phase of the ballast are 
the essential elements and the constant factors are less impor- 
tant. From this last mentioned viewpoint it is convenient to 
adopt abbreviated expressions and speak of “the transfer ¢” 
and “rate of transfer ¢.”’ We shall employ these terms in what 
follows whenever their use causes no confusion. 


S = (2b1L%p)@ = Bo....... 


EQUATION OF CONTROL 
The purpose of activation is to control the transfer and hence 


the stabilizing moment S so as to effect a continuous reduction of 
rolling. For this purpose, as is well known, the stabilizing in- 
stallation contains the following principal elements: 


(a) Instruments responsive to the angular motion of rolling. 

(b) An electronic system transforming the indications of the 
instruments into electrical signals. 

(c) A servomechanism which varies the blade angle of the 
pump in response to these signals which causes corresponding 
variations of the transfer w and the stabilizing moment S. 


The cause-effect relationship in the closed cycle of operation of 
a system of this kind can be indicated diagrammatically by the 
relation (a) — (b) — (c) — (a), which means that the original 
“cause”’ (a) the rolling motion, produces a response of the inter- 
mediate control links (b) and (c) so as to reduce this original 
cause at all times. The mathematical theory of stabilization 


by activated tanks is given in the following section. For the 
time being, let us define the ‘equation of control” 


This means that we propose to establish a proportionality rela- 
tion between the instantaneous value @ of the transfer and the 
instantaneous value of the angular velocity 6 of rolling. As will 
appear from what follows, the factor of proportionality will have 
the form 


where A and B are the constants specified by Equations [5] and 
[6], and » is a certain intensity factor defined in a later section. 
Depending upon whether we wish to consider the transfer w or 
the corresponding moment S, we will have to use either the co- 
efficient or 

Differentiating Equation [7], we obtain a second form of the 
equation of control 


Equation [7] expresses the fact that the transfer (or the sta- 
bilizing moment, if we use u’ instead of u) is made proportional 
to, and in phase with, the angular velocity of rolling 6, whereas 
Equation [9] expresses the proportionality between the rate of 
transfer @ and the angular acceleration 6. If the control system 
were ideal, without any time lags, it is apparent that there would 
be no difference whatever between the two Equations [7] and 
[9] of control since the former is merely the time integral of the 
latter, and nothing would be changed in the differential equation 
of motion. If, however, one takes into account the fact that no 
control system is ideal and that the disturbing actions with which 
the stabilizing system has to cope are generally erratic, one can 
readily see that the form of control Equation [9] is preferable 
to the form Equation [7] in that, by adopting the former, we 
advance somewhat the phase of the control action by making 
the system respond to the angular acceleration rather than to its 
time integral. Translated into the language of control engineer- 
ing, we can specify the control in accordance with Equation [7] 
as follows: We take as a primary signal, that obtained from an 
instrument responsive to angular velocity, such as a constrained 
gyro, and, as a secondary, or “follow-up” signal, that obtained 
from a device measuring the transfer, such as a float in one of the 
tanks. We balance one signal against the other in the control 
circuit so that we have 


where ¢ is the so-called “error signal’ which actually causes the 
following-up of the primary signal ué by the secondary one ¢. 
The quality of the control is measured by the smallness of e. 
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If, however, we adopt the contro] Equation |9], the engineer- 
ing problem can be formulated as follows: We take as a primary 
signal that obtained from an instrument responsive to angular 
acceleration such as an “‘angular accelerometer,” and, as the 
secondary follow-up signal, that obtained from an instrument 
responsive to the rate of transfer, such as a system of two Pitot 
tubes inserted in the channel connecting the tanks. Again we 
balance one signal against the other so that finally we have 


The use of the Pitot tubes was found to be objectionable, how- 
ever, because their scale is quadratic and for this purpose an 
instrument with a linear scale is preferable. The following ex- 
perimental observation offered a solution to this problem. It 
has been ascertained from numerous moving-picture records of 
the performance of variable-pitch pumps working as “hydraulic 
oscillators” (that is, as agents effecting an alternating transfer 
of ballast between the tanks) that there exists an additional em- 
pirical relation of the form 


where a is the instantaneous blade angle and / is a constant. 
With the use of this empirical relation, Equation [11] becomes 


[13] 


This equation states that if we consider the term u@ as a certain 
primary control voltage ¢, introduced by an instrument. re- 
sponsive to the angular acceleration 6, and the term as a second- 
ary, or follow-up, voltage e: proportional to the blade angle of 
the pump, the control action specified by Equations [13] and 
[11] will be obtained by balancing the voltage e, against the 
voltage és. 

In the experimental pregram both forms of controls, Equa- 
tions [7] and [9], were tried, and it was ascertained that the latter 
was definitely preferable to the former. The delay of several 
months required for the development of an angular accelerometer 
adequate for this purpose was justified by the quality of the con- 
trol action which was thus obtained, particularly by its ability 
to quench entirely erratic disturbing actions. 

It must be noted that the fact that control action is obtained 
in accordance with Equation [9] does not in any way interfere 
with the validity of Equation [7]. As a matter of fact, only 
Equation [7] appears in the differential equation of the stabiliza- 
tion process studied in the following section. 


DIFFERENTIAL EQUATION OF STABILIZATION BY ACTIVATED 
TANKS 
Ideal Case Without Time Lags. We now propose to show the 
effect of the control action specified in the preceding section on 
roli-quenching by the activated-tank system. Froude’s (17) 
differential equation for rolling among waves is 


16 + + + = DhO sin wt........ {14} 


where J is the moment of inertia of the ship about its longitudinal 
axis through the center of gravity G; b; and b, are Froude’s co- 
efficients of resistance to rolling; D is the displacement; / is the 
metacentric height, supposed to be constant; 0 is the maximum 


effective wave slope; w = T is the apparent angular frequency; 


and 7’ is the apparent period of the waves. 

It is necessary now to specify a number of simplifications 
which can be made partially because in the case under study the 
coupling between the ship and the ballast is very “tight” (since 
the variable-pitch pumps work in a channel with small clear- 
ances) and partially because the final stabilized motion remains 
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small, as will be shown in later sections. Since the quantities 
6, 6, and 6 for the stabilized ships are small, it is apparent that the 
passive component of stabilizing action can be neglected inas. 
much as this component becomes appreciable only when the roll- 
ing is great enough. This means that in the differential equa- 
tions the coupling terms, due to the passive action which rais: 
the differential system to the fourth order, can be neglected so 
that we ean still consider Froude’s original equation on the con- 
dition that we add the stabilizing moment S = Bd = X6 to its 
left-hand terms. Moreover, the nonlinear term 6.62, being o 
the second order, can be neglected in the first approximation wit) 
which we are now concerned. Finally, in regrouping the terms, 
there now appears a term (b; + A)@ where b, is the Froude ceoetti- 
cient of linear damping and \ is what may be called the ‘co- 
efficient of stabilizing’ damping. Experiments‘ show that 
many times greater than b; so that the latter coefficients can by 
neglected in the first approximation. With these simplifications 
the approximate differential equation for a ship stabilized by 
activated tanks becomes 


16 + 6 + Dho = Dh @ sin awt....... 15 


One additional factor arising from the particular method 0: 
ballast activation shown in Fig. 1 must be taken into account 

It is apparent that the runner AR of the variable-pitch pum 
must accelerate the ballast in one direction or the other much 
faster than this occurs in a passive-tank system. It is obvious 
that as the pump aecelerates the ballast, a kinetic reaction will 
be transmitted through the step bearing of the shaft and applied 
to the ship; this reaction is directed upward when the ballast is 
accelerated downward, and vice versa. This kinetic reaction is 
proportional to, and in phase with the acceleratien of the ballast; 
hence its moment with respect to the center of gravity of the ship 
is of the form 
S, = = = 76 


This moment SS, of the kinetic reaction is not negligible in com- 
parison with the useful gravity moment S, = 6 of the ballas! 
and as will be shown, may even reach the same order of magni- 
tude as the latter under special conditions specified in a later 
section, Phase of the Stabilizing Action. In view of this, th 
final differential equation of stabilization will be 


+ 16 + 6 + DhO = Dh @Osin at..... 17 


This is a differential equation of the third order, and its char 
acteristic equation is accordingly of the third degree. 

At this point it may be worth while to mention the differen: 
between the behavior of a passive-tank system and that of al 
activated-tank system. It is well known [3] that the behavior 
of passive tanks is describecdkby a differential system of the fourt! 
order, which means that there are generally two pairs of comple’ 
conjugate roots in its characteristic equation; in other words. 
two frequencies are always present in the resultant oscillation © 
a passive system. In an activated-tank system, the order of th 
differential equation is lowered by one unit because of the addt- 
tional condition, Equation [7], of control. Since the character- 
istic equation corresponding to the differential Equation (17! I 
now of the third order, it always has one real root and only one 
pair of conjugate complex roots.’ This means that only one ire 
quency of oscillation is possible. Consequently, the free oscilla- 
tion of the system is continually suppressed and only a forced 
oscillation remains. We will find striking confirmation of this 


4 These experiments consist in comparing the decrements with th 
stabilizer working with those when the tanks are closed. 

5 We eliminate the case when all three roots are real since this a~ 
never arises in practice for obvious physical reasons. 
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conelusion in the section, Quenching of Erratie Rolling. For 
the calculation of the forced oscillation, it is convenient to write 
the right-hand term in Equation [17] in the form Selt 
S = Dh@andj = V1. Looking for a solution of the form 
9 = Ae! one obtains 


where 


{18} 


where 0 is the complex amplitude, 4 is the absolute value of 
the amplitude, or simply the amplitude, and y is the phase angle. 
One finds 


Ss 
= (19) 
V (Dh Tw?)? + yw")? 

Dh — Iw? 
When the apparent frequency w of the waves reaches the value 

[Dh 

4 = ] an unstabilized ship rolls heavily in synchronism 


with the waves. A stabilized ship under the same conditions 
rolls with the amplitude 


A, = ‘ [21 
Aw ye." 


which is generally small as long as A yw;? is not small, This 
means that the term yw)’ characterizing the moment of kinetic 
reaction remains small in comparison with the term \@ charac- 
ierizing the useful gravity moment of the ballast. 

For this condition (@ = a) the quenched oscillation is in quad- 


rature with the wave slope, since y = 5 as follows from Equation 


20). In other words, 4 stabilized ship has a maximum residual 
deviation from the vertical at the crest and in the trough of the 
waves and is vertical when the effective wave slope reaches a 
maximum value, 

When the frequency of the wave slope increases and reaches a 

value w = VY (A/y), 2 secondary resonance occurs, and the am- 
plitude beeomes 

S 


Dh Tw? 


with the phase angle yY = 0, as isseen from Equation [20]. Since 
Equation [22] does not contain the parameters \ and y, char- 
acterizing the effeet of the stabilizer, it is clear that the stabilizing 
effect disappears at the frequency w. The useful range of the 
stabilizer is thus confined to a region in the neighborhood of the 
frequency w. The principal purpose in the design of the acti- 
vated-tank system is to secure a sufficient stabilizing moment in 
the region of frequeney where the amplitudes of unstabilized 
rolling are great. The frequency a, for which the stabilizing 
action disappears, generally lies far enough from synchronism so 
that the amplitudes remain small even without any stabilizing 
action, 


2 EXPERIMENTAL RESULTS ON A MODEL 


INSTRUMENTS AND CIRCUITS 


Che control equipment was designed in accordance with the 
basic control Equation [9]. Its principal parts were as follows: 


a) An angular accelerometer registering the angular accelera- 
tion 6 of the ship. 

(b) An electronic circuit for obtaining the relation specified 
by Equation [13]. 


-EXPERIMENTS WITH 


ACTIVATED TANKS 


Fia. 6 


The accelerometer (a) was designed and built by the Experi- 
mental Model Basin and the electronic circuit (b) was supplied 
by the Sperry Gyroscope Company according to the specifica- 
tions of the Bureau of Construction and Repair. 

(a) Accelerometer. A diagrammatic view of the angular ac- 
celerometer is shown in Fig. 6. The principal element of the 
instrument was a beam B with two weights WW, each weighing 
about 40 lb. The distance between the centers of gravity of the 
weights was about 4 ft. The inertial element WPW was sus- 
pended within the casing C on four crossed flexure plates. Two 
of these plates, F\F2, are shown; the other two, F,’ and F.’, are 
on the other side of the instrument. The essential feature of the 
suspension was that the axis of oscillation determined by the 
intersection of the two pairs of flexure plates had to pass exactly 
through the center of gravity of the beam. To achieve this, addi- 
tional movable weights (not shown) were available for adjust- 
ment. Two strong springs S; and S. were provided as shown. 
These springs centralized the inertial element within its casing 
and at the same time relieved the flexure plates of the weight of 
the inertial element. For this purpose the joint tension of both 
springs was adjusted so that it was exactly equal to the weight 
of the inertial elements WPW. In this form the instrument was 
found to be practically frictionless and was able to oscillate a 
long time if slightly deflected from its neutral position and then 
released. The whole useful angular range of the instrument was 
limited to an are of about +1 deg from the neutral position with a 
view to reducing time lags. In order to introduce damping, two 
oil dashpots (not shown) were provided under the weights WW; 
the damping was of a purely viscous type, the clearance between 
the pistons and the cylinders of the dashpots being of the order 
of 0.04 in. The degree of damping could be controlled by varying 
the size of the holes through which the oil could pass. The ad- 
justment of the holes was generally made so as to obtain the 
condition for the critical damping of the system. 

Numerous tests on the “scorsby” table revealed that, with a 
proper adjustment of the center of gravity, the instrument could 
be made immune against any accelerations other than the angular 
accelerations about its axis. At a later stage of the work it was 
found advisable to put the dashpots inside the thermostats, so as 
to maintain a fairly constant temperature of the oil and hence 
the definite viscosity necessary for the critical damping. 

The pick-off circuit consisted of a pair of flat modulating coils 
fastened to a piece of bakelite moving up and down in the air 
gap of an electromagnet, excited by a 200-cycle frequency. The 
connections between the modulating-coil system and the inertial 
frame WPW was made by a mechanical amplifying system not 
shown in Fig. 6. 

The accelerometer was subjected to a series of tests in which it 
was placed on a platform producing relatively erratic angular 
motions. Moving-picture records were made of the impressed 
motions and of the aecelerometer’s response to them. It was 
ascertained that this instrument was capable of recording angular 
accelerations without any appreciable distortions or time lags. 
The smallest angular acceleration which the instrument was able 
to register was of the order of 0.00175 radian per see per sec, 
which corresponds to a sinusoidal oscillation with an amplitude 
of 1 deg and a period of 20sec. Such an angular motion sufficed to 
start the action of the control system. The maximum deviation 
of the instrument was limited by rigid stops whose position was 
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selected to correspond to the maximum blade angle of the pumps 
which was 30 deg. 

(b) Control Circuit. A block diagram of the electronic control 
circuit is shown in Fig. 7. Its purpose was to establish an op- 
erative association between the signal received from the acceler- 
ometer’s modulating coils, element 1, and a fractional-horsepower 
two-phase motor M, displacing the valve of the hydraulic ar- 


rangement, actuating the blade angle of the pump. For this 
purpose a differential push-pull circuit with a carrier frequency 
of 200 cycles was used. The amplitude-modulated differential 
signals from the accelerometer’s pick-off element 1 go to the 
phase discriminator 2 where they are combined with two con- 
stant-amplitude voltages. The purpose of the discriminator 2 
is to provide a discrimination between the accelerations to the 
right and those to the left by changing the phase of the emerging 
signal by 180 deg. Element 3 is an amplifier, and 4 is a low-pass 
filter removing the carrier wave. Element 5 is a differentiating 
network; the signal emerging from 5 is a slowly varying voltage 
proportional to, and in phase with 6, the rate of angular accelera- 
tion. Element 6 is another amplifier, and 7 is another differ- 
entiating network; the output voltage of 7 is thus proportional 
to, and in phase with @”. Connection 15 permits obtaining at 
the point P the sum of the two voltages n’6 + p’é". The coefficients 
of proportionality n’ and p’ can be adjusted by the potentiometers 
shown by the arrows. Element 8 is a remodulator introducing 
again the 200-cycle carrier of the same phase. 

At the point Q there appears the resultant primary amplitude- 
modulated signal containing the components mé + nf + pe” on 
which is superimposed the modulated signal from the follow-up 
element 13 mechanically connected to the control motor M; this 
signal is proportional to the blade angle of the variable-pitch 
pump. The resultant control voltage (see Equation [13]) 


e= m+ n6 + pe’ — ka 


is amplified by two amplifiers 9, and the discriminator 10 dis- 
criminates between angular motions to the right and to the left. 
Element 11 is a power amplifier whose output is connected in 
series with the controllable phase 12 of the motor, whose second 
phase 14 is directly connected to the line. 

If one disregards momentarily the components of modulation 
nb and pé’, it is seen that the operation of the system is in ac- 
cordance with the basic control Equation [13]. The terms né and 
pé’ are the so-called anticipatory terms (19). The effect of 
the term n6 was found to be essential for efficient operation of the 
stabilizing installation, as will be mentioned in the section, 
Phase of the Stabilizing Action. 

The effect of the term pé*’ was less definite at the beginning of 
the tests, but it was found later that because of the presence of 
this component the performance of the scheme was more stable. 
The apparent complexity of the scheme resulted from the use of 
the hydraulic blade-shifting device employed in land installa- 
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tions. Although this device was not quite adequate for this 
particular purpose, the adaptation of an electric drive from the 
so-called amplidyne unit was a major change and could not be 
carried out in view of the approach of the war. It may be worth 
mentioning here that the use of an electric drive for the blades 
would probably result in a much simpler control circuit than that 
described in this section. 


DynamicaL MopEL 


Before proceeding with full-scale tests, it was deemed advisable 
to carry out an extensive experimental program with a dynamical] 
scale model which, according to Froude’s law of similitude 
would represent the ship on which the full-scale tests were con- 
templated. This plan was endorsed by the Committee of the 
National Academy of Sciences and later approved by the Bureau 
of Construction and Repair. The reason for this decision was the 
desire to investigate a number of factors which were either in- 
sufficiently studied or entirely unknown. It was apparent that 
factors related to instruments and circuits could be studied more 
conveniently on the model than on board ship where inevitably 
they would be superimposed on a number of other factors peculiar 
to the full-scale installation, such as hull vibrations, so that 
their separation would be virtually impossible. The principal! 
factors which remained unknown at the beginning of this pro- 
gram were as follows: 


(a) The behavior of the variable-pitch pumps working as 
“hydraulic oscillators” effecting an alternating transfer of ballast 
between the tanks. 

(b) The type of control equipment which would be most ap- 
propriate. 


The experiments on the dynamical model were found to be o! 
great value in clarifying these matters. Moreover, in view of the 
fact that the model was built in accordance with the law of simili- 
tude, one could expect not only qualitative but also quantitative 
information regarding different features of the equipment by con- 
verting the model data to full-scale data. This could be ex- 
pected of course in so far as the rigid elements of the model were 
concerned, but one was far less certain about the applicability o! 
the law of similitude to such factors as transfer, rate of transfer, 
power needed for the displacement of ballast, ete. However, it 
was found later that the results of the full-scale tests gave a fairl) 
good agreement with those of tests on the dynamical model 
Moreover, it was possible to improve the control circuits gradually 
by subjecting the model to various erratic motions comparable 
to those observed at sea. All these changes and adjustments 
were relatively easy under laboratory conditions whereas on 
board ship the work would inevitably be much slower and more 
expensive. 

Fig. 8 shows the general arrangement of the model formed by 4 
5-ton pendulum M capable of oscillating about an axis 0 per- 
pendicular to the plane of the paper. The pendulum is set in 
motion by springs SS attached to the cross bars C; and (, as 
shown. The driven cross-bar (, is oscillated by a rod R con- 
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nected to the Stevenson link A, the ends of which can be oscillated 
by the eecentries 2, and F, driven by separate motors not shown. 
The third eccentric displaces the sliding block B in the Stevenson 
link. By making all three eccentrics work simultaneously with 
different (generally uncommensurate) speeds, very erratic mo- 
ments could be applied to the model. For a regular sinusoidal 
motion it was sufficient to operate only one eccentric. 

Decrements of oscillation were introduced by a paddle P 
moving in oil contained in the box L. The model was provided 
with tanks 7'7 and a cross-channel C, with a variable-piteh pump 
R driven by a motor m through a reducing-gear box. A flywheel 
F was provided on the motor shaft to reduce the accelerational 
peaks of electric power. On the basis of the Froude law of 
similitude all physical quantities involved (weights, moments of 
inertia, ete.) were calculated to represent one half® of the ship 
for which the full-scale equipment was intended. The diameter 
of the runner R was tl in. (on the full-scale ship, two 52-in. 
runners were used), The maximum angle of oscillation of the 
model was 42 deg from the vertical on each side; at this position 
buffers were provided. 

The control equipment was exactly the same as for the full- 
scale installation, but only the accelerometer unit was mounted 
on the model, the remaining units being located on the floor of the 
laboratory. 

The initial adjustments consisted of the distribution of weights 
as to obtain (taking into account the springs) the desired 
metacentric height and period on the basis of the Froude law. 
The angular displacements of the crossbar C, were calibrated 
directly in terms of the effeetive wave slope. Records of the roll- 
quenching were obtained by two different methods, as follows: 


| By two recording pens writing on a moving chart the mo- 
tions of the two erossbars C; and C.. The motion of C, gives 
the angle of roll @ and the motion of Cs, ‘‘the effective wave 
slope’ 6. The ratio of transmission to the pens was adjusted 
so that one small division on the paper represented 1 deg. 

2 By taking moving pictures of the angle of roll 6, water level, 
and the blade angle a The angle @ was measured in relation to 
the stationary index / located in front of an are-shaped scale 
H. The level of the ballast in the tank could be observed through 
a window G; the oscillation of the blade angle was transmitted 
to an additional moving index by a mechanical system connected 
to the control motor whose number of revolutions was propor- 
tional to the blade angle a of the pump. 


The tests with the dynamical model covered a number of par- 
lial investigations: the most important of these were as follows: 


(@) Behavior of pumps working as hydraulic oscillators. 

(b) Effect of the intensity of the stabilizing control. 

(¢) Effect of the phase of the stabilizing control. 

(d) Roll-quenching for various apparent periods of the waves. 
(e) Quenching of erratic rolling. 


Benaviok or VaRIABLE-Prrcn Pumps WorkING As Hyprauic 
OSCILLATORS 

In this investigation the model was blocked (@ = 0), and the 
control valve of the blade-shifting hydraulic device was oscillated 
up and down by an eccentric driven from an auxiliary motor. 
As the stroke of the valve and the period of its actuation were 
varied, a series of moving pictures were taken showing the trans- 
fer w between the tanks for different frequencies and maximum 
blade angles a. From these records a family of curves were 
plotted such as those shown in Fig. 9. 

If one changes either the form of the tanks or the cross section 
of the duct, all other conditions being the same, the family of 


—e half was chosen because one pair of tanks and one pump 
tre used on the model instead of two as on the full-scale ship. 
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transfer curves change. This can be seen, for instance, by 
comparing the transfer curves shown in Figs. 9 and 10. The 
horizontal cross sections of the tanks were the same for the data 
given by both these figures, but the cross sections of the con- 
necting circular ducts were different; the diameter of the duct 
was 4.8 in. for the data given in Fig. 9, and 7 in. for those given 
in Fig. 10. 

It is observed that the transfer is larger for the curves shown 
in Fig. 10. The curves shown in Fig. 11 correspond to a still 
larger cross section of the tanks (277 sq in.) and to a cross section 
of the duct about 50 per cent more than that used in compiling 
the data shown in Fig. 10. It is thus apparent that the transfer 
generally increases with increasing area of the duct, all other 
conditions being the same. In designing tanks and ducts, it is 
important to obtain a reasonably large transfer in the neighbor- 
hood of synchronism when heavy rolling is generally observed. 
The foregoing data were taken with oil as ballast. 


INTENSITY OF STABILIZING ACTION 
As has previously been explained, the coefficient of propor- 


tionality in the basic control Equation [7] is of the form uw = vA, 
where the factor A depends upon the constants of the installation, 
and y is the coefficient of the intensity of the stabilizing control 
circuit whfth, as will now be explained, can be adjusted. As was 
explained under Instruments and Circuits, the problem of 
control indicated by Equation [11] or [13] becomes that of main- 
taining a continuous balance between the primary voltage e:, and 
the secondary, or “follow-up” voltage e, up to a certain “error 
voltage’”’ which maintains the operation of the control system. 
Fig. 12 shows diagrammatically a circuit of this kind with a 
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voltage e€; across the terminals AB and e: across CD. 
that we take a certain fraction p of the voltage e; and another 
fraction g of é2 by means of the potentiometer arrangement shown 
and introduce these voltages pe; and ge. in the control circuit 
MmBDnN as shown. Since this circuit has a null-secking prop- 
erty, one will continuously have the following condition of the 
balance of the primary voltage by the secondary one 


Assume 


[23] 

{t is apparent that if g is increased and p decreased by moving 
the contact n upward and the contact m downward, for the same 
primary signal ¢,, a balance of voltages is possible only if the 
voltage e: decreases, that is, if the amplitudes of the blade angle 
a become smaller, which means a smaller transfer, and hence a 
smaller stabilizing moment. For an opposite change of the posi- 
tions of the contacts m and n, an opposite effect will result, viz., 
both the transfer and the stabilizing moment will be greater for 
the same value of the primary voltage e). 

This adjustment permits control of the intensity of the sta- 
bilizing action developed by the installation. When it is desired 
to start the stabilizing action, large values of the ratio q/p are 
introduced. The blade angle begins to oscillate with relatively 
small amplitudes which accordingly cause a small transfer. As 
the rolling is gradually reduced, the ratio ¢/p is also reduced; 
this causes a greater roll-quenching, as will appear from the 
records given later. 
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Let us now turn our attention to Equation [21] giving the 
residual quenched amplitude at synchronism. It is apparent 
that the coefficients \ and y in this equation are proportional to 
the coefficient v of intensity and can be written as \ = vd’, y = 
vy’ where \’ and y’ are certain factors depending only upon the 
constant parameters of the tank system. Equation [21] then be- 
comes 


| wo = 
or 


It is seen from’this equation that it is possible to decrease the 
residual quenched amplitude of rolling at synchronism by increas- 
ing the coefficient of intensity »v of the electronic control, or vice 
versa. On the basis of the simplified theory given in the fifth 
section of the paper, by increasing this coefficient » the residual 
quenched amplitude is steadily decreased. Experiments show 
that this conclusion is correct up to a certain critical limit of the 
intensity of control. If one increases the coefficient v above this 
limit, the quenched amplitude, instead of being further reduced, 
begins to ‘float’? with a rather long period. 

Fig. 13 gives a record of these phenomena. 
from which these data were taken, the model was first brought 
into synchronous oscillation with an amplitude of about 22 deg 
with the cross-channel blocked, and the stabilizing action was 
released at points K of the records. The records of stabilized 
rolling marked A, B, C, D, and E correspond to a gradually in- 
creasing intensity of the stabilizing control. It is seen that the 
amplitudes of the quenched rolling decrease steadily from A to 
C. In record C the stabilizing action has reduced the ampli- 
tude from about 21 deg to 2 deg. The record D, corresponding 
to a still greater intensity of control, is already at the critical 
limit; the residual amplitude is less than 1 deg, but a certain 
“floating” of the amplitude begins to be noticeable, as shown by 
the broken lines. For a still greater intensity of control (record 
Ef), this irregularity is still greater. 

Although these complicated phenomena were later explained 
(20) and means for reducing them were found, it must be admitted 
that the problem of reducing the quenched amplitude to a valur 
less than 10 per cent of the nonstabilized amplitude of rolling 
presents certain difficulties. No special attempt was made \ 
pursue this study further, since for practical purposes the redue- 
tion of rolling by, say, 85 to 90 per cent is probably sufficient.’ 

It is worth mentioning here that very likely the existence of the 
critical threshold mentioned would not have been discovered i! 
these experiments had been confined to full-scale trials, because 
then a phenomenon like this would merge with many other phe 
nomena, such as those due to torsional vibrations of the ship 
under way, ete., and separation of the various phenomena would 


In the experiment 


be impossible. 


a 
PHASE OF THE STABILIZING ACTION 


Equations [7] and [9] of the stabilizing control relate to the 
theoretical nonretarded quantities 6 and 6. In reality, becaus 
time lags are present in the stabilizing installation, 6 and @ are re 
tarded quantities and relate to the past instant (tf — At) instead 
of the present instant ¢ as they should. From the general theo! 
of control action (16), it is known that the effect of a time lag ca! 
be reduced by introducing one or several high-derivative col 
ponents of the control action in addition to the basic or funda- 
mental control. Since in the present arrangement the funds 
mental control is obtained in accordance with Equation |‘), 1!" 
apparent that the next derivative component, the anticipate” 
The 


7 These figures relate to the quenching of regular rolling. 


corresponding data relative to erratic rolling are given in the secti0" 
Quenching of Erratic Rolling. 
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EXPERIMENTS WITH ACTIVATED TANKS 


| 
EXTERNAL PERIODIC EXCITATION EFFECTIVE WAVE SLOPE--~ 
D E A B 
SCALE 5° 


Fia. 13 


6, the rate of angular acceleration. The manner in 
which this anticipatory component of control was obtained has 
already been explained under Instruments and Circuits. By 
adding more of this component to the control circuits, the phase 
of the resultant control signal is accordingly advanced, or vice 
versa, 

In order to investigate the effect of the phase of the stabilizing 
action, three tests were made for three different values of the 
component 6. 


control, is 


In the first test this component was made zero, 
in the second its value was approximately one half of the total 
available range, and in the third its maximum available value was 
introduced. Fig. 14 shows the results of these tests with the 
terms “retarded,” ‘‘advanced,” and 
indicate the three conditions mentioned. 

Prior to making these experiments, the resonance curve 1 of 
the model was taken with the duct closed. Curves 4 indicate 
the amplitudes of the residual quenched oscillation for the three 
conditions mentioned, It is observed that all three curves 6 
exhibit secondary resonance peaks in the region between the 
values 1.48 and 1.6 of the angular frequency, that is, at fre- 
quencies higher than that of the normal unquenched synchronism 
occurring at the value w = 1.29. It is interesting to note that 
only for a retarded control, i.e., for 6 = 0, does the peak of the 
secondary resonance reach about 9 deg. At this point the stabiliz- 
ing action vanishes, as is evidenced by the fact that the curves 
representing both the unquenched and the quenched amplitudes 
intersect at this point. 

For the intermediate case of a relativ ely small phase advance, 
the Secondary resonance is much smaller, and the critical point 
at which the stabilizing action vanishes is shifted toward a much 
higher frequency where the amplitude is about 4 deg. Finally, 
in the third case of a rather strong advance, the critical point 
disappears entirely and the maximum amplitude of the quenched 
oscillation is about 4 deg, as in the second case. 


“overadvanced” used to 


RECORDS OF STABILIZING ACTION 
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If, however, one considers what happens at, or below, the point 
of resonance of the unquenched oscillation (# = 1.29 radians per 
sec) the situation is just the opposite of what has just been de- 
scribed in the range above this point. Below the point of reso- 
nance a retarded control corresponds to a quenched amplitude of 
only 2 deg, which is a very large reduction particularly near syn- 
chronism. A moderately advanced control gives a residual 
quenched amplitude of 3 deg; and overadvanced control yields 
an amplitude of about 4 deg. The reason for this is obvious. 
In fact, as the apparent frequency of the waves increases, with 
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the time lag At remaining the same, the eyclic lag w A¢ increases, 
and in order to maintain a proper phase, the control action must 
be advanced more and more. 

From the form of the curves # is apparent that for practical 
purposes it is sufficient to use a moderately advanced control, 
which gives quite uniform quenching throughout the whole range. 

The curves ao indicate the behavior of the blade angle of the 
pump under the same conditions. It is seen that in the range 
above synchronism the blade angle has a tendency to go to the 
‘“‘hard-over’’ position (30 deg), whereas, with an over-advanced 
control, the blade angle does not exceed 24 deg. 

Curves wo, representing the transfer, exhibit similar features. 
For a retarded control the transfer initially increases with in- 
creasing frequency, goes through a maximum, and thereafter de- 
creases. For an overadvanced control the transfer remains 
practically constant through a wide range below synchronism 
and exhibits a relatively flat maximum in the region of secondary 
resonance, 

Curves P, representing the electric power absorbed, reflect 
the same general features. Thus for a retarded control the power 
increases nearly 6 times in the range above synchronism, as com- 
pared to its value in the region below synchronism, but with a 
moderately advanced control this increase is only 3.5 times. 
With a further advance of the phase the increase is still further 
reduced, 

Summing up the analysis of these data, it can be stated: 

1 The performance of activated tanks is best at synchronism 
or below it, i.e., the condition of a following sea. It is less satis- 
factory above synchronism, i.e., when the sea is from the bow 
quarter, 

2 The performance of activated tanks operating above syn- 
chronism can be appreciably improved (a) by a design of tanks 
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and ducts which will shift the point of the secondary resonance 
to higher frequencies, and (b) by advancing the phase of the con- 
trol action, 


QUENCHING OF ERRATIC ROLLING 


All the experiments described in the foregoing were made with 
a sinusoidal effective wave slope, as was assumed by Froude in 
his theory of rolling among waves. With the advent of high- 
stability ships after the first world war, departures from Froude’s 
The rolling of such ships is 


theory became more noticeable. 
generally erratic, reflecting the confused pattern of the seaway 
usually encountered. It became apparent that unless the 
stabilizing installation could cope with erratic rolling, its value 
would be relatively small in actual conditions ‘at sea, where a 
regular trochoidal seaway is the exception rather than the rule. 
Although from the very continuity of control action produced 
by modern electronic circuits one could expect that stabilizing 
action could be obtained even in this case, a number of factors 
such as the transient behavior of the variable-pitch pumps, 
transient conditions in the control circuits remained entirely 
unexplored. To study these factors it’ was decided to introduce 
an erratic actuation of the model. With the system of three 
eccentrics described in connection with Fig. 8, a great variety 
of erratic rolling motions could be produced, and with some perse- 
verance one could produce motions resembling those commonly 
A number of records of erratic rolling similar 
The general situation can 


encountered at sea. 
to that shown in Fig. 15 was taken. 
be summarized as follows: 


(a) It is impossible to correlate the form of the curve of an 
erratic nonstabilized rolling motion with the form of the wave 
slope which produces it. 

(b) When the rolling is quenched, however, such a correlation 
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can be established as is shown by a comparisonof the analogous 
points 1, 2,3... on both curves. The record of the stabilized 
rolling seems to reproduce with a slight distortion the record of 
the wave slope which produces the rolling. 


From the record shown in Fig. 15 it is observed that the aver- 
age amplitude of nonquenched rolling is about 15 deg, whereas 
that of stabilized rolling is of the order of 3 deg to 4 deg, which 
gives a reduction of rolling of the ordér of '/, to !/; instead of 
about '/i as is obtained for a regular trochoidal-wave slope, 
see Fig. 13, record C. It seems likely that the actual rolling 
of a ship among waves is somewhere between these two extreme 
conditions. In fact, during the passage of a train of waves ap- 
proximately synchronizing with the period of the ship, the rolling 
acquires a more or less regular character, while outside that 
condition it is rather erratie with relatively small amplitudes. 
It is probable that the records shown in Figs. 13 and 15 approxi- 
mate sufficiently these two extreme conditions. 

It is noteworthy that the conclusiop (6) just stated is in ac- 
cordance with the theoretical conclusion given previously that 
the free oscillation in the differential equation of the first ap- 
proximation is steadily eliminated by virtue of the additional 
equation of control. 

In view of this, a record of the stabilized residual rolling may 
give an idea as to the nature of the disturbing moment which a 
normal confused seaway applies to the ship. 


% EXPERIMENTAL RESULTS ON THE SHIP 
GENERAL REMARKS 


The model experiments described were completed toward the 
fall of 1939, and it was decided to proceed with the installation 
and tests of an activated-tank system on a ship of about 1160 tons. 
The program as originally planned provided for two additional 
investigations to be made before the stabilization tests at sea: 


a) An investigation of the performance of the full-scale tanks 
and 52-in. pumps on land prior to their installation in the ship. 
b) An investigation of the vibration of the ship under way. 


The purpose of investigation (a) was to detect any possible 
scale effects in the large pumps whose design was exactly the 
same as in land installations. Certain doubts existed as to the 
adequacy of the existing high-pressure oil gear with pilot valves 
for the purpose of changing the blade angle. It was obvious that 
nothing could be learned about this from small-scale tests. 

The purpose of investigation (b) was to ascertain where and 
how the principal control element, the angular accelerometer, 
should be secured to the ship so as to minimize possible high- 
frequency disturbances due to bull vibrations. 

Because of a delay in the delivery of the large 52-in. variable- 
pitch pumps, their installation was not begun until May, 1940. 
Soon after this, because of the increasing danger of war, it be- 
came apparent that we could not count on retaining the ship for 
4 long period. In view of this it was decided to cancel investiga- 
tions (a) and (6) and to proceed directly with the full-seale stabili- 
4ition tests. From the engineering point of view this was a re- 
gtettable decision, and an element of doubt as to the reliability of 
the full-scale installation appeared from that moment on. 

Since this uncertainty existed, two tests were first made which 
did hot involve any unpredictable effects of hull vibration. Dur- 
ing the first group of tests the full-scale transfer of ballast in dry 
dock was investigated. During the second test the ship was made 
to roll by the stabilizing equipment in still water. These two 
tests gave results entirely in agreement with those of model 
tests, as will be described in the later sections. 

An attempt to stabilize the ship under way could not be carried 
out because of violent water-hammer blows in the hydraulic 
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blade-shifting mechanism. It was apparent that this mechanism, 
originally designed for land use, was not adequate for the rapid 
reversals required for operation at sea. The fact that the ac- 
celerometer was rigidly bolted to the deck in the immediate 
vicinity of the hammering oil machinery added further complica- 
tions, by, establishing a kind of closed-cycle phenomenon, main- 
taining the hammering. It was apparent that the following 
changes should have remedied these defects: 


(a) Replacing the hydraulic blade-shifting mechanism by an 
electric drive of the amplidyne type more adequate for use on 
board ship. 

(b) Removing the accelerometer from the vicinity of pumps 
and mounting it on a vibration-absorbing support. 

(ec) Introduction of a mechanical filter between the servo- 
motors and the control elements of the pumps. 


In November, 1940, however, while these changes were in prog- 
ress, the ship was detached from tests, and further work on this 
project was discontinued. 


FuLi-ScaLeE TRANSFER Data 

These tests were made in dry dock. A series of moving-picture 
records were taken of the transfer, the blade angle, and the power 
absorbed by the driving motors. The level of the ballast was 
photographed through a window made in one of the tanks. An 
index indicating blade angle was connected mechanically to the 
pilot valve of one of the pumps, and a wattmeter registering the 
power input to both motors was placed in the field of the moving- 
picture camera. 

Careful streamlining and splitters developed by the Baldwin- 
Southwark Corporation kept the flow of ballast quiet. Prof. 
William Hovgaard of the Committee of the National Academy 


‘of Sciences was present during these experiments. 


At the maximum amplitude of the blade angle ay = 30 deg, the 
ballast was continually hitting the ceilings of the 8.5-ft tanks; 
it was apparent that the pump capacity was too great for a ship 
of that size. The speed of the pumps was somewhat reduced so 
that records could be taken. From the dimensions of the tanks 
the maximum transfer was about 24 tons for both tanks, which 
corresponds to about 210 ft-tons of the stabilizing moment. Since 
the top of the window through which the level was photographed 
was about 18 in. below the top of the tank, the pump speed was 
reduced so that the water level would remain within the limits of 
the window, which corresponded approximately to 140 ft-tons of 
the stabilizing moment. The curves shown in Figs. 16, 17, and 
18 represent a plot obtained from the moving-picture records of 
the stabilizing moment in foot-tons for the amplitude of the blade 
angle ay = 30 deg for three different periods. These curves were 
taken in the manner explained under Behavior of Variable- 
Pitch Pumps. The flat spots which appear in the curves for the 
blade angle a» result from the stops limiting the maximum ex- 
cursion of the blade angle to 30 deg. The similar flat spots in the 
level record merely show that the level of the ballast reached the 
limits of the window; the actual curves were probably like these 
shown by the broken lines. ; 

It is noteworthy that the flywheels kept the fluctuation of the 
power input P to the driving motors within reasonably small 
limits. If the driving motors had been at full speed, the ampli- 
tudes of the ballast would have been larger, but it would have been 
impossible to take moving-picture records of this because of the 
limited height of the window. The full-scale transfer records 
agree with those previously obtained on the model well enough 
for one to assume that the law of similitude holds for variable- 
pitch pumps working as hydraulic oscillators. 

As was just mentioned, for the maximum transfer permitted 
by the capacity of the tanks, the maximum static moment was 
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about 210 ft-tons. The net stabilizing moment, however, is about 
75 per cent of this value for the average range of frequencies used 
in these tests because of the effect of the kinetic reaction. As 
the displacement of the ship was about 1200 tons and its meta- 
centric height about 1.57 ft, the maximum effective wave slope 0 
which the stabilizer could quench was about 

0.75 X 210 X 57.3 


= 4, 
1200 X 1.57 


This value is somewhat greater than that obtained by German 
constructors during their experiments with activated tanks (13), 
which again indicates that the equipment described was some- 
what oversize for this particular ship. 
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IN Stitt WATER 

By reversing the phase of the control action, with the ship at 
anchor, self-rolling in still water was obtained. Since the hy- 
draulic blade-shifting mechanism was unreliable and worked with 
violent water-hammer blows, it was not deemed advisable to in- 
troduce the full amplification in the electronic circuit. After a 
few swings the amplitude of self-rolling reached a steady value 
of about 10 deg from the vertical on each side. , 

In a second test, oscillation of the blade angle was produced by 
an eccentric at a frequency corresponding to the period of the 
ship, and the control circuits were not used. In this test the 
amplitude of self-rolling reached a steady value of about 17 deg. 
At the instant of the maximum angle of rolling, the stabilizing 
control was connected, and the ship came to its upright position 
with a negligible overswing of about 2 deg. When this is com- 
pared with the normal curve of declining angles in which many 
oscillations occur before the rolling motion dies out completely, 
it is apparent that the coefficient \ of the stabilized damping was 
very large compared with the Froude coefficient b;. This test 
was the only one in which the stabilizing control was used on the 
full-scale installation. 

It is interesting to note that during self-rolling the ballast 
is accelerated ‘uphill’? by the pumps, while, during the process 
of stabilization, it is always accelerated ‘downhill.’ For this 
reason the equilibrium amplitude 6, of self-rolling is always less 
than the amount of quenching @, which the same equipment is 
able to produce. From numerous model tests it was ascertained 
that the ratio @,/@, is of the order of 0.65 to 0.7. If these figures 
are assumed as a guide, it seems reasonable to expect a roll- 
quenching of the order of 20 deg to 25 deg under these condi- 
tions. Unfortunately, this last step of the experimental problem 
could not be carried out for the reasons previously explained. 
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Abrupt Energy Transformation 
in Flowing Gases 


By N. P. BAILEY,' TROY, N. Y. 


After setting up the basic equations of energy, flow, and 
acceleration, this paper compares theoretical and actual 
plane compression shocks in tubes. By making the single- 
plane-angle shock a special case of a plane shock, curves 
for solving numerical cases are presented. Even though 
most angle shocks encountered in engineering are three- 
dimensional, it is felt that the simple theory of single- 
plane shocks is helpful in understanding such phenomena 
without the complications of three-dimensional theory. 
Traverses of three-dimensional angle shocks in nozzle and 
orifice discharges are presented and discussed, and tem- 
perature traverses through shock diamonds in _ high- 
temperature streams are shown. Although no complete 
explanation exists for thermocouple readings in excess of 
the total gas temperature in such high-temperature 
shocks, their existence is established. As a last case of 
abrupt energy transformation in gas streams, tests of 
combustion with flow in a constant-area tube are given. 
Experiment and analysis agree that the assumptions of 
constant-area flow and steady or continuous flow do not 
appear to be simultaneously tenable when combustion is 
present. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = area, sq ft 
C,, = specific heat at constant pressure, Btu per lb per deg F 
C, = specific heat at constant volume, Btu per Ib per deg F 
C; = constant of integration 
C;, = constants of integration 
d = total differential 
= partial differentia’ 
= friction force, lb per ft of length 
= acceleration of gravity; 32.2 fps per sec 
= rate of heat release, Btu per sec per cu ft 
= 778.26 ft-lb per Btu 
= mechanical work, Btu per Ib 
= Mach number 
= pressure, psfa 
heat added, Btu per |b 
= gas constant; 53.3 for air 
= temperature, deg Rankine (R) 
= time, sec 
= specific volume cu ft per Ib 
= velocity, fps 
weight flow, lb per sec 
distance, ft 
= deflection angle, deg 
= ratio of gas specific heats; 


meet Bese to 


1.395 for cold air 
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shock angle, deg 
p = mass density, slugs per cu ft 


INTRODUCTION 


Mechanical-engineering literature is rich in analytical and 
experimental information on the continuous steady flow of gases 
but there is need for a wider familiarity with gas flow when 
such discontinuities as compression shocks and combustion with 
flow are present. The aim of this paper is to present some 
analytical and experimental information on such discontinuous 
and intermittent phenomena. 


FLow MomeNtTUM AND ENERGY CONCEPTS 


In any case of flow, such as illustrated in Fig. 1, the difference 
in the rate at which mass enters and leaves the volume, Adz 
must be balanced instantaneously by the rate of storage, or 


a(pvA 
(1] 
or ot 


At any instant the mass of fluid in the volume (Adz) is (pAdz) 
and, if it receives . change in velocity 


ov 
a iz + at (2) 
the acceleration is 
dt odwdt  dtdt owe 


For a wall friction or obstruction force, Fdz, a summation of 
forces in the flow direction gives 


AoP 


vov ow 
dx — Fdx — pAdzx | + 0 [4] 


A useful relationship may be had by multiplying Equation 
[1] by v and adding it to Equation [4] to give 


AOP vd2(pAv) ov ov Avdp 
+ = (pvA) — pA — (5] 


By adding ka to both sides of Equation [5] and remember- 


oA 
ing that -* 0 for a rigid passage, Equation [5] may be written 
as 


O|PA + pAv?] 


PdA— Fdz = 


O(pApr) 


= 0, Equation 


O(pAv 
For the usual steady-flow case where tet) 


[6] says that the net wall force on the gas in the direction of flow 


1s 


PdA — = d|PA + [7] 


749 


os 
3 
4 
| 
ie 
4 
’ 
} 
i 
a 


750 


where [PA + pAv’] is the total momentum per second in pounds 
passing any section. 


P 
Since E on = and the Mach number | 
it is often convenient to express Equation [7]. 


= PdA — Fdx = d [PA(1 + yM?)].. 


v 
V ygR 
[8] 


This statement is true only so long as the flow is steady and 
it does not hold when the mass flow (pAv) changes with time. 
However, since any such flow variation must go through a re- 
peated cycle, the average value of / d(pAv) must be zero and 
Equation [7] may be used te evaluate the average wall force even 
when the flow is unsteady or intermittent. This point will be 
covered by experimental work later. 

As gas flows along a channel as in Fig. 1, any thermal energy 


Net wall reaction 


Fie. 1 


(dQ) that is released or added, and any work done on it (dZ), as 
in a compressor impeller, must be accounted for. Some of it 
will go to change the internal energy (C,d7') and part to do flow 


VdP 
work an) as the gas flows through a pressure change. With 
a pressure change (dP), a compressible gas will undergo a volume 

J 
and an increase in velocity would induce a kinetic-energy change 


This results in an energy-balance equation 


change (dV), and do an amount of expansion work 


dL + dQ = + 5 VAP +5 PAV +7 19) 


J 


A reversible process is characterized by dQ = 0 and 


1 
Such a process is thus defined as one where the only internal 
energy change is the inevitable one resulting from compression 
or expansion work. 
A useful form of the energy equation for general applications is 


R i 
J Jg 


For the case of constant total energy (dL = 0 and dQ = Q), if 
Equation [11] is integrated between any velocity v, and corre- 
sponding static temperature 7, and a final velocity of zero where 
the static temperature is the same as the total temperature 7’, 
the result is 


dL + dQ = 
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When this is combined with the Mach number definition 


v? 
The result is 
2 
For the case of steady flow 


and this combined with the gas equation and with Equations 


[13] and [14] gives 


T, 
Equation [16] is very useful in all cases of steady flow at con- 
stant total energy. 


PLANE SHOCKS 


For the simple case of steady flow at constant area and con- 
stant total energy with no appreciable wall friction, Equation {8} 
becomes 


+ yM?*) = + yM,’) = P.(1 + yM,%) = const. . 
and Equation [16] may be written 
= P.M, + =r = const......... {18} 


When (P;/P;) is eliminated between Equations [17] and [18}, 
one obvious solution for the equation of constant area and con- 
stant total energy flow without friction is for (M; = Mz), but 
when this root (M. — M)) is factored out, the result is 


and 


This means that for any superacoustic Mach number M,, 
there is a subacoustic Mach number M,, which satisfies the condi- 
tions of flow. This defines a plane compression shock which 
is a discontinuity, occurring theoretically in an extremely short 


distance. Whether or not it will occur in any case depend: 
upon operation conditions. Since channel friction? causes 
superacoustic flow to approach the acoustic, for any initial 
Mach number there is a maximum flow distance for which shock 
less flow is possible. 

A shock may also be induced in a shorter channel by applying 
the correct back pressure. For any initial Mach number and 
channel friction, each position of the shock uniquely determine: 
one back pressure. This is illustrated in Fig. 2, where A-l-8 
represents flow that is all superacoustic. If the back pressure 

2 “The Thermodynamics of Air gt High Velocities,” by N. ? 
a Journal of the Aeronautical Sciences, vol. 11, July, 1944, P 
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is raised somewhat, the flow adjusts to it by a plane compres- 
sion shock at some point 1, going to subacoustic flow at 2, and 
discharging subacoustically at C. Equation [19] indicates that 


the Mach number after shock approaches 4 | ———— as M; becomes 


very large, and it cannot go below that value. 

The magnitudes of the pressure rise and Mach number change 
of actual compression shocks check well? with theoretical values 
from Equations [19] and [20]. However, instead of being com- 
pleted in a negligible distance, the pressure rise extends over a 
distance of from one to five pipe diameters. 


This is illustrated by the test data shown in Fig. 3. Both wall 


and center pressure traverses were taken for the conditions shown 


Fic. Compression SHock A TUBE 
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and after a series of angle shocks in the first 1.15 in. of the tube, 
the wall and center pressures became the same, and a plane com- 
pression shock was initiated. The Mach number as calculated 
from Equation [16] for an initial pressure of 14.33 in. of mercury 
was M, = 1.37. Similarly at the final pressure of 29.50 in., 
M2 was 0.75. From Equation [19] a shock, started at M; = 
1.37, should have ended at M, = 0.748, and from Equation [20] 
the pressure should be P; = 29.50. 

The only discrepancy lies in the fact that the pressure rise is 
distributed over a length of 1.3 in. instead of being an abrupt 
change as illustrated in Fig. 2. The explanation of this lies in 
the effect of boundary layer and the use of a manometer to 
measure pressure. Since the flow in the boundary layer is sub- 
acoustic, no compression shock and corresponding pressure rise 
can occur in it. This means that at any instant the large pres- 
sure rise across the shock front is short-circuited through the 
boundary layer. This immediately causes the shock to col- 
lapse and form at some other point, only to collapse again. 
Since the manometer reading is a time average of the pressure 
at any point, a value of one half the pressure rise, occurring at 
1.4 in., Fig. 3, merely means that the compression shock is 
upstream from that point one half the time and downstream 
from there the other half of the time. The shock is constantly 
dancing back and forth in the tube, never being further upstream 
than the 1.17-in. point and never further downstream than 2.5 
in. 

This explanation is borne out by high-speed photography, as 
well as by the fact that an open-end impact tuke tunes to a shrill 
whistle in such a shock region. Consequently, the simple pic- 
ture of Fig. 2 will have to be modified to show the compression 
shock (1-2) as sweeping back and forth in the tube through a 
distance that varies with boundary-layer thickness, tube size, 


and initial Mach number. 


ANGLE SHOCKS 


When supersonic gas flow encounters an obstruction which 


‘calls for it to change its flow direction, an angle shock will occur. 


This is because the approach velocity is so high that the first 
molecules to find themselves in trouble are not capable of sending 
a distress signal upstream. This means that each successive layer 
of gas molecules must run into the same trouble with no warning. 

This is illustrated in Fig. 4 for the simple two-dimensional 
case where supersonic parallel flow at a velocity 1, must turn 
through an angle a, and flow parallel in a new direction. This 
entire change takes place in a shock front at an angle 6, from the 
original flow direction. Such an angle shock may be made into a 
special case of the plane shock, discussed previously, by viewing 
it as a normal velocity (v; sin @), going through a plane shock to 
a velocity 2’, and this all occurring in a flow field having a uniform 
velocity (v; cos @) parallel to the shock front. This can be done 


Fie. 4 


7 
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because there is a pressure rise normal to the shock front but 
no pressure gradient to give a velocity change parallel to the 


shock front. 
From Fig. 4 the condition that the normal component of 


the velocity must be reduced to a value v»’, that will cause the final 
velocity v2, to be turned through an angle a, may be stated as 


[21] 
v; cos 


+ M,;’ 


Also, since »;’ = »; sin 6, for the same static temperature 7’); = 7’, 
Equation [13] says that 


cos 6 = 


M,’ = M, sin [23] 
From’ Equation [19] then 
—1 
2 
M,”? = = .. [24 
(y—)) 


Before (v.") can be evaluated from Equations [22] and [24], the 
total temperature 7'2’ = 7 :’ must be expressed. The static 
temperature T,' = 7, may be evaluated from Equation [14] as 


Tor 


= =: 


Since, from Equation [22] 


=», sind = 


(y—1) 
+ M, 


V Mi sin (26) 
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and from Equation [12] the total temperature 7’,,’ is 


—1 
To’ = Too’ = + [27] 
This gives the total temperature 7’.2’“as 
T , il (y 1) M,? sin? @ (28) 
ee 
Using Equations [24] and [28] in 
y9RT Mi’ 
1 M,’? 
gives 
(y 1) 
1 + -——— M,;;? sin? 6 
yes Mi sino 


From Equations [30] and [22] in [21] 


M,? sin? 


(y +1) Mitsin 26 


Equation [31] defines the shock angle 6 for gas flow at an initial 
Mach number Mi, being deflected through an angle a. 

Using M,’ = M,; sin @ in Equation [20] gives the static-pres- 
sure-ratio rise through the single-plane-angle shock as 


P; (y—1) 132] 
P, +D 
The resultant final velocity v, is given by 


From Equations [13] and [14] 
aed vgR To M, cos 6 22 
| 
2 2 t 
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Using Equation [21] for »:’ and Equation {22} for »; cos @ in 
Equation [33] 


M;? cos (6 — a) 
From Equations [12] and [13] 
1 
M, [35] 
_ 
v2? 2 


Since v; and % are total velocities and a compression shock is at 
constant ‘otal energy, 7’ = T'o2 


This gives the final Mach number Mz), after an angle shock from 
an initial value of M,, when single-plane flow is deflected through 
an angle 

Fig. 5 shows values of shock angle 6, plotted against the deflec- 
tion angle a, for various values of initial Mach number as calcu- 
lated from Equation [31]. For each value of M, there is a 
maximum deflection angle for which angle shock conditions can 
be satisfied and for any increased deflection angle a plane shock 
will result. This maximum point represents the conditions 
where a wedge in a free stream would cease to have angle shocks 
from its nose and would have a bow shock out in front of it. 

Fig. 6 shows corresponding values of shock pressure ratio for 
various conditions, and Fig. 7 shows the final Mach number after 
an angle shock. Whereas the flow after a plane shock is always 
subacoustic, it may be either above or below sonic in the case of 
angle shocks. 

When supersonic air flows past a wedge, the angle shocks are 
stably anchored at the nose of the wedge, but when a boundary 
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layer is present, the shock pressure rise is distributed over an 
appreciable distance as in the case of a plane shock. 

In Fig. 3, where the first angle shock originated at the wall, the 
pressure rise extended from 0.14 in. to 0.22 in. The first pres- 
sure rise indicated by the center trav- 
erse spread between 0.56 in. and 0.72 
in. In the next angle shock at the wall 
where the boundary layer was thicker, 
the pressure rise extended from 0.80 
in. to 0.95 in. This would indicate that 
angle shocks emanating from a channel 


wall are unstably anchored to a sub- 
sonic boundary layer the same as plane 
shocks. 


SHocks at High TEMPERATURES 


When a gas flows through an orifice or 


a parallel-walled nozzle under a pressure 
ratio greater than that needed to pro- 


duce sonic velocity, the sudden adjust- 
ment of the gas pressure to the lower 
back pressure produces a variety of angle 


shock patterns. Fig. 8 shows static and 


impact pressure center traverses for 


such flow from a simple nozzle, to- 


gether with the probable shock and 


rarefaction wave pattern. 
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The fact that each pressure rise is 
spread over a distance of 0.15 in. indi- 
cates that, owing to the boundary layer 
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in the nozzle, the shock pattern was not stable and stationary 
in space. Further evidence of such instability was furnished by 
the whistling of the impact tube in the region from 0.05 in. 
inside the nozzle to 0.10 in. outside of it. 

The loss of impact pressure and the subsequent recovery of it 
between 0.15 and 0.40 in. marks the region where the flow was 
sufficiently supersonic to produce a serious shock in front of 
the impact tube. The distance of this shock bow in front of the 
impact tube appears to have been about 0.08 in. ° 

It is usually assumed that the first angle compression shock 
emanates from the nozzle wall, but the traverse of the jet from 
an orifice, shown in Fig. 9, indicates that angle compression 
shocks can originate from a jet boundary. Sonic velocity was 
not reached until 0.2 in. from the orifice and no disturbance 
reached the center traversing tube in the first 0.33 in. At that 
point an angle shock and the subsequent rarefaction were fol- 
lowed by a plane or bow shock in front of the tube shown in the 
stream. 

Such shock patterns as shown by the curves in Figs. 8 and 9, 
respectively, are quite common, and alternate compressions and 
rarefactions usually persist for 6 or more oscillations before they 
are damped out. With low-temperature gases, they are detecta- 
ble only by making pressure traverses or by schlerin photo- 
graphs. 

When these shock patterns occur in high-temperature prod- 
ucts of combustion, the high-pressure-shock diamonds are directly 
visible and are usually a beautiful blue color. Such a view is 
illustrated in Fig. 10. Fig. 11 shows test results for thermo- 
couple readings taken in such a shock region in a stream of 


Fic. 8 SuppEN ExpaNsION From A Simp_e Nozz_e 


products from aft orifice approximately 2 in. diam. The first 
reaction to such results as shown in Fig. 11 is that of utter dis- 
belief. However, the chance of unusual instrumentation errors 
has been systematically eliminated by repeating such test runs 
under a variety of conditions, always with the same results. 

The next idea is that there is unburned fuel being discharged 
from the orifice, which burns on the surface of the thermocouple 
and produces a local temperature rise. The chance of this being 
the case is very small for two reasons: (a) The original burner 
temperature checks a heat balance on the air and fuel supplied 
within 2 per cent; (b) the appearance and color of the shock 
diamonds are not at all altered by the insertion of a thermocouple. 

Another possible explanation is that some unstable oxides of 
nitrogen are formed in the region of shock where there are rates 
of deceleration greater than 2,000,000 g. This again has been 
eliminated by burning propane with pure oxygen and observing 
exactly the same phenomenon. 

Fig. 12 indicates that it is a phenomenon definitely associated 
with shocks. The data for the curves in Figs. 12 and 13, re- 
spectively, were taken in a */\»-in. jet with a fairly large thermo- 
couple (?/s-in. sheath), so the cooling effect was quite pronounced. 
As a result, the excess temperatures shown are much smaller 
than those shown for the large jet in Fig. 10, but they are more 
analytical. 

Fig. 12 indicates further that this phenomenon is definitely 
geared to the strength of the compression shock, for it com- 
pletely disappears at orifice or burner pressure ratios where 
shocks are not present. It would naturally be expected that an 
unshielded thermocouple in a small stream of hot gases would 
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Propucts or COMBUSTION 


Proovcts 


Fic. 12 (Above) THERMOCOUPLE READINGS IN SHOCK DIAMONDS 
Ustna ComBustTion Propucts or PrRopaNE AND oF 
BuRNER Pressure Ratio ON Excess TEMPERATURE READINGS 


Fig. 13 (Below) THEeRMocoUPLE READINGS IN SHOCK D1AMONDs 

Usinc CompustTIon Propucers oF PROPANE AND AtR: EFFECT OF 

BuRNER TEMPERATURE ON Excess TEMPERATURE READINGS, 
BuRNER PreEssuRE Ratio = 3.62 


read from 100 to 200 deg F low owing to radiation losses and 
velocity errors, and that is what happened below pressure ratios 
of 1.9. 

Fig. 13 indicates that within the limits of accuracy of the test 
data, the amount of excess temperature is fairly independent of 
burner temperature above 1100 F. No test data are available 
for initial temperatures between 1100 F and 80 F. However, 
repeated attempts to find excess thermocouple readings in 
shocks at a temperature at 80 F failed. 

Since the thermocouple metal reaches a temperature greater 
than the total temperature of 
the gas before it is in energy 
equilibrium, it is evident that 
it is being bombarded by some- 
thing besides gas molecules. 
The violent deceleration of the 
hot gases in the shock could 
produce such a high concen- 
tration of ions that their bom- 
bardment and neutralization 


jRRO'F 


at the thermocouple metal 
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surface could cause the metal 
to reach a very high tempera- 
ture before energy equilibrium 
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is reached. This phenomenon deserves a thorough investiga- 
tion. 
ComBustION AND FLow 


Combustion of air-fuel mixtures is customarily done with no 
appreciable flow velocity and too little is known of the mechanism 
involved when combustion occurs in a high-velocity air stream. 
The most commonly discussed case of combined combustion and 
flow is that of burning in a constant-area passage which is such a 
short distance that wall friction forces may be neglected. 

If it is also assumed that the area is constant and the flow is 
steady, Equation [7] gives the condition for constant momentum 
per second as 


Pi + = + 
solving for the increase in velocity pressure 


2 2 2 


This says that the gain in velocity pressure is only one half the 
drop in static pressure. It was to find out, if possible, how the 
gas stream goes about losing the rest of this static pressure with- 
out wall friction that the following tests were made: 

The 1%/s-in-diam thin-walled tube, used in Figs. 14 and 15, 
was lined up axially in the air stream from a 3-in-diam nozzle. 
Hydrogen for heating was introduced through the °/s-in-diam 
tube shown. By regulating the size and arrangement of hy- 

3 Such a program is being carried on by the Mechanical Engi- 
neering and Physics Departments of the Rensselaer Polytechnic 
Institute. 
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drogen jets and the hydrogen pressure, a uniform temperature 
could be reached across the entire cross section. Statice and 
total pressures were obtained with '/\-in. traversing tubes, and 
temperatures with an unshielded thermocouple of the same 
maximum diameter. All values shown represent averages of 
the annulus around the hydrogen tube. ° 

In general, two quite different sets of conditions could be ob- 
tained. When the heating was uniform across the tube the re- 
sults in Fig. 14 are representative of several tests. The burning 


was a series of explosions at the resonant frequency of the tube. 
This frequency was high enough for manometers and thermo- 
couples to give steady, readings, but it was a violently noisy form 
The thing which characterizes these results 

shown in Fig. 14 is that the velocity pressure (= 


of combustion. 
increases in 


the region where the temperature is rising. 

However, when the hydrogen tube was placed slightly off center 
and the tube wall became a bit hotter on one side, the combustion 
became anchored and was very quiet and orderly., The traverses 
in Fig. 15 are typical of these tests, and they are characterized 
by the fact that practically all of the velocity-pressure increase 
occurred ahead of the temperature rise. The chief loss in total 
pressure occurred in the burning region where the velocity pres- 
sure remained essentially constant. 

This would indicate some form of jet separation in the tube 
ahead of the combustion, followed by combustion at essentially 
constant velocity pressure as the flow again filled the tube. 
Fig. 16 shows the velocity plotted against absolute temperature 
and for the tube to flow full, the velocity would be essentially 
proportional to temperature, that is, if the weight of hydrogen 
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added and the small pressure change are neglected. The points 
before and after combustion do lie very close to such a line, but 
the velocity in the burning region is much higher. This furnishes 
a good indication that the tube was not flowing full. 

In the second section of the paper it was concluded that even 
with unsteady flow, Equation [33] would be true for averaged 
readings. For the case of the curve in Fig. 14, for intermittent 
flow and explosive burning, the ratio of velocity-pressure increase 
to static-pressure decrease was 0.65 instead of the theoretical 0.50. 
In the steady-flow case in Fig. 15 it was 0.57, and for another 
series of eight tests it varied from 0.52 to 0.58. Since Equation 
'38] does not account for the addition of hydrogen to the flowing 
gas stream this is not a bad check. 

It is easy to assume that just because combustion occurs in a 
constant-area tube the burning occurs at constant area. The 
limited amount of test work at hand would seem to cast doubt 
on the validity of the simultaneous assumptions of steady flow 
and constant-area combustion. 

Some of the implications of these assumptions may be had by 
assuming a rate of heat release of H Btu per see per cu ft of vol- 
ume, and stating that for steady operation an amount of energy 
AHdzr must be transported out of the volume Adz, each second; 
or, from the energy equation 


HAdr = WC,dT + . 
For acceleration, with no wall friction 
dv Ww 
dt q 
For steady flow 
41 
pAgr RT’ .. [41] 
Integrating Equation [40] 
Ww 
g 


For any initial condition P; and v,, C; may be evaluated to give 


A 


[43] 
From Equations [40] and [43] 
Differentiating Equation [41] 
RW RW RW 
From Equations [40], [43], and [45] 
dT = E + (P\—P) | 46] 


From Equations [44] and [46] in [39]. 
dP HW 


dr ... [47] 
1 Wn, iy 


Since, from Equation [41] 
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and from definition 


and 


Equations [48], [49], and [50] with Equation [47] given 


dP W(y — 1) 1 
dr PgA 


P 
7+ — (y Mi? + 1) 
1 


This type of a pressure gradient has all the earmarks of in- 
stability, for (dP/dx) becomes a greater negative value as P be- 
comes smaller. This would indicate that the effect would tend 
to cumulate until (dP/dr) becomes minus infinity which would 
be a discontinuous front. Consequently, analysis appears to 
bear out the experimental conclusion that true constant-area 
burning cannot also be a steady-flow phenomenon. 
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Discussion 


F. W. Barry.‘ The author has presented some curves showing 
the relations between the different variables involved in the 
study of oblique shocks. However, the writer has found it 
necessary to be able to picture the interrelation of all the variables, 
which has required that all the variables be shown on one chart. 
Fig. 17 of this discussion shows the form of this chart, which uses 
the same co-ordinates as those of Fig. 5 of the paper. Constant 
pressure-ratio lines are solid, constant exit Mach-number lines 
are dotted, constant inlet Mach-number lines are dashed, and the 
dot-dash line shows the limiting curve of maximum deflection 
angle, @max- Most of the lines are not continued to the top of 
the figure for the sake of clarity. 
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Fig. 18 of this discussion shows another method of illustrating 
the oblique shock relations, the shock polar, in which the co- 
ordinates are the velocities in the z- and y-directions; that is, it 
is drawn in the hodograph plane. Only half the polar is shown 
since the lower half is a mirror image. A set of shock polars has 
been shown by Sauer. The shock polars for M = © and 
M = 2 have been drawn, the polar for M = 1 is point F. All 
shock polars for other Mach numbers lie within the semicircle 


4 Research Assistant, Gas Turbine Laboratory, Massachusetts In- 
stitute of Technology, Cambridge, Mass. 

* “Theoretische Einfuhrung in die Gasdynamik,’’ by R. Sauer, 
Edwards Brothers, Ann Arbor, Mich., 1945, p. 72. 


OF THE A.S.M.E. 


OCTOBER, 1947 


marked M,; = © and about point #. For an inlet Mach num- 
ber of 2, the velocity vector before the shock may be shown as 
OC, and for the shock and deflection angles shown the velocity 
vector after the shock is OB. For the same deflection angle 
but a larger shock angle, the velocity vector after the shock 
would be OD and the flow would be subsonic. Point F is that at 
which the exit velocity is just sonic, and the point for maximum 
deflection lies just to the left of it. 

In Equation [4] of the paper, the first equality sign should 
be replaced by a minus sign. 

Perhaps the most interesting part of the paper is that which 
mentions the high thermocouple readings obtained in the shock 
cones. Certainly the usual thermodynamic and fluid-mechanics 
equations cannot account for this. But these equations assume « 
continuum, so that they cannot be applied validly within a shock, 
since the thickness of a shock calculated from them is of the 
same order as the mean free path of a molecule. It may be that 
they cannot be applied a short distance after a shock; that is, in 
the region in which the thermocouple lies. Has any attempt been 
made to discover whether the excess temperature readings ob- 
tained are affected by over or underexpansion of a supersonic 
jet? 

In the section dealing with combustion it: has been assumed 
that the weight of hydrogen added is negligible, yet no figures are 
given to support this assumption. Based upon Equations [40), 
[41], and [49], the equation of the Rayleigh line may be derived, 
which shows that the pressure drop which ean oecur in a constant- 
area tube is definitely limited 


1+ 


1+ yM.? 


It is known that the amount of fuel which may be burned is 
limited by choking, since adding energy by heat transfer raises 
the Mach number up to a limit of 1, for initially subsonic flow 
Since the temperature does not decrease, it can be shown, as have 
Chambre and Lin,® that the maximum Mach number obtainable 
is 0.85 rather than 1. Velocity pressure readings show that the 
actual maximum Mach number is much less. Therefore the tube 
is not choked. What is the meaning of zero static pressure, as 
shown in Figs. 14 and 15 of the paper; and what is the datum? 
The author does not seem to have proved that steady and con- 
stant-area flow cannot occur simultaneously in the presence of 
combustion. 


C. D. Futton.?” We disagree that combustion will not occur 
in a duct of constant area under the simultaneous conditions of 
steady flow and full flow in the duct. We disagree that a contrac- 
tion or pulsation must occur and that analysis and experiment 
lead to this conclusion. 

Total pressure is the stafie pressure which would be reached 
if fluid were brought to rest reversibly and adiabatically. In 4 
perfect gas, it is 


Po y¥—1 


In the steady flow of an incompressible fluid such as a liquid, 
if the flow is reversible and no work is done by or on the fluid, ps 
will be constant. If the flow is irreversible, po will decrease. 

In the steady flow of a compressible fluid also, if the flow is 
reversible and no work or heat is exchanged with the fluid, »% 
will be constant. If the flow is irreversible, po will decrease. 


“On the Steady Flow of a Gas Through a Tube With Heat Ex- 
change or Chemical Reaction,’’ by Paul Chambre and C. C. Lin, 
Journal of the Aeronautical Sciences, vol. 13, Oct., 1946, pp. 537-542. 

7 Mechanical Investigation Division, Research Laboratory, General 
Electric Company, Schenectady, N. Y. 
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Thus the conservation of total pressure is a measure of the 
reversibility of the flow in these restricted cases. When work or 
heat is exchanged with a flowing gas, however, there is no con- 
servation of total pressure. If heat is added, the total pressure 
falls. This can be reversible. If irreversibility is present, the 
total pressure falls even more. If heat is taken away and the 
friction is small, the total pressure rises. In a duct of constant 
area, if the flow is frictionless and steady, and fills the duct 
throughout, it is found for a perfect gas that 


dpo dq 7M? 
2 
and 
(po 
= - (1 — {1 DA 


If heat is added uniformly along part of the duet in a unit 
function, the changes in total and statie pressures are qualitatively 
as shown in Fig. 19 of this discussion. If heat is added in a tap- 
ered schedule, the result is qualitatively as in Fig. 20. 


No FRICTION 
CONSTANT AREA 
ONE-DIMENSIONAL STEADY FLOW 


StaTic PRESSURE Pp 


PRESSURE AND Static PRESSURE 
Unity Macn NuMBER IN A UNIFORM 
SCHEDULE 


IN ToTaL 
HEATING TO 


Fic. 19 CHANGES 
CAUSED BY 


TOTAL PRESSURE p, 


No FRICTION 
CONSTANT AREA 
ONE-DIMENSIONAL STEADY FLOW 


STATIC PRESSURE Pp 


Fic. 20 CHANGES IN ToTaL PressuRE AND Static Pressure 
Causep py Heating To Unity Numper IN A 
ScHEDULE 


These are not strange things. The decrease in total pressure 
does not eall for explanations or mechanisms, particularly irre- 
versible mechanisms. The process has been deliberately analyzed 
48 reversible; if heat is now abstracted, the gas can be returned 
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entirely to the original condition. 
be reversed. 


All arrows in the figures can 


1/2. Thists 
dp 

the special case given by the author’s Equation [38], following 
which he says, “It was to find out if possible how the gas goes 
about losing the rest of this static pressure without wall friction 
that the following tests were made.” 


When M & 0, Equation [54] reduces to 


This statement is incorrect 
in its assumptions, viz., that the decrease in total pressure is 
strange, and that an explanation is needed. The decrease in total 
pressure is a fact. If any explanation is needed, it is to explain 
why the total pressure was expected to remain constant. 

The decrease in total pressure is a manifestation of the second 
law and Carnot’s principles. To obtain maximum thermal 
efficiency in a heat engine, each increment of heat should be 
added at the highest possible temperature. If heat is added at 
appreciable Mach number, it is not added at the highest possible 
temperature, for if the gas were diffused to low velocity, the tem- 
perature would be higher. Adding heat at appreciable Mach 
number decreases the thermal efficiency of gas turbines, ramjets, 
ete., as shown in Fig. 21 of this discussion. Path 2-3 is adding 
heat at negligible M without friction; 2-3’ is adding heat at 
appreciable M with accompanying decrease in po. If the same 
amount of heat is added, the final total enthalpy or total tem- 
perature is the same but pos’ < pox. The outputs are ho; — hos 
and — hos’, respectively. 
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Fic. 21 Repuction In THERMAL Errictency CausEeD BY HEATING 
AT APPRECIABLE MacH NUMBER 


While the results of losing total pressure by heating and by 
friction are similar, they are different in nature in that one is re- 
versible and the other is irreversible. This conforms to Carnot’s 
principles, which state that thermal efficiency can be lost by 
adding heat reversibly at a lower temperature or by irreversibility. 

In a discussion between the author and the writer, it was 
agreed that surprising results are sometimes disclosed by analysis 
of processes at high Mach number. Friction can raise the static 
pressure; heat can lower the static temperature, ete. The 
author, in putting forward Mach number as a primary concept, 
an independent variable, and an integrating factor, all of which 
roles it plays, has opened up previously unknown solutions for 
processes at high velocities. While some of the results may be 
surprising now, they will become commonplace. We may search 
for mechanisms which will make these results seem less surpris- 
ing or we may not, as we choose. But we should accept these 


M<1 | | M=1 
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results as arising from reasonable and usually inescapable assump- 
tions. When heat is added at constant area in frictionless steady 


1 

flow at < M <1, the static temperature falls. Szezeniowski® 
Y 

found this but concluded the heat-transfer coefficient to the gas 


must become zero at M = — and remain zero to M = 1, but ac- 
quire finite values discontinuously below and above that region. 
He concluded it is impossible to add heat in that region by any 
means whatsoever. This illustrates the danger of not accepting 
what is found under reasonable assumptions. 
We take up the author’s Equation [51], which is 


l HJW(y —1 1 
dz J 
me" (y+ 
Pi 
If His constant as in our Fig. 19, a will only become —-« when 


—( + =0 
Pr 
M,? 
Now 


+ M? 
Substituting this ‘ 


1 + yM;? 


= 0 


(y + 1) 


M = 1 


Equation [51f conforms to our Fig. 19 in this and every other 
respect. Only the last increments of heat cause a large change in 
p, and then only if the final M is near 1. The rates of change at 
lower M are moderate. M does not reach 1 in many combustors. 
Note that the total pressure does not change rapidly at M ~ 1. 
Variables pp and 7) are the only ones which do not change rapidly 
with heat at M = 1. 

If the tapered schedule of Fig. 20 of this discussion is followed, 
as in most combustors, no rapid changes occur in any variables 
even when M = 1. 

The author’s remarks, ‘This type of a pressure gradient has 
all the earmarks of instability,” ete., have no meaning. In an 
ordinary nozzle with reversible adiabatic flow, similar pressure 
gradients occur. 

There is confusion between cause and effect. The author has 
interpreted Equation [51] as saying that a drop in pressure can 
cause a further drop in pressure, ete. This is incorrect. The cause 
of the whole process is the liberation of heat. If the liberation of 
heat is controlled, the process is controlled. Only when changes 
resulting from adding heat can cause more heat to be added, can 
instability or discontinuity result. That can happen in some 
combustors, and it can be prevented. When it does happen, it 
has no connection with Equation [51]. : 

Equation [51] cannot indicate the changes in pressure, tem- 
perature, Mach number, velocity, etc., when the total amount of 
heat added is changed. It cannot do this because it contains 
many dependent variables including p, and M;. In most combus- 
tors an increase in heat release causes an increase in p, and a de- 
crease in M;. Equation [51] cannot show this. It can only show 
the pressure gradient existing in steady flow when the process 
has already been set up and the other variables have been.deter- 


8 “Flow of Gas Through Tube of Constant Cross-Section With 
Heat Exchange Through Tube Walls,’’ by B. Szezeniowski, Canadian 
Journal of Research, vol. 23, January, 1945, sect. A, pp. 1-11. 
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mined. It cannot yield information on alterations in the process. 

In properly mixed and ignited mixtures, the heat liberation i. 
controlled by chemical-reaction rates and is negligibly influenced 
by changes resulting in the variables we are discussing. In the 
author’s pulsating combustion, oscillations in the fuel supp!) 
may have been self-excited by feedback of pressure changes. 
Equation [51] has nothing to do with this. This can be stopped 
by increasing the pressure drop across the fuel orifices. A change 
in the ignition arrangement might have stopped the pulsatio: 
At the low velocities of those tests, the flame-propagation speed 
might have been in the critical region where in the absence «j 
flame holders combustion could move backward and forward. 

As to the apparent contraction measured in the smooth- 
burning tests, if heat is liberated at one side of a duct or at the 
center of a duct, the streamlines will be pushed away from that 
region as in Fig. 22 of this discussion. The result is two-dimen- 
sional or three-dimensional flow and does not bear on the present 
question. A high value of velocity can be obtained if measure- 
ments happen to fall mainly in the region of high velocity. Also, 
thermocouple radiation error could have caused the type of curve 
obtained. 


(b) Heating at the center of duct 


Fig. 22 NoNUNIFORMITY OF FLow Causep BY LocaLizep HE 


To maintain a genuine and discontinuous contraction, with 
eddy, would require large radial forces toward the center of the 
duct. Such forces cannot be imagined in a one-dimensional case 
where heat is liberated uniformly across the section. 

To abandon the assumptions of steady flow and full flow when 
heat is liberated uniformly is. to introduce far stranger things. 
We cannot accept that any analytical or experimental evidence 
to this end has yet come forward. On the contrary, a complete 
analysis under these assumptions gives reasonable results. 


R. H. Jounson.2 The presentation of two-dimensional 
shock-wave theory has been done in a very useful manner and has 
already been of great help to the writer and his company. Curve 
No. 3 of shock pressure ratio versus deflection angle, Fig. 6 of 
the paper, does not, however, show the complete picture, and 
to the writer seems to be a bit misleading. It implies that, for 
any angle of bend in the flow, an increase in pressure ratio across 
the shock wave is experienced as the Mach number is decreased. 
A curve similar to Fig. 6 is shown as curve A, Fig. 23 of this dis 
cussion, but plotted to a larger scale. It can be seen that the 
various curves of constant Mach number do not become tangent 
to the Mach number = 2 curve but go below it and present 4 
region where the pressure ratio increases with increasing Much 
number. Also, for high Mach numbers it is seen that this holds 


* Research Engineer, Research Laboratory, General [lectri’ 
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Fig. 23) Pressure Ratio Versus WenGce ANGLE 


28 32 


DIMENSIONAL WEDGE 


true for all angles of bend in the flow. Fig. 24 shows this 
point more clearly. 

This phenomenon ean be illustrated more easily by plotting 
pressure ratio across the shock against entry Mach number for 
various angles of bend (Fig. 25 of this discussion). We see again 
that for a given angle of bend at low Mach numbers, the pres- 
Sure ratio increases with decreasing Mach numbers as shown 
in the author’s curve 3, Fig. 6. However, at high values of 
Mach number, the slope of the curve changes to give a decrease 
MM pressure with decreasing Mach number. This can be ex- 
plained if we realize that at low Mach numbers the shock angle 
changes to a greater extent with a small change in Mach number 
than it does at high Mach numbers with a small change in Mach 
number, because the sine of the shock angle is proportional to the 
reciprocal of the Mach number. Therefore at low Mach num- 
bers, any decrease in Mach number will cause the shock wave to 
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Fic. 25 Presscre Ratio Versus Macn NuMBER FOR VARIOUS 


WepGce ANGLES 


become more normal to the flow than would the same decrease 
in Mach number at higher values of Mach number, and thus the 
effect of the greater pressure ratio through the more normal 
shock will be larger than the effect on the pressure ratio due to 
the decrease in the Mach number. This can be seen in Fig. 26 


de de’ 
f this discussi yhere A@ Ad’ with — = — 
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The foregoing phenomenon was verified by running such a 


SECOND SOLUTION 


FIRST SOLUTION 


Fic. 24 Pressure Ratio Versus WepGeE ANGLE; Two- 


Fic. 27 


series of tests on a water table which utilizes the analogy between 
water flowing with the free surface and two-dimensional air flow. 
A curve similar to Fig. 24 of this discussion could be drawn 
from the results. 

The shock-wave solution shown by the dotted lines on the 
author’s curves Nos. 2, 3, and 4, Figs. 5, 6, and 7, respectively, 
represent the second solution. It does not normally occur in 
nature but must be forced into occurrence. The writer has 
shown these two solutions by use of the water analogy of two- 
dimensional air flow, where the hydraulie jump is shown analogous 
to the compression. If the pressure behind the shock wave 
caused by a sharp bend in the flow is increased to a certain value, 
the position of the shock will suddenly change to a position 
given by the second solution shown in Fig. 27 of this discussion. 
It will assume that position and no other in between or ahead. 
If the pressure is further increased, the flow will break down and 
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a normal shock will result. However, it is interesting to note 
that in this phenomenon the increase in entropy is the greatest 
for the second solution although it is less possible for it to occur. 


F. J. Borpr.!° This discussion will be limited to the angle- 
shock portions of the author’s paper. 

As an aid in the study of plane-angle shock and in the de- 
velopment of other useful curves for plane-angle shock, Equation 
{31] of the paper may be rearranged and written as 


2 1 


y—1/) sin?6 
tan (@ — a) 


tan @ 


= 


y¥—1 

Equation [55] combined with Equation [32] of the paper gives 
tan (6 — a) 


(7 +1) [tan a) 
y¥—1 tan 9 


and Equation [55] herewith combined with Equation [36] of the 
paper gives 


1 


sin? (@ — 


tan (6 — a) 


When deflection angle a, and,shock angle 6, are known, M), 
2 


ae and M, may be evaluated by solving Equations [55], [56], 
1 


and [57] of this discussion, respectively. The shock angle @, 
may be determined from a schlierin of a given wedge with an 
angle a. 

The maximum deflection angle for which angle shocks can 
oecur for a given initial Mach number can be found by differenti- 


ating Equation [55] with respect to @ and equating 6 equal to 


zero. This gives 


tan (6 — a) 
1 


cos? (@ a) 


This is the equation of the limiting curve of maximum deflec- 
tion angle a, as shown in Fig. 5 of the paper. Curve 2A, Fig. 28 
of this discussion, shows values of shock angle 6, plotted versus 
maximum deflection angle a@,,, as calculated from Equation [58] 
herewith. The shock angle decreases to a minimum and then 
increases as the maximum deflection angle increases. The mini- 
mum value of shock angle on curve 2A may be found by equating 
* obtained from Equation [55], equal to zero. At . = 


da 


1 


tan (@ — a) 


Combining Equations [58] and [59] 
6 = 64.65 deg 
a = 25.35 deg 
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and from Equation [55] 


From Equation [56] 


and from Equation [57] 
= 0.93 


Curve 2B, Fig. 29 of this discussion, shows values of Mj), P»/P,, 
and M; when Equations [55], [56], and [57] of this discussion are 
evaluated with values of a, and @, obtained from Equation [58]. 
This curve shows the limiting value of deflection angle a, which 
may be used and still maintain a plane-angle shock at the nose of 
a wedge in a free air stream (and corresponding shock angle, pres- 
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sure rise, and final Mach number) for a given initial Mach number. 

Curve 2C, Fig. 30 of this discussion, shows values of shock 
pressure ratio plotted versus initial Mach number for constant 
deflection angles. This curve gives greater accuracy than Fig. 6 
of the paper, when evaluating angle shocks from a wedge in a free 
air stream. For a given deflection angle and increasing initial 
Mach number, the pressure ratio decreases as the shock changes 
from a low shock to an angle shock, and the pressure continues 
to decrease until it reaches a minimum value. A further increase 
in initial Mach number causes an increase in the shock pressure 
ratio. The minimum pressure ratio occurs at a shock angle of 
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AUTHOR'S CLOSURE 
Angle Shocks 

The methods of plotting angle shock curves suggested by Mr. 
Barry, Mr. Johnson, and Professor Bordt add much to the treat- 
ment of this subject in the paper. Their curves for showing 
shock pressure ratios are particularly good for accurate values 
are difficult to obtain from Fig. 6. Mr. Johnson’s Fig. 23, curve 
(A) is a distinct improvement and is in agreement with the origi- 
nal values from which Fig. 6 was plotted. 

Mr. Johnson’s water table verification of the fact that the sec- 
ond or higher shock angle solution is possible if the back pressure 
to force it is available is of great importance to designers of super- 
sonic passages. The literature of the subject refers primarily to 
wedges in free air streams and there where no mechanism exists 
to bring about the necessary back pressure to force this solution, 
it is true that the lower angle solution is ‘‘more probable.”” How- 
ever, in inlets with two or more controlled angle shocks, the possi- 
bility of having this second solution in one or more cases is very 
real and should be considered. 

Shocks At High Temperatures 

Along the lines of Mr. Barry’s discussion of excess thermocouple 
readings in shock diamonds, many contend that the concept of 
temperature is incomplete and inadequate. It assumes a gas in 
statistical equilibrium and admits only of the translational kinetic 
energy of molecules, Any time any one of those assumptions is 
not satisfied, temperature as an energy concept is in trouble. 

This subject was brought up for discussion not because it was 
felt that the answers are all known. Rather, it was included be- 
cause it is not discussed in engineering literature and it is felt this 
and other energy manifestations make it clear that engineering 
energy concepts need to be broadened. 

Combustion and Flow 


There are three general observations that can be made about 
combustion with flow. 

1 Practically all of the current material in the literature on 
this subject is analytical and the amount of direct experimental 
evidence being presented is almost negligible. 

2 Conclusive tests of combustion with flow are extremely 
difficult. If instability occurs it could be due to flame propaga- 
tion difficulties or faulty air-fuel mixing or it could occur because 
the operation being attempted is inherently unstable. 
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3 Successful combustion devices all employ eddys, back flow, 
high turbulence, flame holders, or other flow obstructions which 
result in combustion at other than constant flow area. 


There is no quarrel with Mr. Fulton about any of the conelu- 
sions that follow if it is first assumed that combustion with flow at 
constant area can be steady and stable. The question under dis- 
cussion concerns stability criteria. 

The general concept of stability criteria may be illustrated by a 
fan or compressor delivering air to a combustor. With no fuel or 
combustion, if the combustor pressure rises for an instant, less 
flow comes from the fan and the weight of air stored in the burner 
increases with rising pressure. This is a normal stable operation 
which corrects itself as long as the fan is operating at a flow point 
where its pressure rises slightly when the flow decreases. 

However, when fuel is being burned in the combustor at a fixed 
rate, an instantaneous air-flow decrease is accompanied by a tem- 
perature rise because the same amount of fuel is being burned with 
less air. This results in a decrease in the weight of air stored in 
the burner unless the flow decrease is accompanied by a blower 
pressure rise that is large enough to more than compensate for the 
temperature rise. It follows that stability results and a disturb- 
ance is damped out as long as the blower pressure rise on decreas- 
ing flow is great enough to more than compensate for the tempera- 
ture increase and a flow decrease is counteracted by an increased 
air storage in the burner. 

Equation [51] represents a similar analysis of the pressure 
change dP that occurs in a length of constant.area combustor 
where a fixed heat-release rate of HAdz occurs, and air flows at « 
rate of W pounds per second. A normal stable flow condition is 
for an instantaneous pressure decrease and the accompanying 
density decrease to reduce the pressure drop and this counteracts 
the original pressure change. In Equation [51] it may be seen 
that a decrease in pressure has the reverse effect of causing « 
greater pressure drop, which would aggravate the original dis- 
turbance. 

Stability is determined by the factors that are present to coun- 
teract or to exaggerate a sudden disturbance. The general 
method of analysis is to assume a sudden disturbance and then 
see if there are factors present that will correct conditions. It ix 
true that much is yet to be learned about combustion with con- 
stant area flow but there are far too many experimental and 
analytical indications to the contrary to permit the author to 
follow Mr. Fulton’s advice and accept it as a stable phenomenon. 
Just the visual study of flames without any measurements leads 
one to feel that freedom for sudden lateral expansion of flow area 
is a device used by a flame to stabilize sudden combustion-rate 
variations, 

In answer to Mr. Barry’s questions, the weight of hydrogen 
added was always less than one per cent of the air weight and the 
pressures shown in Figs. 14 and 15 are gage pressures measured 
above atmospheric pressure. 

As to Mr. Fulton’s concern over fuel-supply oscillations, the 
hydrogen was supplied at high pressure and an orifice pressure 
drop greater than the critical value was used to avoid any chance 
of fluctuations in fuel-supply rate. 
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Orifice Discharge Coefficients 
in the Viscous-Flow Range 


By G. S. PETERSON,' PITTSBURGH, PA. 


This paper covers the results obtained from calibrating 
two orifice assembly units for use in measuring. lubricat- 
ing-oil flow rates in aviation engines during flight. A brief 
summary of available published data on orifice coefficients 
in the viscous-flow range is included. In view of the 
limited amount of available published data of this type, 
it is suggested that the Fluid Meters Committee consider 
the need for publishing orifice-coefficient data in the 
viscous-flow range in the A.S.M.E. Fluid Meters Report. 


INTRODUCTION AND PuRPOSE 


T present, very little published data are available on co- 
efficients for small orifices operating in the viscous-flow 
range. The simplicity and convenience of the thin-plate 

orifice makes it suitable for use over a wide range of applications. 
Possibly one of the principal reasons for the limited use of the 
small orifice in measuring fluid flow in the viscous-flow range is 
the inadequate knowledge of orifice characteristies when operat- 
ing under this condition. 

The purpose of this paper is to present results obtained from 
calibrating two orifice assembly units for use in measuring 
lubriecating-oil flow rates in aviation engines during flight. This 
work was done by the author’s company at the request of the 
Wright Aeronautical Corporation during the war. It is hoped 
that this paper will serve to create interest in the need for a more 
complete investigation of orifice characteristics in the viseous- 
flow range. 


DESCRIPTION OF ORIFICE ASSEMBLY UNITS 


The orifice assembly units as installed in aviation engines are 
shown in Figs. 1 and 2. 
available for installation of the orifice did not permit as long a 
straight run on either side of the orifice as recommended for good 
practice. In view of this condition, multiple openings into the oil 
passage upstream from the orifice were provided for the purpose 
of establishing uniform flow conditions in the approach to the 
orifice. The pressure taps were located approximately '/j. in. 
away from the sides of the orifice disks, as shown in Figs. 1 and 2. 
The orifice disks were made of '/g-in. flat steel stock with no 
bevel on the discharge side. The assembly units were made of 
aluminum with smooth-machined flow passages. Since the oil 
pumps on the aircraft engines involved were mounted directly on 
the engine, all oil passages on the discharge side of the pump 
were cored. In view of this condition, the only available location 
for the installation of an orifice was in the oil-filter well. There- 
fore it was necessary to install the orifice in a unit containing a 
screen as shown in Figs. 3 and 4. The orifice edges were ex- 
amined in a shadowgraph comparator for roughness and burrs. 

The pressure drop across the orifice was determined by means 


‘Gulf Research and Development Company. Mem. A.S.M.E. 

Contributed by the Research Committee on Fluid Meters and pre- 
sented at the Annual Meeting, New York, N. Y., December 2-6, 
1946, of Toe AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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of a bellows-type differential gage? with a 
diaphragm-type pressure transmitter? in 
each pressure line. The pressure trans- 
mitters were located adjacent to the 
orifice unit with 5/i.-in. copper-tubing 
lines between pressure transmitters and 
the differential gage. The differential 
gage, tubing, and pressure transmitters 
were completely filled with kerosene to 
avoid the presence of air bubbles in any 
part of the pressure-indicating system. 

The orifice-assembly units were mounted 
in a special test housing to represent the 
aviation engine with respect to the filter 
well in which the orifice assembly was to 
be used. The orifice sizes were selected 
to cover a range of oil-flow rates ob- 
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pressure drop across the orifice unit should not exceed 10 
psi. 
GENERAL Test SETUP 

Calibration data were obtained by means of the weigh-tank 
system shown in Fig. 5. The oil was circulated by means of a 
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rotary gear pump. No provisions were made for damping 
pump pulsations since there was no evidence of pulsations in flow 
at the orifice assembly. In order to maintain a constant oil 
temperature, electric heaters were installed in the sump, together 
with a heat exchanger in the line between the pump and orifice 
assembly unit. The different flow rates were obtained by adjust- 
ment of the control valve in the line ahead of the orifice assembly 
and a by-pass valve. After each adjustment of flow rate, the 
test equipment was run for sufficient time to maintain a steady- 
state condition with respect to temperature and differential pres- 
sure. The tests were run with differential heads across the orifice 
between 1 in. and 30 in. of mercury. All the tests were run using 
S.A.E. 60 oil at temperatures corresponding to a viscosity range 
between 175 and 3000 SSU. 


CALCULATIONS AND RESULTS 


All of the computed results presented in this paper are based 
on the common hydraulic equation 


The correctness of this equation for the viscous region may be 
subject to discussion as pointed out by Tuve and Sprenkle (1).‘ 
However, since all corresponding data presented by other 
observers are based upon the foregoing hydraulic equation, the 
results are comparable. 

The calibration results, as used for the aviation-engine tests, 
were plots of pressure drop in inches of mercury versus oil-flow 
rates in pounds per minute, as shown in Fig. 6. Curves were 
obtained for three different temperatures in the operation range. 
Referring to the typical curve in Fig. 6, it will be noted that the 
deviation of the test points from the average curve is small. The 
average deviation for the tests represented by this curve is 
approximately 0.5 per cent, and only 10 per cent varied more 
than 1.5 per cent from the curve. 

The complete results of all calibration tests are shown in Figs. 7 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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and 8, where orifice coefficients, as computed by the common 
hydraulic equation, are plotted against Reynolds number. 
Some additional tests were purposely made at lower oil tempera- 
tures and flow rates than those encountered in the aviation- 
engine tests, in order to obtain curves over a wider range of 
Reynolds number. It will be noted that the spread of the test 
points, as shown in Figs. 7 and 8, is somewhat greater for the 
curves representing the higher diameter ratios. Approximately 
10 per cent of the test points vary more than 1.5 per cent from the 
average curve for the 0.4 and 0.5 diameter-ratio curves, while 
approximately 15 per cent of the test points vary more than 1.5 
per cent for the 0.555 and 0.656 diameter-ratio curves. Fig. 9 
shows curves of orifice coefficients versus Reynolds number for 
the four orifice-to-pipe diameter ratios for comparison purposes. 


CoRRELATION OF ORIFICE COEFFICIENTS IN Viscous-F LOW 
RANGE 


Table 1 is a list of authors (1 to 5) of published articles in availa- 
ble literature on orifice coefficients at low Reynolds number. 
It will be noted that corner differential-pressure connections 
were used by all of the investigators listed in this table. While 
there may be a few minor differences in the arrangement of the 
pressure taps, it is believed that the data can be considered com- 
parable with respect to method of measuring differential pressure. 
The data presented by the authors listed in this table represent 
work of seven investigators, including the author, in England, 
Germany, and the United States, using ten different pipe diame- 
ters, ranging from /;¢ in. to 4 in. ID with water, water-glycer- 
ine mixture, and at least six different grades of oil. 

In view of the complete summary of available data, given in 
Messrs. Tuve and Sprenkle’s excellent article (1), permission 
was obtained from these authors to reproduce their Fig. 7, 
(shown as Fig. 10 in this paper). It will be noted that the 
authoy’s data are added for comparison. The points representing 
the author’s work in Fig. 10 were taken from the curves show 
in Fig. 9. It will be noted that while all of the points are below 
the curves drawn by Tuve and Sprenkle through the plot of 
points representing previous work by investigators as listed, the 
deviations of these points from the curves are comparable with 
those of other test data shown. 

The spread of points representing the work done by different 
investigators can be accounted for by lack of similarity betwee? 
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the orifice installations and normal errors in testing. It should be 
appreciated that, while the curves shown in Fig. 10 (on the fol- 
lowing page) represent a considerable amount of valuable test 
data that can be used as a guide to determine orifice coefficients 
‘in the viseous-flow range, there is need for a considerable amount 
of additional test data before basic values for orifice coefficients 
in this flow range can be established. 

It should be pointed out that the shape of the curves in Figs. 9 
and 10 indicates large changes in coefficient values for small 
changes in diameter ratio and also for relatively small changes 
in Reynolds number. In view of this situation, it would appear 
advisable, where possible, to avoid the use of orifices under 
conditions where abrupt changes in coefficient values oceur. 
However, conditions do exist in such applications, as fuel-oil 
burners, lubrication systems, and others, where it becomes 
hecessary to use orifices at low Reynolds numbers. 


TABLE1 


AUTHORS OF ARTICLES ON ORIFICE COEFFICIENTS IN VISCOUS-FLOW REGION 


described in this paper, must be calibrated if any reasonable 
degree of accuracy is to be obtained. 

It is hoped that the presentation of calibration results on two 
orifice installations, together with a brief summary of available 
literature on orifice flow eharacteristics in the viscous-flow region, 
will stimulate interest in the need for more complete information 
on this type of flow. 
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Inside diam. 


Authors Pressure taps of pipe, in. Diameter ratios Liquids 
Tuve and Sprenkle (1)... Corner and vena 1.272 0.2,0.30, 0.40, Water and oil 
contracta 0.50, 0.60,0.65 
0.70,0.75, 0.80 
F. C. Johansen (2)...... Corner 11/4, 0.301 0.09, 0.209, 0.401, 
0.595, 0. 794 
Corner 3.94 0. 243, 0.339, 0.438, 
0.370, 0.44, 0.542, 
0.6 
J. L. Hodgson (4)....... Corner oe 0.503, 0.841, 0.632, 0.421 
0. 
H. G. Giese (5)......... Corner 1.575 0.137, 0.176, 0.258 
Corner 0.703, 1.0 0.40, 0.50, 0.555, Oil 
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Liquid-Water Content and Droplet Size 
in Clouds of the Atmosphere 


By G. W. BROCK,' MINNEAPOLIS, MINN. 


In studying aircraft-icing conditions, the A.A.F. Weather 
Service conducts flight tests, which are reported, (a) to 
determine values of liquid-water content and droplet 
size to be found in clouds through which flight is con- 
ducted, (6) to study physical structure of clouds, and (c) 
to devise methods of improving forecasts of icing condi- 
tions. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


4, = saturation specific humidity at temperature, g HO per g 
dry air 

y = specific humidity 

m = mass of air, g 

7 = temperature, deg | 

) = pressure, mb 


¢ = vapor pressure of water, mb 

L. = heat of condensation (water) 

{ = reciprocal of mechanical equivalent of heat 
R = gas constant 
(", = specific heat at constant pressure (of air) 
(" = specific heat of water 


INTRODUCTION 


\ project was established at the Ice Research Base, now the 
Aeronautical Tee Research Laboratory (A.LR.L.) by the Air 
Technical Service Command in 1044, to investigate the meteoro- 
logical conditions associated with aircraft icing. Special empha- 
sis was placed upon instruments to measure the liquid-water con- 
tent and the droplet size in clouds, as adequate flight instruments 
to measure these variables had not been developed prior to that 
time. The A.A.F. Weather Service at the present time has three 
main objectives in conducting these flight tests; (a) to determine 
the values of liquid-water content and droplet size to be found in 
clouds through which flight is conducted, (6) to study the physical 
structure of clouds, and (¢) to devise methods of improving the 
forecasts of icing conditions. , 


INSTRUMENTS 


The instruments developed for the project at the Ice Research 
Base have been described in detail by Dolezel (1)? and Schaefer 
(2). The principal instruments that have been flight-tested at 
the base are (a) the rotating cylinders, (b) the sooted slide, (c) 
the rotating disk, and (d) the porous cup. 

The rotating-cylinders instrument is based upon the theoreti- 
cal calculations of Langmuir (3) of the trajectories of water drop- 
lets in air passing a cylinder at high velocities. These calcula- 

_'A.A.F. Weather Service; Aeronautical Ice Research Laboratory, 
Northwest Airlines, Ine. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper, 
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tions make possible the determinations of liquid-water content, 
droplet size, and droplet distribution, if the rate of ice deposition 
on four or more cylinders is known. 


THEORETICAL CALCULATIONS OF Liquip-WaATER CONTENT 
EXPECTED IN CLoUpDS OF FREE ATMOSPHERE 


The liquid-water content of clouds in the free atmosphere can 
be calculated if certain assumptions are made, and the physical 
process of the formation is known. The simplest calculation is 
for a cumulus-type cloud formed by the dynamic cooling of the 
alr. 

Assume that a parcel of air is lifted adiabatically in the air, 
and that the parcel of air becomes saturated at a pressure of 900 
mb (3000 ft) and a temperature of 10 C. If it is assumed that 
no water deposits out of this parcel, the specific humidity of the 
parcel remains constant throughout the vertical displacement, 
although part of this original moisture will condense and form 
water. The amount of water which condenses out will be the 
difference between the specific humidity of the Cloud at the point 
condensation began, and the saturation specific humidity (q,) at 
the point in question. 

A second method of formation of clouds in the atmosphere is 
the mixing of two air masses of different temperatures and specific 
humidities. It can be shown that in the resulting mixture the 
specific humidity (gq) and the temperature (7) can be expressed 
approximately by the equations (5) 


+ Mae 


m, +°me 


mT, + mT: 


m, + me 


where m, is the mass of air at temperature 7; and specific humid- 
ity q, and m, is the mass of air at temperature T2 and specific 
humidity qe. 

It is noted that the assumption made in the case of dynamic 
cooling is seldom attained in the atmosphere, due to precipitation 
or mixing of the original parcel with the necessarily drier air 
aloft. 

A complete list of the values of the liquid-water content, drop- 
let size, and droplet-size distribution, observed at the base during 
the winter 1944-1945, is given in Table 1. The maximum liquid- 
water content observed was on January 19, 1945, with a value of 
0.43 g per cu m and a droplet size of 10.7 microns. 


TABLE 1 OBSERVED WATER-DROPLET DATA 
Liquid-water Drop 
content, g diameter, Drop 
Flight per cu m microns distribution 
21A 1 0.17 10.8 he 
2 0.43 10.7 as 
254 1 0.14 11.5 E 
28A 1 0.08 7.2 A 
2 0.26 16.3 
32A 2 0.20 21.8 Cc 
d 0.13 17.1 B 
35A 1 0.15 9.5 B 
39A 1 0.19 13.3 E 
2 13.9 E 
3 0.42 11.9 E 
444A 4 0.14 10.6 B 
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PRACTICAL OBSERVATIONS 


The data for Table 1 were gathered in the neighborhood of 
Minneapolis, and it is not known if the values are larger for other 
sections of the world. The maximum values found by Diem (6) 
in clouds over Germany were approximately 1.5 g per cu m in a 
cumulus-type cloud. It is not known if this value was obtained 
under icing conditions. Kampe (7) found liquid-water contents 
ranging from 0.1 to 0.6 g per cu m in stratus-type clouds, and 
values from 0.3 to 3.0 g per cu m in cumulus-type clouds. Kampe 
also demonstrated that the values found by the method of Diem 
could be lower than the actual value due to the evaporation of 
some of the water droplets before being measured. However, the 
error is only in the order of 20 to 30 per cent. Kampe (7) also 
estimated that the value of liquid-water content in strato- 
cumulus clouds would vary between 0.1 and 1.5 g per cu m. 

Data obtained by the magnetic-disk instrument during a flight 
through a layer of stratocumulus clouds in the winter of 1944- 
1945 (flight 444A), demonstrated the increase of liquid-water 
content of the clouds in ascent from the base to the top. This 
same effect was found by Kampe in his visibility measurements of 
the liquid-water content. This is to be expected from the theo- 
retical calculations of the liquid-water content of clouds. Cun- 


ningham (3), by using the dynamic method, has calculated 
liquid-water contents in stratocumulus clouds that show good 
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agreement with the measured values. However, these clouds 
were thin (less than 1000 ft thick), and calculations for thick 
layers are somewhat in error. 

The maximum liquid-water contents to be expected in clouds 
under icing conditions should be less than 3.5 g per cu m, and 
present measurements indicate that the maximum (including 
freezing rain) values are more nearly 2. The effective droplet 
sizes are expected to vary from 5 to 25 microns radius, wit} 
larger values in drizzles and rain. 
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Evaporation-Cooling for Pure-Water 


Systems for Turbine-Generator 


Gas and Oil Coolers | 


By P. H. KNOWLTON,! SCHENECTADY, N. Y. 


Two systems of evaporation-cooling for condensate to be 
circulated through generator and lubricating-oil coolers 
on steam turbines are described, and charts provided to 
facilitate certain calculations to determine the operating 
power required and consequent losses or gains to the steam 
cycle. An example of each system has been worked out, 
each with two different steam-pump efficiencies. A few 
comments have been made regarding the possibilities of 
design of suitable steam pumps. There seems to be no 
reason why such systems could not be designed and op- 
erated satisfactorily. No attempt has been made to com- 
pare these evaporation systems with other methods of do- 
ing the cooling. The author considers that power-plant 
engineers and operators are in a much better position than 
he to offer informed opinions of such comparisons. It 
seems evident that whenever the condensate from the 
condenser is cool enough to be used directly, there is no 
reason to consider the evaporation systems. It is possible 
that one of the two evaporation-cooling systems may com- 
pare favorably with the use of raw-water or raw-water-to- 
condensate heat exchangers when the condensate tem- 
perature is too high to be used directly. 


INTRODUCTION 


TIS generally known that turbine-generator gas and lubricat- 
ing-oil coolers are more easily designed and maintained in 
service when pure water, such as condensate, is used as a 
cooling medium. 
sary to allow for a considerable dirtiness factor when pure water 


From the design standpoint, it is not neces- 


is to be used, nor is it necessary to use special tube materials. 
From the operating standpoint, cooler cleaning and tube-corro- 
sion troubles are reduced to a minimum. 

Generators are normally rated on the basis of 40 C (104 F) gas 
temperature at the cooler outlet, and requive cooling water for the 
coolers not higher than 95 F in temperature (90 F in the case of 
the A.S.M.E.-A.L.E.E. Preferred Standard units). The generator 
coolers are usually built in the generator frame; therefore 
changes are expensive. 

The lubricating-oil coolers have a little more design latitude be- 
cause a cooler-outlet oil temperature of 115 F is regarded as 
satisfactory, and the coolers are not quite so intimate a part of 
other structures. 

The use of condensate for cooling in systems now used may be 
limited by water temperatures too high for the foregoing tempera- 
ture limits, especially in the southern portion of the country 


‘Turbine Generator Engineering Division, General Electric 
Company. Mem. A.S.M.E. 
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where a considerable growth in the power-station field is now in 
progress. 

This paper presents a discussion of a means for controlling the 
temperature of the water in a pure-water circulating system, so 
that existing limitations because of high water temperature are 
removed. No attempt is made to prove that the means herein 
described are preferable to systems now in use, but simply to 
present a study of the thermodynamic effects of the process. 

It is hoped that this presentation will stimulate discussion of 
the relative merits and demerits of this and other cooling systems 
on the part of power-station engineers and operators. From the 
design and manufacturing viewpoint, there would be some ad- 
vantage in the general use of a system allowing for control of water 
purity and temperature. 


EVAPORATION-COOLING APPARATUS 

The method described and discussed in the following para- 
graphs makes use of an evaporation-cooling apparatus. It con- 
sists of an evaporator and a steam pump,? together with a pump 
for circulating water from the evaporator through the coolers and 
The steam pump causes a sufficiently 
low pressure to be held-in the evaporator to permit obtaining an 
evaporation temperature as desired. The steam pump must of 
course be large enough to handle the steam evaporated, and 
capable of working against the pressure difference between 
evaporator and condenser. Thus the cooling is by evaporation 
essentially, the heat from the coolers having first been transferred 
Condensate is used as a cooling-water medium. 
This is shown diagrammatically in Fig. 1. 


back to the evaporator. 


to the water. 


DiaGRAM OF EVAPORATION-COOLING SysTEM, WITH STEAM 
Pump DiscHARGING INTO Matin CONDENSER 


Fia. 1 


An alternative arrangement of the evaporation apparatus, dis- 
cussed more fully later, is shown in Fig. 7, and this latter arrange- 
ment permits of a thermal gain to the complete power cycle under 
certain conditions, instead of a thermal loss. The method of 
Fig. 1 will be discussed first. 


DETERMINING EXTERNAL-POWER DEMANDS 
In any sort of refrigeration or heat-pump apparatus, external 


2 It has been suggested that the term ‘‘vapor compressor” is more 
suitable, as describing the function of this piece of apparatus, and 
more in accordance with refrigeration-engineering nomenclature. 
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power must be supplied to make the cycle operate. The cost of 
this power must. be added to the cost of the apparatus when com- 
paring the refrigerating cycle with other means of accomplishing 
the same objective. 

Since the cooling effect is by evaporation of water, it follows 
that the amount of water required to be evaporated 


_ Btu per hour cooling effect 
= 


in which hy, is the enthalpy of evaporation, Btu per pound from 
the steam tables. 

The theoretical work of pumping this steam from the evapo- 
rator to any higher pressure point can be determined from the 
steam chart, assuming that the fluid being pumped is dry satu- 
rated steam. This theoretical work is plotted in Fig. 2 as a fune- 
tion of the temperature difference to be overcome by the pump, 
and of the evaporation temperature. 

As an example, in the use of these data, consider a cooling 
system to take care of losses amounting to 800 kw, with an 
evaporation temperature of 95 F, and a pressure in the receiver 
on the high side of the steam pump of 3 in. Hg, corresponding to a 
temperature of 115.1 F, The amount of steam to be evaporated is 


800 X 3412.75 


Q 1040 


= 2620 lb per hr 


From Fig. 2, the work to be done on this steam for (115.1—95) 


STEAM PUMP THEOR. WORK, 8.TU. PER LB. 


20 30 


STEAM PUMP TEMP DIFF., DEG.F 


Fic. 2. THrORETICAL STEAM-Pump WorkK; Bru Per Ln, Versus 
TEMPERATURE DIFFERENCE TO BE OVERCOME BY Pump, Dra F 
(Figures on curves are evaporation temperature, deg F.) : 


= 20.1 deg F temperature difference is 39 Btu per Ib. The 
theoretical power then is 


2620 X 39 30 k 

Any practical pump will of course take more power than the 
theoretical. Some discussion of possible types of steam pumps 
appears later in this paper; for purposes of working out details of 
the pump power requirements and effects on the over-all cycle, it 
is sufficient to assume various efficiencies for the steam pump in 
order to calculate its actual required power input. The pump 
efficiency has been designated as Z,, and expressed as a decimal 
fraction. To illustrate the effect of steam-pump efficiency on the 
power requirement, two different efficiencies have been assumed, 
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namely, £, = 0.60, and £,, = 0.20, The steam-pump power input 
in this example becomes, for 


30 


0.60 


= 0.6, = 50 kw 


Dp 


30 
E, = 0.2, ~— = 150 kw 
0.20 
These amounts of power would have to be charged against (he 
evaporation system as shown in Fig. 1, 

There is another charge to be made against this evaporation 
system, in that the heat from the coolers, plus the extra amount of 
heat from the work done on the steam pump, is to be disposed of 
in the main condenser, raising the condenser pressure slightly 
above the corresponding pressure which would exist if this heat 
were otherwise disposed of. The amount of this very small effec 
can be calculated for a given set of assumptions, by relating the 
extra heat rejected to the condenser to the total normal heat re- 
jection, and figuring the effect. on the turbine power of the small 
resultant increase in condenser pressure. In constructing the 
chart, Fig. 3, the normal condenser heat rejection and the effect 
of exhaust pressure on turbine performance have been assumed at 
values consistent with modern practice. 

In any given case, assuming data on the actual condenser and 
turbine are available, the effect under discussion can be ealcu- 
lated, and Fig. 3 need not be used, 


40 


° ' 20 3 
CONDENSER TEMP DIFF, DEG.F 


Fig. Loss Duk To INcREASED Heat REJECTION TO Main CoN- 

DENSER; Fraction oF TURBINE-GENERATOR Loap Versus 

FERENCE BETWEEN CONDENSER SATURATION TEMPERATURE AN) 
INLET CooLiInG-WaATER TEMPERATURE, Dec F 

‘ooler. losses + Actual steam-pump power, 


(on curves are values of ; 
urbine-generator output, kw 


For the example previously mentioned, assuming that the 
load being carried on the unit is 40,000 kw, the values of 


cooler losses + pump power 


turbine-generator output 


are for E, = 0.60, 


and for 


950 


Ey = 0.20, 0.024 


From these figures, and assuming the condenser temperature 
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minus inlet cooling-water temperature is 25 deg F, from Fig. 3, 
the loss is seen to be for 


E,, = 0.60, 0.00038 x 40,000 = 15 kw 
for 


E, = 90.20, 0.00044 40,000 = 18 kw 


The total power consumption to be charged in the two cases then is 
for L, = 0.60, 50 kw pump power plus 15 = 65 kw; for 2, = 0.20, 
150 kw pump power plus 18 = 168 kw. 

It may be interpolated here that this small power loss due to in- 
creased condenser duty may be overcome by increasing slightly 
the size of the condenser. This would eliminate the loss, and 
make possible a corresponding slight gain in performance of the 
unit during the time when the evaporator is not in use. 


Moptriep ARRANGEMENT OF HIGHER ErricreNcy 


The foregoing discussion applies to the system shown in Fig. 1 
in which the steam pump discharges into the condenser. The 
heat from the coolers and the steam pump is thus thrown away. 
A modification of this arrangement can, under certain cireum- 
stances, result in a more economical use of power and heat, al- 
though probably with more expense for apparatus. This modified 
arrangement is shown in Fig. 7. The change from Fig. | consists 
in putting the steam-pump discharge into an auxiliary condenser, 
cooled by condensate, between the hot-well pump and the lowest- 
pressure extraction feed heater. This makes possible the con- 
servation of the heat from the coolers, and a gain in the operating 


‘efficiency of the evaporation-cooling system, under conditions 


to be deseribed. 

The lowest-pressure extraction feed heater has a certain defi- 
nitely higher temperature than the condenser. The amount of 
this difference depends upon the particular machine. Whatever 
it is, the steam extracted from the turbine at this lowest point has 
about 2 Btu per lb available energy per deg temperature difference 
between low-pre: sure heater and condenser. As we have seen 
previously, Fig. 2, the evaporated steam pumped also requires 
about 2 Btu per lb per deg temperature rise. Since the pounds of 
steam in each case contain nearly the same enthalpy value for 
heating the condensate, it is clear that with 100 per cent efficiency 
of both turbine and pump, more power can be gained from reducing 
the extraction from the turbine by heating the condensate in a 
heater fed by steam pumped from a lower level than the power re- 
quired by the pump, up to the point where the temperature rise 
between evaporator and steam-pump condenser approximately 
equals the temperature rise from main condenser to lowest-pres- 
sure extraction feed heater. : 

For example, consider a case in which the temperature of the 
lowest-pressure feed heater is 50 F above condenser tempera- 
ture. Therefore the steam extracted for this feed heater has lost 
to the turbine approximately 100 Btu per Ib available energy. If 
the extraction quantity is X lb per hr, the power loss to the turbine 

100X 
$412.75 

Now consider a steam pump and its condenser, pumping X/2 
lb per hr of steam up to a temperature halfway between the con- 
denser temperature and the low-pressvre-heater temperature. 
The extraction for the low-pressure heater now becomes X /2 Ib 


kw, if the turbine efficiency is 100 per cent. 


100 
per hr, and X/2 x — 
and 4/2 X 


put. The steam-pump power required depends upon the pump 
temperature difference. Assuming a temperature difference on 
the pump of 30 deg F, the energy required is about 60 Btu per lb, 


5 kw has been added to the turbine out- 


60 
and the pump power required is X/2 X 3419.75" Bt 100 per cont 
efficiency, which is obviously less than the power saved to the 
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turbine previously noted. Thus a gain has been made from the 
use of the pump, exactly similar to the gain which could have been 
made by adding another feedwater heater extracting from the 
turbine between the condenser and the assumed low-pressure 
heater. 

In the actual case, with efficiency of turbine and pump less than 
100 per cent, the gain or loss due to pumping kecomes a function 
of the actual efficiencies, the quantity of heat to be pumped, and 
the pumping head, in relation to the extraction feed-heater 
arrangement. 

The relationship between these various factors as affecting the 
gain or loss has been plotted in Fig. 8, assuming the turbine 
efficiency at 80 per cent, and various pump efficiencies and heater- 
to-condenser temperature differences as indicated. The position 
of the turbine expansion line on the Mollier chart makes a slight 
difference in the results; it has been assumed that in this case the 
expansion line passes through the point p = 6 psia, and enthalpy 
= 1096 Btu per lb. This is stated for purposes of record; the 
curves can be used for calculation on any usual condensing unit 
with negligible error. 

The derivation of the curves in Fig. 8 is given in the Appendix. 


EXaMPLe 

It is of interest to work out a typical case, comparing the system 
shown in Fig. 1 with the system shown in Fig. 7. The following 
assumptions will be made: 

Turbine-generator: A 40,000-kw “preferred standard” unit; 
throttle steam conditions 850 psig; 900 F. " 

Condenser cooling-water temperature 85 F. 

Condenser pressure at rated load 2.5 in. Hg abs (108.7 F). 

Condenser characteristic, according to Fig. 4, at partial loads. 


100r 
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% OF RATED LOAD 


Fie. 4 AssuMED CHARACTERISTIC FOR Main CONDENSER 


[Per cent of rated-load temperature difference on condenser (condenser 
saturation temperature-inlet cooling-water temperature) versus per cent of 
rated load on turbine generator. | 


Required temperature for generator and oil coolers, 90 F. 

Losses to be removed from coolers as per Fig. 5. 

Five feedwater heaters, the two lower-pressure heaters heating 
the condensate to temperatures shown in Fig. 6. 

The steam-pump condenser has a temperature of 5 deg F higher 
than the condensate temperature leaving it, at all loads. Two 
different efficiencies of steam pump, £,, = 0.6 and 0.2, are assumed 
for each system. 

Table 1 gives data for this unit under these assumptions which 
are common to either system of evaporative cooling. 

From these assumptions, Tables 2(a) and 2(b) may be made up 
for the system shown in Fig. 1. . 


TABLE 1 OPERATING DATA 


Total losses to coolers, kw............ 500 600 700 800 
Steam to be evaporated, lb perhr..... 1640 1960 2290 2620 


1 Turbine-generatorload,kw..... ... 10,000 20,000 30,000 40,000 
2 Condensertemp,degF.............. 92.1 97.3 102.6 108.7 
3 Condenser pressurein Hgabs......... 1.56 1.78 2.09 2.50 
4 Cond steam rate, |b per kwhr(CSR).. 7.80 6.80 6.60 6.60 
5 
6 
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TABLE 2(a) STEAM-PUMP EFFICIENCY Ep = 0.6 TABLE 2(6) STEAM PUMP EFFICIENCY Ep = 0.2 
1 Steam-pump temp diff, 1 Steam pump temp diff, 
7.3 12.6 18.7 7.3 12.6 18.7 
2 Theoretical pump work, 2 Theoretical pump work, 
Btu per lb (Fig.2).... 4.1 14.3 24.8 36.8 ee ae 4.1 14.3 24.8 36.8 
3 Theoretical pump power, 3 Theoretical pump power, 
2.0 4.2 16.7 28.2 2.0 4.2 16.7 28.2 
4 Actualpumppower,kw.. 3.3 7.0 28.0 47.0 4 Actual pump power, kw. 10.0 21.0 83.5 141.0 
5 Actual pump power, frac- 5 Actual pump power frac- 
tion ofload onunit.... 0.00033 0.00035 0.00093 0.00118 tion of load on unit 0.00100 0.00105 0.00278 0.00354 
6 Cooler losses; fraction of 6 aaa noe losses fraction of 
7 Sum of (5) and (6).. . 0.05033 0.03035 0.02423 0.02118 7 Sum of (5) and (6)...... 0.0510 0.03105 0.02611 0.2354 
8 (Cond temp)- (cooling. 8 Cond cooling water 
watertemp).......... ne 12.3 17.6 23.7 temp...... 74 12.3 17.6 23.7 
9 Loss due to extra con- 9 Loss due to extra con- 
denser duty, fraction denser duty, fraction 
of main-unit load, from of main-unitload..... 0.00026 0.00027 0.00032 0.00040 
(7) and (8) and Fig.3.. 0.00025 0.00026 0.00030 0.00036 10 Total losses charged to 
10 Total losses charged to evaporation.......... 0.00126 0.00132 0.00310 0.0039 
evaporation, fraction of 11 Total losses, per cent on 
output, (5) plus (9). . 0.00058 0.00061 0.00123 0.00154 ee Se eee 13 0.13 0.31 0.39 
11 Total losses as in (10), i in r 
Pa 0.06 0.06 0.12 0.15 STEAM PUMP 


| 


|COOLER 


RECIRCULATING LINE 


Fic. 7 DrtaGram or Evaporation-Coo.ina System, WITH STEAM 
Pump DiscHarGinGc Into SEPARATE CONDENSER AS A CONDENSATE’ 


% OF RATED LOAD 


HEATER 
Fie. 5 GENERATOR AND LuBRIcATING-O1L Losses TO BE ABSORBED 
From Per Cent or Ratep Output or TURBINE GEN- 0 3; 
GENERATOR (FOR Typical Unit With HyDROGEN CooLING) | Ep :0.8 4 


+ 
STEAM PUMP TEMP OEGF 


SECQNO 


—= 


TEMPERATURE DEG F 


30000 Fic. 8 Gain or Loss, a8 Comparep WitH Sranparp Cycte As 


OAD GENERATOR Pius O11 Losses, 
FRACTION OF ——— Versus TEMPERATURE 


TURBINE-GENERATOR OUTPUT 
Fic. 6 CoNDENSATE TEMPERATURE LEAvING Extraction FEED Be O Pp 
Heater. Dec F, Versus Tursine-Generator Output, Kw, ror DIFFERENCE TO Be OF 
Typicat 40,000-Kw Unit 7, Ustinc Separate SreamM-Pump Conpenser HEATING CoONDEN- 
. SATE, FOR VARIOUS STEAM-PumpP ErFicieNncies Ep 


[Figures on curves are (condensate temperature leaving extraction feed 
heater) minus (condenser temperature), deg F.] 


EXPLANATION OF CALCULATION OF Loss at 10,000 Kw In 
TABLES 3(a) AND 3(6) densate temperature leaving the steam-pump condenser. Thus 
from Fig. 8, loss (or gain) factor for the first part is the ordinate 


denser is sufficient to raise the condensate temperature above the read from the curves for heater rise = (LP heater temp) — (main 
temperature of the low-pressure extraction feed heater. In order condenser temp) and for steam-pump rise = (LP heater temp) — 
to use Fig. 8, for the loss calculation, the total rise must be (evaporator temp). 

divided into two parts. The first part consists of the amount of For the second part, the loss (or gain) factor is the ordinate 
the steam-pump rise which just brings the condensate to the read from the curves for heater rise = (second heater temp — 
temperature level of the low-pressure heater. The second part is main condenser temp) and for steam-pump rise = (temp of col 
the remainder of the steam-pump rise up to the calculated con- densate leaving steam-pump condenser) — (LP heater temp). 


In these cases, the heat being absorbed in the steam-pump con- 
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The total net loss (or gain) factor is the algebraic sum of these 
two ordinates. Thus for item (13) Table 3(a) at 10,000 kw, first 
part, heater rise = (113. — 92.1) = 20.9 deg and steam-pump 
rise = 113 — 90 = 23 deg. Corresponding ordinate from Fig. 8 
for E, = 0.6 is —0.04. 

For second part, heater rise = 169 deg (see Fig. 6) — 92.1 = 
76.9 deg, and steam-pump rise remaining is 120.9 — 113 = 7.9 
deg. 

The corresponding ordinate from Fig. 8 for E,, = 0.6 is +0.09 

Total net factor = —0.04 + 0.09 = +0.05 (a gain) 

In Table 3(b), the trial-and-error process for determining the 
steam-pump-condenser temperature has been done separately 
but omitted from the table for the sake of brevity. 

For the system shown in Fig. 7, Tables 3(a) and 3(b) apply, for 
steam-pump efficiencies L, = 0.6 and 0.2, respectively. 


TABLE 3(a) STEAM-PUMP EFFICIENCY, Ep = 0.6 


l Trial pump power, Table 2(a), 

2 Total power equivalent of heat 

to steam-pump cond, Table 

1(5) + (1), kw 503.3 607.0 728.0 847.0 
3 Trial rise in condensate temp 

through steam-pump con- 


(2) X 9 > 09 
“iad 22.0 15.2 12.5 1 
4 Trial temp in steam-pump 
condensate, deg F main ‘ 
cond temp + (3) + 5deg... 119.1 117.5 120.1 124.6 
5 Trial steam-pump temp diff, 
deg F, = (4) — 90degF.. 29.1 27.5 30.1 34.6 
6 Theoretical pump wor , Btu 
per lb (Fig. 2).... 55.5 54.0 59.3 68.5 
7 Actual power, kw, 
44.5 51.6 66.5 87.6 


0.6 3412.75" 

8 Second trial total power equiv- 
alent of heat to steam- 
pump condenser, Table 1 . 
544.5 651.6 766.5 887 6 

9 Second trial rise in condensate 
temp through steam-pump 
condenser, deg F 

8 X 3412 75 


» 9 
x 23.8 16.3 13.2 11.4 
10 Second trial temp in steam 
pump condenser, deg F, 
(Condenser temp + (9) + 5 
120.9 118.6 120.8 125.1 
il Final steam pump temp diff, 
deg F. 30.9 28.6 30.8 35.1 


12. Low- pressure ‘feedheater temp 
without steam-pump con- 


condenser, deg F (Fig.6)... 113.0 + 133.0 150.0 162.0 
13 Temp diff, heater to con- 
denser, deg F (12) — con- 
densertemp........ 6 35.7 47.4 53.3 
14 Gain (+) ri loss (—) factor 
from Fi ig. 8 +005 —0.035 020 0.025 
15 Table 1 ( Table 1 (1). 0.0500 0.0300 0.0233 0.0200 
16 Net Aid (+) or loss (—) as 
fraction of turbine-generator 
output = (14) X (15)... 
+0 0025 —0.00105 0.00046 -0. 0005 
\7 Net gain or loss, per cent of 
(16) 100..... 
0.105 —0. 046 0.05 


* Refer to section ‘Explanation of Calculation of Loss at 10,000 kw.’ 


TABLE 3(6) STEAM-PUMP EFFICIENCY, Ep = 0.2 


| Turbine-generatorload, kw 10000 20000 30000 40000 
2 Steam-pump power,kw... * 167 179 220 285 
3 Total power to pump cond, 

wis 667 479 920 1085 

4 Rise in condensate temp in 

steam-pump condenser, 
5 Steam cond temp, deg F.. 126.3 121.8 123.5 127.7 

6 Steam- pump temp rise, deg 
36.3 31.8 33.5 37.7 

7 Temp. ‘diff, LP heater to 
conddeg F............. a 35.7 47.4 53.5 

8 Gain (+) or loss —- fac- 

9 tor, (Fig. 8).. —0.18 —O.24 —0.225 —0.25 
(8) x’ Table 2(a), (6)... —0.009 —0.0072 —0.0052 —0 0050 
Per cent loss due to evap- 

oration, (9) X 100...... —0.9 —0.72 0.52 —0.50 


* Refer to section “Explanation of Calculation of Loss at 10,000 kw.” 
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COMPARISON OF RESULTS OF CALCULATIONS 


The summary, Table 4, compares the results of the previous cal- 
culations, and serves to bring out (1) that all of the gains or losses 
are rather small, and may perhaps be considered insignificant as 
compared to other considerations of installation and operation, 
especially since operation of the evaporation system would 
probably be required only during summer months (2). The 
system in Fig. 7 has an advantage over the system in Fig. 1, in 
the case where an efficient steam pump is used, but is at a dis- 
advantage with an inefficient pump. This is because the system 
in Fig. 7 requires more steam-pump work to be done in any case, 
and with an inefficient pump this extra pump work more than 
overbalances any possible gain to the cycle. 


TABLE 4 COMPARISON OF RESULTS OF CALCULATIONS IN 
PREVIOUS TABLES? 
For Ep = 0.60 


Load, kw....... 10000 30000 40000 

Fig. 1, per cent —0.06 —0.06 —0.12 —0.15 

For Ep = 0.20 

2 —0.13 —0.13 —0.31 —0.39 


“@ Gain to cycle (+); loss (—). 
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VOLUME FLOW,CFM 


Fic. 9 Sream-Pump Heap, Pst, Versus IntetT FLow, 
Crm, FoR ConpITIONS CALCULATED IN TABLES 2(a) AND 2(b), AND 
TABLES 3(a) AND 


Some comments may be made concerning the type of steam 
pump which might be suitable. In the cases illustrated in Table 4 
the pump-inlet volume flows and working pressure heads may be 
calculated from the results already worked out. The results of 
such calculations are shown in Fig. 9 where pump head in pounds 
per square inch is plotted against pump-inlet volume flow. The 
inlet volume flows at the various turbine loads are the same for all 
the pumps, since in each case it has been assumed that the 
evaporator pressure is constant, and the amount of steam 
evaporated is only a function of the losses to the cooler 


ScrraBLe Pump Types 


The author knows of only one type of pump which might be ex- 
pected to match closely the characteristics shown. This would be 
& positive-displacement pump, operated at variable speed to 
match the required inlet-volume flow. However, the required 
volume flow seems very large for this sort of pump, and variable- 
speed control would probably be so,complicated as to be un- 
desirable. 

A pump of the centrifugal-compressor variety, running at con- 
stant speed, would come not too far from matching the required 
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characteristic for the system in Fig. 7, and could no doubt be made 
suitable for the large volume flow. 

The pressure head in pounds per square inch is very low, but 
the pressure ratio is fairly high, being about 2 for the case of Table 
3(b) at 40,000-kw load. A high-speed single-stage compressor of 
the airplane-supercharger type would probably be suitable, geared 
up from a 3600 rpm (or slower speed) motor. 

There is no necessity for maintaining a constant pressure in the 
evaporator, the only requirement being that this pressure should 
not exceed that corresponding to the saturation temperature de- 
sired for cooling. A lower evaporator pressure than this could do 
no harm except to increase the steam-pump work. It is clear that 
in any actual installation, the calculations of gains or losses must 
be made to conform to the characteristics of the particular type of 
steam pump to be used. 


Use or Pump PossiBie 


A steam-jet type of steam pump might receive favorable con- 
sideration, because of its extreme simplicity. The efficiency of 
such a pump could perhaps be of th» order of 20 per cent, corre- 
sponding to EZ, = 0.20 in Table 2(b). The steam supply for such 
a pump might be extracted from the main turbine at a point high 
enough to furnish sufficient energy, and if this is done, the caleu- 
lations in Table 2(b) apply for this type as well as for a mechanical] 
pump. It would be necessary to choose a turbine-extraction 
point for the operating steam high enough to operate the steam- 
jet pump at the low loads on the turbine. The author is not 
sufficiently familiar with steam-jet pump operation to predict 
what might be required in this regard. 

In case a steam-jet pump were operated with steam not ex- 
tracted from the turbine, the calculations of loss from Fig. 3 must 
be modified to include the heat of condensation of the operating 
steam, in addition to the heat equivalent of pump power and 
cooler losses, which is all that is included in Fig. 3. 

For the same reason, the calculations of the steam-pump con- 
denser temperature for the system in Fig. 7, in Table 3(6) are not 
correct for the use of a steam-jet pump, regardless of whether the 
operating steam has been extracted from the turbine, or supplied 
from another source. The addition of the heat of condensation of 
the driving steam for a steam-jet pump to the steam-pump con- 
denser will cause a condensate temperature rise so high as to in- 
crease unduly the steam-pump work and make this system inferior 
to the system in Fig. 1. The use of a steam-jet steam pump would 
apparently be limited to this latter system. 


PRractTicAL OPERATING CONSIDERATIONS 


It seems worth-while to discuss briefly the operation of the 
evaporation system under other conditions than those assumed in 
making up the tables. One such condition is the case, probably 
normally prevailing in most plants during most of the year, when 
the condensate temperature and flow quantity are both adequate 
to do the cooling directly without benefit of the evaporation 
system. It would be desirable in this case to install auxiliary 
piping to permit shutting down the evaporation system. Indeed, 
the evaporation system might well be designated as the auxiliary 
system, to be used only when required, the direct use of the con- 
densate for the coolers being the normal method of operation. 

At low turbine-generator loads, the condensate quantity be- 
comes so small that the temperature rise in the steam-pump con- 
denser in the system in Fig. 7 may become too high, requiring 
an unduly high pumping head for the steam pump. It would 
appear desirable to provide a recirculating line as indicated in Fig. 
7, to limit this high temperature-rise condition. 

In calculating the performance of the assumed system, the 
losses from both generator and oil coolers have been included. It 
is of course possible to separate the two sets of coolers, using the 


OCTOBER, 1947 


evaporation system to take care of only the generator gas coolers, 
if for any reason this seemed desirable. This would change the 
characteristics required of the evaporation system, but such a case 
can easily be calculated from the curves and data given. 


Appendix 


DERIVATION OF CuRVES SHOWN IN Fia. 8. (System oF 7) 
The following nomenclature will be used in the appendix: 

1 = losses absorbed from coolers, kw 
L load on turbine-generator unit, kw 

at, temperature-rise head on steam pump, deg F 

AT, = low-pressure heater temperature rise above con- 

denser, deg F 

h = heat of vaporization in evaporator, Btu per lb 


E, = steam-pump efficiency; (decimal fraction) 

EF, = efficiency of low-pressure end of turbines (decimal 
fraction) 

CSR = turbine-generator condenser steam rate, Ib per 

kwhr 

H = heat available to feedwater heater per pound of 

steam extracted from turbine 

E, = heat available to condensate through steam-pump 
condenser divided by heat in steam-pump dis- 
charge 

k = 3412.75 (Btu heat equivalent of 1 kwhr) 

X = Btu per lb of steam theoretical compression energy 


in steam pump per deg F temperature-difference 
head on pump 

Y = Btu per lb energy theoretically available to turbine 
per deg F temperature difference between feed 
heater and condenser 

R = rise in condensate temperature through steam-pump 
condenser, deg F 

Q, = steam evaporated, lb per hr 


The curves in Fig. 8 represent the difference between an in- 
crease in turbine output and the steam-pump power input. The 
increase in turbine output comes about from a lessened extraction 
from the turbine for the low-pressure heater, caused by the heat- 
ing of the condensate by the steam-pump condenser, which in- 
creases the steam flow through the low-pressure section of the 
turbine. The steam-pump power input is proportional to its 
flow and head (energy) and inversely proportional to the pump 
efficiency. 

The heat added to the condensate in the steam-pump con- 
denser = (1 + steam-pump work) = EF, - k Btu per hr. 
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It is more useful to relate this difference to the total power out- 
put of the turbine generator, as a decimal fraction; therefore 
both terms have been divided by L for plotting the curves in Fig. 
8. 

The values assumed for the various variables in plotting Fig. 8 
are as follows 


Ey = 0.80, E, = 0.98, X = 2, Y = 1.85,h = 1040, H = 960 


E, and AT, and AT’, are variables. 


Discussion 


J.W.Buiake.* This paper deals with a subject which has given 
concern to the power companies located in the Southwest, where 
summer back pressures are always high, with a resulting high 
condensate temperature. 

The paper is stated to present a study of the thermodynamic 
effect of a cooling process. On such an analysis it would appear 
that a slight increase in efficiency of the arrangement, as shown 
in Fig. 7 of the paper, might result from a different routing of 
the drip from the steam-pump condenser. In this diagram the 
drip is flashed back to the main condenser, whereas a slight in- 
crease in efficiency of the cycle should result from putting this 
drip, by a drain pump, into the condensate line leaving the steam- 
pump condenser. 

There appears to be an additional benefit accompanying the 
use of this method of cooling. In Table 4 of the paper it is 
shown that a cycle efficiency gain of 0.25 per cent results at '/, 
load on the turbine by use of the cooling scheme outlined in Fig. 7. 
Taking advantage of this slight gain would tend to offset slightly 
the poor efficiency of the unit and plant as a whole when operat- 
ing at lighter loads, particularly in such service as spinning re- 
serve, or stand-by for hydro. The company with which the 
writer is connected found it necessary to install auxiliary cooling 
means on the air cooler serving one of its 30,000-kw generating 
units. In this particular instance, the trouble was basically one 
of too small an air cooler. 

An open-system raw-water induced-draft tower was installed 
to take care of 860 kw generator loss, having capacity of 700 
gpm and ability to cool that amount of water from 100 F down 
to88F. Total installed cost of this tower, which went into serv- 
ice in 1943, was $9260. The wet bulb for this area was taken 
at 75 deg, hence the tower, as purchased, gave a 13-deg ap- 
proach. We understood from the cooling-tower manufacturer 
that if a closed system were used, such as placing heat-exchanger 
coils in the base of the tower, a 10-deg temperature difference 

* Assistant Superintendent of Generation, Oklahoma Gas and 
Electric Company, Oklahoma City, Okla. Mem. A.S.M.E. 


should be allowed for transfer through the coils. This would 
mean that in order to have used a closed circuit on our tower, 
the tower itself would have to perform to 3-deg approach, which 
would have resulted in a rather expensive tower. 


F. P. Farrcuitp.‘ The writer’s company has used conden- 
sate for generator gas cooling in the high-pressure unit in- 
stalled at Marion Generating Station in 1941. The four new 
units now being installed at the Essex and Sewaren plants are 
similarly designed for generator gas and oil cooling. 

In these locations, with maximum circulating-water tempera- 
ture of 80-86 F, heat exchangers using circulating water for the 
cooling medium can be used to cool the condensate when the 
temperature of the condensate leaving the condenser exceeds 
that required for the gas and oil cooling systems. The gen- 
erator coolers are designed for maximum cooling-water tem- 
perature of 95 F, and the oil coolers for 105 F. With yearly 
average circulating-water temperature of 55 to 60 F, the con- 
densate coolers are by-passed for the greater part of the time. 

The heat exchangers for condensate cooling are located in the 
condensate circuit ahead of the generator coolers, and on the salt- 
water side are in parallel with the main-unit condenser. This 
arrangement provides cooling without installing separate pump- 
ing equipment and is adaptable to automatic control. In the 
evaporation cooling systems described in the paper, two addi- 
tional pumps are required; the steam pump and a pump for cir- 
culating the cooling water. 

From the standpoint of operating cost the difference between 
the two systems is not very large as indicated in Fig. 10 herewith. 
In general, our studies show that condensate cooling with circu- 
lating water is slightly more economical than evaporation cooling 
for the range of circulating-water temperature in our location. 
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H. G. HiesBeter.’ This subject, which the author has chosen, 
is of particular interest to those operating stations in the south 
and west-central regions where high ambient and circulating- 
water temperatures prevail over a considerable period of the 
year. At Houston, this hot weather coincides with the high de- 
mand and output on the system. This is due to a combination of 
increased industrial activity, particularly in the refineries in the 
summer, and irrigation loads as well as air-conditioning and fan 
loads. 


‘ Electrical Engineering Department, Public Service Electric and 
Gas Company, Newark, N. J. Mem. A.S.M.E. 

5 Assistant Superintendent, Power Department, Houston Lighting 
and Power Company, Houston, Texas. Mem. A.S.M.E. 
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With circulating-water inlet temperatures generally in the low 
90’s and occasionally approaching 100 F, the best that may be 
hoped for from heavily loaded condensers is 3 in. to 3'/z in. Hg 
abs back pressure, roughly corresponding to condensate tempera- 
tures of 115 to 120 F. This hardly permits consideration of its 
use for oil cooling let alone gas cooling. 

The use of raw water from the general circulating system is 
usually not satisfactory or in some cases desirable. Such water 
will, if taken from open lakes, ponds, or streams, contain dirt and 
slime-forming bacteria, and in some cases be quite corrosive. If 
taken from spray ponds or towers, it will often contain scale- 
forming elements such as bicarbonates especially susceptible to 
dropping out at even the relatively low temperatures under 
which the coolers operate. 

Unfortunately, also the designers of gas- and oil-cooling equip- 
ment have in the interest of higher heat-transfer rates been in- 
clined to the use of small-diameter tubes. In oil coolers, particu- 
larly, tubes as small as °/s in. OD and occasionally smaller have 
been offered. Our experience is that these small-diameter tubes 
foul more rapidly than the larger-diameter tubes, and in addition 
such fouling has a proportionately greater effect on the quantity 
of water circulated with a given head than on larger tubes. The 
growth of slime is more rapid in the warm climates than at some 
of the northern stations. These factors are mentioned here to 
emphasize the problems which must be met, and to ask the de- 
signer’s co-operation in the evolution of satisfactory equipment. 

On the recent installations at Houston this problem of pro- 
viding adequate cooling water has been met through fortujtous 
circumstances accompanying the use of cooling towers for the 
general condensing system. 

It so happens that the make-up required for one of these units, 
the 40,000-kw machine at West Junction, is at full load between 
600 and 700 gpm. This includes blowdown from the tower 
basin of 125 to 150 gpm to avoid building up concentrations 
which would deposit scale in the condensers. This make-up is 
obtained from deep’wells and has a constant year-round tem- 
perature of 82 F. This water is oxygen-free and is also bacteria- 
and slime-free. The rise through the coolers brings the tempera- 
ture to only about 90 F, at which temperature it is not scale- 
forming. At low loads, the quantity used for the coolers is 
slightly more than needed for pond make-up but this added blow- 
down is slightly advantageous. 


Were it not for this situation the cooling-water problem would 


be more difficult of solution. The use of tower water was tried 
at Gable Street, and bad scaling was encountered. The system 
was cut over to an arrangement similar to that just described 
with more satisfactory results. 

For these reasons, we welcome this study of this particular 
problem by the manufacturer’s engineers. Whether or not such 
arrangements would be economic would need further study, but at 
least the exchange of information between operators and designers 
stimulated by this paper will be helpful. 

From an operating viewpoint, the simple arrangement shown 
in Fig. 1 of the paper seems preferable. The extra surface 
equivalent to the steam-pump condenser could be added more 
cheaply in a large unit rather than in the separate shell. 

It would seem that the equipment required for either arrange- 
ment might be of substantial size and consequent cost. In 
studying the derivation of the formulas, it appears that R = rise 
in condensate temperature through the heat-pump condenser in 
degrees F is inversely proportional to L - CSR, or the condensate 
flow from the condenser. Thus it would appear on a 40,000-kw 
load where condensate would be 40,000 < 6.60 or 264,000 lb per 
hr (530 gpm) and the rise R = 11.4, the quantity of water circu- 
lated through the generator cooler and oil cooler by the cooling- 
system circulating pump might also be of considerable magni- 
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tude. This would depend upon the temperature rise allowed 
through these coolers. It would require a good-sized circulating 
pump for the cooling system. It does not appear that the power 
required by this pump has been included with the other system 
losses. 

After all, if we talk of a cooling system to absorb 800 kw or more 
per hr, it will be a large system. 

For this reason, it is possible that if some system could be 
developed utilizing the condensate flow for partial cooling of the 
air and the evaporation cooling for the remainder an installation 
of reasonable size would result. Such arrangement would be 
similar to the condensate and raw-water sections of air coolers 
used in numerous installations several years back. 

It might be that, instead of condensate, eventually a closed 
system with coolant possessing special properties will be 
evolved. 

This paper is an excellent study of a problem that concerns 
every operator. It seems probable that, as a result of experience 
more and more attention will be paid to the quality of cooling 
water to be used in these units with the built-in gas coolers and 
that the matter may not be wholly one of economics but of 
safety and reliability of operation also. 


E. L. McDonatp.* There is no question that the elimina- 
tion of deep-well water for turbine-oil cooling in our plants would 
be very desirable. Coolers must be periodically cleaned, and 
during the process of becoming dirty larger and larger amounts 
of cooling water are used, normally much more than really 
needed. We have not gone into the economics of the author's 
idea for application to our existing units, but it is certainly 
worthy of consideration, particularly for a new installation. 


AuTHOR’s CLOSURE 


Mr. Blake suggests that an improvement in performance is 
possible by adding a drip pump to the apparatus shown in Fig. 7 
to return the steam-pump condenser drip to the feedwater line 
This suggestion is valid, and assuming the efficiency of this pump 
to be not much different from the efficiency of the main conden- 
sate pump a small gain is to be expected. 

Mr. Blake presents some data on a cooling-tower arrangement 
for furnishing cool water for coolers. The cooling tower of 
course is really an evaporation-cooling means, which does not 
need a vapor pump. Since the elimination of the vapor pump is # 
simplification, one can scarcely quarrel with such a design, when 
the cost is moderate and the water quality is satisfactory. 

Mr. Fairchild’s data as plotted in Fig. 10 certainly support 
his conclusion that heat-exchanger cooling is more economical 
for his plant. It seems clear that as water temperatures go above 
85 F, the balance would shift in favor of evaporation-cooling of 
some sort. 

Mr. Hiebeler describes operating conditions more favorable t 
the evaporation-cooling schemes described. He has, however, 
found a simpler solution, and the simpler solutions are usually 
the best ones. With respect to the proper size of cooler tube to 
use, small tubes make for smaller-sized coolers for a given heat- 
transfer duty, but can only be used where water quality is good 
In discussing whether a pure-water cooling system should be 
used, the question of value of water quality must be brought inte 
the discussion to arrive at a logical solution. 

Mr. McDonald’s statement Iéads one to hope that he will 
make and publish a study of the cooling problem in his plants. 

In conclusion, the author extends his hearty thanks to the dis 
cussers, who have presented some material of practical value, t¢ 
add considerable interest to the subject matter of the paper. 


¢ Results Engineer, Kansas City Power and Light Company 
Kansas City, Mo. Mem. A.S.M.E. 
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The stagewise combustion of coke deposits from flowing 
beds of cracking catalysts has been investigated. The 
major process variables affecting the rate of carbon burn- 
ing were found to be oxygen concentration, temperature, 
and the concentration and distribution of carbon cn the 
catalyst particles. The effects of these variables have 
been correlated by graphical methods. Data for regenerat- 
ing bead catalyst are presented and discussed. The 
correlated data have been applied successfully in de- 
signing kilns'for commercial ‘““Thermofor” catalytic-crack- 
ing (TCC) units. The construction and operating features 
of TCC kilns are described- 


HE Thermofor catalytic-cracking (TCC) process has 

been described and its over-all development discussed in 

several publications (1, 2, 3, 4).2 In developing this 
process, as is frequently the case, experimental work was neces- 
sary on many of its component operations to acquire adequate 
specialized information for designing practical, operable industrial 
installations. The study of one of these operations, the con- 
tinuous combustion of coke from flowing beds of catalyst, is de- 
scribed in this paper. This operation is particularly interesting 
because it is relatively new and has received little attention in the 
literature. 

A TCC unit consists essentially of a reactor, in which the 
petroleum-charge stock is brought into contact with the catalyst, 
and a kiln in which the catalyst is revivified by burning off the 
oke deposited on the catalyst during the cracking reaction. The 
catalyst flows through both of these vessels as a substantially 
compact mass and is transferred continuously between them by 
‘levators. Fig. 1 is a simplified flow diagram of the process. 

The process requirements of the reactor establish the design 
basis of the kiln. Thus for optimum cracking results, volumetric 
ratios of catalyst to charge oil from 1.5 to 3.5 are required; 
catalyst enters the reactor at temperatures ranging from 850 to 
(050 F and bearing less than 0.5 weight per cent of carbon; 
catalyst leaves the reactor for the kiln at temperatures of 800 to 
‘50 F and contains from 2 to 4 per cent of carbon. The coke de- 
posit consists of carbon and hydrogen, usually in the proportions 
of 20 to 1 by weight. 

Both clay and synthetic types of catalysts are employed in 
commercial TCC operations. They are either cylindrical or 
spherical in shape, mechanically rugged, and average between 
).10 and 0.16 in. in particle size. Engineering studies of catalyst 
fegeneration have been made on all catalysts used or contem- 
plated for use in TCC units. While the basic principles of re- 
generation are similar for all catalysts, the experimental data re- 
ported herein apply specifically to “bead catalyst” (5). An illus- 

' Socony-Vacuum Oil Company, Inc. 

—" in parentheses refer to the Bibliography at the end of the 
Contributed by the Fuels Division and presented at the Spring 
eeting, Tulsa, Okla., March 2-5, 1947, of Tae AMERICAN Society 

or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 
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tration of bead catalyst is provided in Fig. 2 and typical physical 
properties are givén in Table 1. 

All known cracking catalysts lose activity when exposed to 
steam and elevated temperatures. The rate of activity decline of 
a given catalyst is a function of its inherent stability and the rela- 
tive magnitude of the foregoing deactivating factors. It is evi- 
dent therefore that the temperature of the catalyst must be 
regulated during regeneration to minimize catalyst deactivation. 


DEVELOPMENT 


Although there are several feasible methods for regenerating 
catalysts in moving-bed systems, process, engineering, and eco- 
nomic considerations led to the development of a “‘multizone”’ 
type of kiln for use in the TCC process. In the multizone kiln, 
coke is burned from the catalyst in a series of zones with tempera- 
ture control being effected by cooling coils located at various 
levels in the kiln. 


EXPERIMENTAL PROCEDURE 


Critical analysis of the problem of burning coke from a flowing 
bed of catalyst revealed the following main factors for evaluation: 
Coke Deposit: 


(a) Initial carbon concentration on the catalyst. 
(b) Fraction of the initial carbon remaining on the catalyst. 
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Fie. Beap CaTatyst 


TABLE 1 PHYSICAL PROPERTIES OF TYPICAL COMMERCIAL 
BEAD CATALYST 


Density, g per cu cm 


Particle-size range, Tyler screen scale...................-.005- 4 to 12 


(c) Relative proportions of carbon and hydrogen. 
Operating Conditions. 

(a) Temperature. 

(b) Air rate. 

(c) Oxygen concentration. 

(d) Catalyst volume in burning zone. 


The type of equipment used to study multistage burning of 
coke deposits is shown in Fig. 3. Coke-bearing catalyst, obtained 
from a TCC reactor, was passed repeatedly through an adiabatic 
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combustion chamber until substantially all the carbon was burned 
off. Three combustion chambers, having effective catalyst 
volumes of 0.13, 0.26, and 0.52 cu ft respectively, were used. 
These chambers provided 2.5, 5, and 10-min catalyst residence 
times, respectively, at the catalyst flow rate employed. All were 
equipped for countercurrent flow of catalyst and air. 

In conducting the experimental work, the initial carbon con- 
centration was controlled at 1, 3, and 6 weight per cent, and the 
atomic ratio of hydrogen to carbon in the coke deposit was varied 
from 0.3 to 1.0 by altering the operating conditions of the cracking 
reactor. Study of the effects of kiln-operating variables was 
made using temperatures ranging from 750 to 1150 F, and air 
rates ranging from 1 to 16 cfm per cu ft of catalyst volume. All 
regenerations were conducted at atmospheric pressure, which is 
substantially the condition in commercial TCC kilns. 


CORRELATION OF Data 


The laboratory data on the rate of combustion of carbon from 
flowing beds of bead catalyst at atmospheric pressure were corre- 
lated by the relation 


W = 0,,- f(T) falCo) 

where 

W = carbon burning rate, lb carbon per hr per cu ft of 
catalyst bed 

O,, = log mean of oxygen concentrations of air entering 
and flue gas leaving burning zone, mol fraction 
/i(T) = empirical function of average catalyst tempera- 

ture, 7’, deg F 
f2(C)) = empirical function of initial carbon concentration, 


C,,, weight per cent 


empirical function of fractional carbon concentra- 
tion 

average weight per cent of carbon on catalyst ina 
burning zone 


Qla 


Preliminary examination of the data revealed that for approxi- 
mately constant conditions of temperature, initial carbon concen- 
tration, and fractional carbon concentration, the carbon burning 
rate W, varied directly with the log-mean oxygen concentration 
O,,. This direct relationship between W and O,, thus permitted 
the use of the quantity W/O,, in evaluating the effects of the other 
terms in Equation [1]. 

A series of successive approximations was made to determine 
the individual effects of temperature, initial carbon concentration, 
Cy, and fractional carbon concentration, C/Co, on the quantity 
W/O,,. At the beginning, W/O,, was plotted versus C/C) for 
each of the three levels of Cy employed in the experimental work, 
namely, 1, 3, and 6 weight per cent. These plots were studied to 
obtain a preliminary appraisal of the effect of temperature on 
W/O,,. Thus from these data a chart was made by plotting 
W/O,, versus temperature for constant values of C/C, and Cy. A 
series of parallel curves resulted. These curves were resolved into 
a single curve expressing, tentatively, relative burning rate as 4 
function of temperature and having arbitrarily a value of unity at 
1000 F. The final plot of this function, fi(7'), is presented in 
Fig. 4. 

A second plot was then made of W/O,, versus C'/C) in which the 
observed values of W/O,, were corrected to the base temperature 
of 1000 F, as illustrated in Fig. 5. This revealed that the curves 
for each level of initial carbon concentration, 1, 3, and 6 weight 
per cent, were parallel and, hence the effect of Cy on W/O, ¥%8 
constant for all values of C/Co. 
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The effect of Cy on W/O,, relative to a fixed Co, taken arbi- 
trarily as 3 weight per cent, was next evaluated by adjusting the 
experimental values of W/O,, for each coke deposit investigated 
to 1000 F and constant C/C,, using tentative forms of Figs. 4 and 
5, respectively. Charts resembling Fig. 6 were obtained. Fig. 6 
was then used to adjust all experimental values of W/O,, to fixed 
values of Cy (3 weight per cent) and temperature (1000 F) to ob- 
tain a curve similar to Fig. 7, evaluating f; (C/C,). 

The evaluations of the three functions were made more precise 
by successive approximations in which deviations associated with 
any particular variable were eliminated. Figs. 4, 6, and 7 are the 

charts evaluating the functions in Equation [1], fi(T), 
f(C.), and fs (C/C,), respectively. It is interesting to note that 
apparent activation energy for carbon deposits, calculated 
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from Fig. 4, for the temperature range from 800 to 900 F, where 
the change in the rate of combustion with temperature appears to 
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be influenced only slightly by gas diffusion rates, is of the order of 
35,000 cal per g mol, as compared to 44,000 cal per g mol found by 
Parker and Hottel (6) for the combustion of brush carbon. 


AccuRACY OF RESULTS 


The accuracy of the correlation was tested by comparing the 
experimental carbon burning rates with those calculated from 
the correlation charts for the same operating conditions. The 
mean deviations between the calculated and experimental carbon 
burning rates were as follows: 


Weight per cent of initial Mean deviation, 


carbon concentration per cent 
1 + 24 
3 +18 
6 + 18 


The discrepancies between calculated and experimental data 
indicated can be accounted for largely by the probable errors of 
the experimental measurements of catalyst temperature, carbon 
concentration, and gas composition. 

The relative amounts of water, carbon monoxide, and carbon 
dioxide, formed during the combustion of coke deposits, affect air 
requirements and heat-liberation quantities and must be taken 
into account in design studies of kilns. The amount of hydrogen 
in the catalyst deposit entering a kiln is determined principally by 
the reactor temperature. The amount of hydrogen in coke de- 
posits on bead catalyst covered in these studies ranged from 2.5 
to 8 weight per cent. The average was 4.8 weight per cent, or an 
atomic ratio of hydrogen to carbon of 0.6. The atomic ratio of 
hydrogen to carbon burned at a given point in a regeneration is 
determined by the ratio of hydrogen to carbon in the initial coke 
deposit and the fraction of the initial carbon remaining on the 
catalyst at the point being considered. The variation in the ratio 
of hydrogen to carbon burned as the regeneration progresses is 
illustrated in Fig. 8. ‘he relative amounts of carbon dioxide and 
carbon monoxide leaving the burning zones of a kiln operating 
with bead catalyst are shown in Fig. 9. 

The net heat of combustion of coke deposits was determined 
from heat balances on the experimental data to be as follows: 


Net heat of 
combustion, = 4100 + 10,100 (os) + 3370 (:*) 


Btu per lb CO, + CO c 
of carbon 
CO; 
where, (ao) represents the relative volumes of these 


gases in the flue gas, and H/C is the atomic ratio of hydrogen to 
carbon in the deposit burned. 


ComMERCIAL TCC KILNs 


The data presented herewith have been reduced to practice in 
the design of kilns for commercial TCC units. A schematic draw- 
ing of a TCC multizone kiln is provided in Fig. 10. Spent 
catalyst from the reactor is discharged by the elevator into a surge 
hopper in the top of the kiln and flows through a distributor plate 
into the kiln proper. The catalyst flows as a solid bed through 
the kiln where the coke is burned off in a series of burning zones, 
each of which is equipped with air-distribution and flue-gas- 
collection means. Heat liberated by the combustion of the coke 
is removed from the kiin by banks of cooling tubes located at 
various levels in the kiln. The regenerated catalyst is withdrawn 
from the kiln through a baffle-type system into a discharge line 
leading to an elevator which returns it to the reactor. The rate of 
flow of catalyst through the kiln is controlled by a valve in the 
discharge line. The temperature of the catalyst leaving the kiln 
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is regulated to that desired in the reactor by cooling coils located 
below the bottom burning zone. 

Cooling is accomplished by direct generation of steam at 450 
psig from water circulated through tubes at a rate 5 times the de- 
sign steam-generating capacity of the kiln. The steam flows to 
the refinery distribution system from a flash drum where a water 
level is maintained by a feedwater pump. 

The combustion of the hydrogen in the coke deposit must be 
considered in regulating temperatures in the kiln. The ratio of 
hydrogen to carbon burned is greatest in the first zone of a kiln 
and decreases rapidly to zero as the regeneration progresses. In 
commercial practice, deactivation of the catalyst is minimized by 
holding the temperature of the catalyst below 1000 F in the first 
zones of a kiln where a relatively high steam partial pressure 
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exists, and then allowing it to increase gradually to 1150 F in the 
lower zones where no hydrogen is being burned. 

Air, preheated to 600 to 1000 F by a line burner, is supplied to 
_ the kiln at about 2 psig by blowers. It is fed to each zone through 
inlet duets which are connected in parallel to large ducts extend- 
ing along the outside of the kiln. The rate of air feed is con- 
trolled by dampers in the inlet ducts. The air is distributed over 
the horizontal area of the kiln by a grid of inverted V-shaped 
From the inlet grid the air flows through the moving 
bed of catalyst to similar flue-gas collector grids located at the top 
and bottom of the zone. The internal construction of a zone of 
the kiln is illustrated in Fig. 11. The flue gas flows from the col- 
lector grids to large ducts outside the kiln where it is conducted to 
cyclone separators for removal of catalyst fines before discharging 
to the atmosphere. 
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Typicat Zone or TCC KILn 


Che 30 TCC kilns now operating in the United States are 
approximately square vessels designed for 3 psig operating pres- 
sure. The shells are of carbon steel protected by a 6-in. lining of 
insulation with a refractory surface adjacent to the flowing 
catalyst. All parts handling flue gas and air inside the kiln are of 
oxidation-resisting steel (4-6 per cent Cr, 1-2 per cent Si, 0.45- 
0.65 per cent Mo). The cooling tubes are usually 2°/s in. OD on 
{'/-in. centers. The kiln for a typical 10,000 bbl-per-day TCC 
unit is about 120 ft in over-all height, has an internal cross- 
sectional area of 100 sq ft, contains ten burning zones, and burns 
up to ahout 5000 Ib per hr of carbon from catalyst circulating at a 


783 


TABLE2 TYPICAL OPERATING DATA FOR TCC KILN REGENER- 
ATING BEAD CATALYST 


Oxygen 
content of 
Air flue gas, 
rate, per cent 
cfm volume 
2580 2.7 
2140 
1830 
1730 
2470 
2190 
2200 
2160 
2180 
1140 
20620 
Catalyst rate, tons per hr 
Carbon on catalyst, per cent weight: 
From kiln 
Temperature of air to kiln, deg F 
Steam produced, |b per hr 


Carbon 
burned, 
lb per hr 


Catalyst 
-—temperature, deg F— 


° 


COND 
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rate of about 100 tons per hr. Air-feed rates range from 17,000 to 
25,000 cfm, and the quantity of steam generated varies from 
18,000 to 40,000 Ib per hr. Typical operating data from such a 
kiln are presented in Table 2. 
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Regeneration of Spent Catalyst in 
Fluid Catalytic Cracking 


By J. F. SNUGGS,' WHITING, IND. 


The factors which influence the design, operation, and 
control of spent-catalyst regeneration facilities in com- 
mercial fluid catalytic cracking are discussed. The re- 
generation of spent cracking catalyst is accomplished by 
burning about | to 2 weight per cent of carbonaceous ma- 
terial from the catalyst under closely controlled operating 
conditions. During the combustion a large quantity 
of heat is produced. Regeneration supplies a portion of the 
heat required to support the reaction in the catalytic con- 
version zone, and excess heat is used to produce steam. 
A description of the facilities used for regeneration, and of 
the integration of these facilities with the rest of the cata- 
lytic plant is presented. 


HE regeneration of spent catalyst by removal of carbo- 
‘Lo deposit under closely controlled combustion con- 
ditions is an important feature of the fluid-catalvst tech- 
nique which has gained wide acceptance during the past 6 vears. 
Regeneration is important not only because of the necessity for 
restoring catalyst activity, but also because of the large heat 
effects involved. In spite of the fact that only about 1 to 2 
weight per cent of carbonaceous material is present on the cata- 
lyst, the combustion in the regenerator contributes a major 
portion of the heat required to support the conversion reaction 
taking place in the reaction section of the catalytic plant, and 
residual heat is usually used to make steam. The fluid-catalyst 
type of operation is currently being used, or has been proposed 
for application, in many chemical- and petroleum-catalytic-con- 
version processes where continuous rather than intermittent 
operation is desired. The most extensive application to date has 
been in the petroleum industry, where fluid catalytic cracking is 
now a well-established process. Fluid catalytic cracking will be 
used as a basis in the following for discussion of regeneration 
design and practice. . 


DESCRIPTION OF PROCESS 


Descriptions of the oil, air, and catalyst flows in the several 
types of fluid-catalytic-cracking systems have been presented in 
many papers published during the past few years. The general 
description which follows is a brief review for the purposes of the 
present paper. 

The process equipment comprising a fluid-catalyst unit can be 
divided into four principal sections: 


1 Feed preheat section. 

2 Reaction section. 

3 Regeneration section. 

4 Product fractionation section. 


Fig. 1 is a schematic drawing showing these sections and may 
be referred to in tracing the process flow. 


' Research Department, Standard Oil Company (Indiana). 
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In the ‘feed preheat” section fresh charging stock (gas oil, 
ete.) is heated in tubular heat exchangers with hot streams from 
the fractionator and, in some cases, by means of an oil- or gas- 
fired furnace. Feed, either partially or completely vaporized, 
is directed to the regenerated catalyst pickup point where it 
contacts hot, finely divided, solid catalyst particles. This mix- 
ture of oil and catalyst flows upward into the ‘‘reaction”’ section 
where the cracking reaction takes place. A fluidized bed of 
catalyst is maintained in the reactor. Cracked vapors pass over- 
head from the reactor catalyst bed through cyclone separators, 
where all but a trace of catalyst is removed, and then these vapors 
enter the “fractionation” section. In this section products are 
separated according to desired boiling ranges, and the small re- 
sidual amount of catalyst is recovered for return to the catalytic 
system. 

During the cracking reaction, a catalyst deposit, or coke, is 
formed on the catalyst. This material must be removed in order 
to maintain catalyst activity and selectivity. To accomplish 
this regeneration, spent catalyst is continuously drawn from the 
reactor and is directed through a steam stripping zone where 
entrained and volatile hydrocarbons are removed, and is then 
caused to flow through a standpipe. At the bottom of the spent- 
catalyst standpipe the catalyst meets a stream of air which 
carries it into the ‘“‘regeneration” section. A fluidized bed of 
catalyst is established within the regenerator, as in the reactor. 
The temperature of the burning which occurs within the re- 
generator is controlled by drawing continuously a stream of cata- 
lyst from the regenerator, cooling this material in a vertical-tube 
exchanger, and returning cooled catalyst to the regenerator. 
Steam is produced in this recycle catalyst cooler; or the heat may 
be used for heating process oil streams. 

As the regeneration progresses, sufficient coke is burned from 
the catalyst to restore its activity, and the regenerated material 
is returned continuously to the cracking zone by means of another 
standpipe and the oil-transfer system previously described. The 
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Fig. 2 COMMERCIAL 


gaseous combustion products of regeneration pass upward 
through the regenerator through catalyst-recovery equipment 
and are then vented to the atmosphere. In many instances the 
flue gas leaving the regenerator passes through tubular boilers 
for additional heat recovery in the form of steam. 

Fig. 2 is a view of a commercial fluid-cracking unit showing 
the orientation of the principal sections of the equipment. Feed- 
preheat exchangers are located to the right; the preheater furnace 
is at the left background. The smaller of the two vessels in the 
main structure is the reactor, the larger is the regenerator. The 
product-oil fractionator and its auxiliaries are located at the 
extreme right of the structure. Behind the catalytic structure 
and not visible in the picture are other structures housing the 
control room, regeneration air compressor, cracked-gas compres- 
sors, and other auxiliaries. 


REGENERATION VARIABLES 


The principal variables affecting the design of a fluid-catalyst 
regeneration system are: 


Temperature of regeneration. 

Type of catalyst. 

Analysis of catalyst deposit. 

Fraction of catalyst deposit removed during regeneration. 
Contact of air and catalyst, and catalyst residence time. 
Regeneration pressure. 


WON 


Temperature of Regeneration. Commercial fluid-catalytic- 
cracking units operate with regeneration temperatures ranging 
from slightly below 1000 F to about 1200 F. The choice of 
operating temperature for design purposes is a balance between 
several factors. In general, the higher the temperature, the more 
readily the combustion occurs. On the other hand, at the highest 
temperature levels, permanent catalyst deactivation occurs at 
an accelerated rate, and construction problems and costs tend to 
become more important considerations. The type of catalyst 
to be employed is also to be considered, since some are more heat- 
resistant as regards activity decline than others. Much study 
has been given these factors, and their combined effects have been 
evaluated, with the result that current designs generally call for 
a regeneration temperature falling within the 1025-1100 F range. 

Type of Catalyst. As mentioned in the foregoing, the type of 
catalyst to be used affects the design and operation of regener- 
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Unit 


ation equipment because of temperature deactivation problems. 
The catalyst type will also affect regeneration air requirements 
and heat evolution, since catalysts having different chemical 
compositions result in various ratios of CO, to CO in effluent 
regeneration gases. With various commercial catalysts, the 
CO, to CO ratio varies between about 50:50 to 65:35. The 
presence of certain metallic contaminants, such as iron, which 
may accumulate on the catalyst during operation, tends to in- 
crease the CO, to CO ratio, and results in increased air require- 
ments for burning of any given amount of catalyst deposit. 

Analysis of Catalyst Deposit. The coke, or catalyst deposit, 
which is to be removed during regeneration is composed princi- 
pally of carbon and hydrogen, but may also include sulphur. 
The actual composition of the deposit is complex as regards 
hydrocarbon types and is not well known. Depending upon the 
adequacy of the spent-catalyst steam stripping facilities, which 
are intended to remove entrained and volatile hydrocarbons 
leaving only coke, the carbon content of sulphur-free deposit 
varies from about 93 to 87 weight per cent, and hydrogen con- 
tent from about 7 to 13 weight per cent (hydrogen content 
calculated by nitrogen balance across the regenerator and de- 
termined by oxygen disappearance.) Since about 4 times as 
much air is required to burn 1 lb of hydrogen as is necessary for 
1 lb of carbon, the importance of adequate spent-catalyst strip- 
ping facilities and low hydrogen content in determining regenera- 
tion air requirements is obvious. Normally, with a well-de- 
signed spent-catalyst stripper, slightly less than 10 weight per cent 
of hydrogen in coke can be specified for design purposes. Heat 
of combustion and regeneration air requirements for various CO; 
to CO ratios and hydrogen contents are covered in a subsequent 
section. 


Fraction of Catalyst Deposit Removed During Regeneration. 


The weight per cent of catalyst deposit on spent catalyst charged 
.to the regenerator varies between less than 1 to more than 2 per 
cent in commercial installations and is partially a function of the 
catalyst-to-oil ratio fed to the cracking zone. Regenerated cata- 
lyst contains from about 0.3 to 1.0 weight per cent of residual 
deposit after completion of combustion. A balance between 
several factors defines the coke level desired on regenerated and 
‘spent catalyst for any specific design: (1) The burning of 1 |b of 
coke from catalyst having a high deposit content generally pro- 
ceeds more readily than the burning of the same amount of coke 
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from catalyst having a low coke content. (2) It is desirable 
from the standpoint of the cracking-reaction side of the process 
to maintain a relatively low catalyst carbon content. (3) High 
coke percentages on catalyst in the regenerator are not satis- 
factory, since catalyst entrainment in flue gas tends to become 
an increasingly important factor. In commercial operation, 
balancing between these factors has established the desirability 
of maintaining coke content of regenerated catalyst at between 
about 0.3 and 0.7 weight per cent by control of other operating 
variables. 

Contact of Air and Catalyst, and Catalyst Residence Time. One 
of the more important factors affecting the economical utili- 
zation of regeneration air is the provision of a suitable distribut- 
ing device to promote adequate contacting of air and catalyst 
within the regenerator. Distribution of air, typically, is ac- 
complished by means of a grid plate located at the bottom of the 
regenerator catalyst bed. This grid contains many small-di- 
ameter holes and imposes 0.5 to 1.0 psi pressure drop to the air 
flow. It is also desirable to avoid a shallow catalyst bed within 
the regenerator through which mass channeling of air may occur. 
In large commercial units at least 10 and preferably 15 ft of 
regenerator bed depth are desired when the regenerator takes the 
form of a single bed. 

Gas should flow through the regenerator at low velocity. 
Commercial designs call for about 1.5 fps velocity, which is 
satisfactory from the standpoint of minimizing catalyst entrain- 
ment in the gas. 

The residence time of catalyst within the regenerator has been 
varied over exceedingly wide ranges in test work on commercial 
units. With good distribution of air, there appears to be no 
appreciable incentive for extending the residence time beyond 
5 min when attempting to control to approximately 0.5 weight 
per cent carbon on regenerated catalyst. Because of the effect 


of other necessary design factors (required bed depth for proper 


air distribution, maximum allowable gas velocity in regenerator, 
etc.) the residence time ordinarily exceeds this minimum value 
and ranges between ten and twenty minutes. 

Regeneration Pressure. Commercial  fifid-cracking-unit 
generators operate with pressures at the tops of the vessels 
ranging between about 1 and 13 psig. Obviously, with specified 
maximum allowable gas velocities within the regenerators, the 
higher pressures permit smaller-diameter vessels in new designs, 
or greater air flows in existing units. It has been shown that the 
combustion of catalyst deposit proceeds more favorably at the 
higher pressure levels. The choice of pressure used weighs these 
factors and others against the increased cost of compressing large 
amounts of air to the higher pressure levels. 

Heat Release and Air Requirements. The amount of heat re- 
leased in the burning of carbonaceous material transferred with 
catalyst from the reactor to the regenerator is influenced by the 
several factors which control regeneration operation. For design 
purposes, the amount of heat released per pound of catalyst 
deposit burned can be calculated ‘from the expected flue-gas 
analysis, hydrogen content of coke, ete., each of which follows 
the general concepts mentioned previously under “Regeneration 
Variables.” For orientation, Table 1 summarizes net heat-of- 
combustion values for several possible conditions. 

It is to be noted that the weight per cent of hydrogen in cata- 
lyst deposit is designated as that amount determined by oxygen- 
disappearance calculations based upon Orsat analysis and ni- 
trogen balance. Oxygen is probably also consumed in the regen- 
erator in oxidizing metallic impurities which are in the catalyst. 
In some cases account is taken of this factor, but in most in- 
stances it is neglected due to lack of specific knowledge as to the 
magnitude of the adjustment to be applied. 

Net heat-of-combustion values are used in establishing an over- 
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TABLE 1 HEAT OF COMBUSTION OF CATALYST DEPOSIT IN 


FLUID CATALYTIC CRACKING 


Net heat of combustion 
of deposit burned 
from catalyst, 

Btu per lb of deposit 


Weight per cent 
of hydrogen in 
catalyst deposit? 


Ratio CO2:/CO 
in combustion gas 


50:50 8 12440 

65:35 8 13840 

50:50 12 14140 

65:35 12 B 15480 

Net heat of combustion, 
Reaction Btu per lb of H or C 

H + 1/402 — '/:H:0 51650 
C+0O: CO: 14100 
C + 14:0: —> CO 3960 


@ Measured by oxygen disappearance in regenerator as determined from 
@Orsat analysis and nitrogen balance. 


all heat balance around the regeneration system. The amount 
of heat which must be removed in the form of steam is determined 
by difference, after determining the amount of heat transferred 
to the reaction zone due to the rise in catalyst temperature in 
passing through the regenerator, and the net heat leaving the 
regenerator in combustion gas. As an example of the distribu- 
tion of combustion heat in a specific commercial unit, which will 
be discussed in more detail later, the data of Table 2 are presented. 
In this unit, construction and design details are such that ap- 
proximately 53 per cent of the heat released in burning is recov- 
ered in recycle catalyst coolers as steam. In other types of design 
as much as 65 or 70 per cent of the heat is recovered in producing 
steam; in some, no heat is recovered in the form of steam, control 
of the regeneration system being obtained by absorbing in the 
reactor system all heat recoverable from catalyst. 


TABLE 2 DISTRIBUTION OF REGENERATION HEAT IN A 
COMMERCIAL FLUID-CATALYTIC-CRACKING UNIT 


Millions of 


Btu per hr Per cent 
Heat in flue gas (over entering air)*......... 56 23 
Heat loss and unaccounted for.............. 21 9 


Operations shown in Table 4 ~ 

Net heat of combustion of coke is 13,840 Btu per lb at 8 per cent hydrogen 
Reaction zone at 900 F 

Steam produced at 160 psig from 300 F boiler feedwater 


@ Approximately 50 per cent of this heat potentially recoverable in a 
Be 
flue-gas boiler, bringing steam to 153,000,000 Btu per hr or 64 per cent of 
heat release. 


Combustion-air requirements for the regeneration operation are 
affected by all factors which influence dry flue-gas composition, 
by the hydrogen content of catalyst deposit, and by the oxygen 
content of effluent flue gas required for control. Table 3 sum- 
marizes air requirements calculated for various ratios of CO./CO 
in flue gas, various hydrogen contents of the coke, and for 2 per 
cent oxygen in flue gas. Actual practice confirms closely the 
stoichiometrically calculated requirements. 


ConTROL.OF REGENERATION 


Many variations in regeneration control technique have been 
used in fluid-catalytic-cracking units. The system described in 


TABLE 3 COMBUSTION-AIR REQUIREMENTS IN FLUID 
CATALYTIC CRACKING 


Weight per cent 
hydrogen in 
catalyst deposit® 


Combustion-air 
requirement, |b air 
per |b deposit burned 


Ratio CO2/CO 


in combustion gas 


50:50 8 12.05 
65:35 8 12.92 
50:50 12 13.18 
65:35 12 14.02 


2 per cent oxygen in dry effluent flue gas p 
Air supplied at 100 F, 50 per cent relative humidity 


® Measured by oxygen disappearance in regenerator as determined from 
Orsat analysis and nitrogen balance. 
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the following is typical of practice used in several instances. 

The flow of spent catalyst from the spent-catalyst standpipe, 
and the consequent load imposed upon regeneration facilities, 
are regulated by means of aslide valve. The opening of the valve 
is controlled automatically by positioners which are actuated by 
the level of catalyst in the reactor. A specified catalyst level is 
maintained in the reactor so that cracking severity and coke 
production are maintained constant. 

The air used to transport catalyst from the bottom of the spent- 
catalyst standpipe to the regenerator is flow-controlled at the 
quantity which will give suitable flow characteristics and main- 
tain a satisfactorily low burning rate in the carrier line. Ad- 
ditional combustion air enters the regeneration zone through the 
recycle catalyst-cooler system and through auxiliary air lines. 
Each of these flows is also controlled at desired rates. The speed 
of the air compressor supplying combustion air is regulated by a 
controller which gives constant pressure at the discharge of the 
machine. 

Temperature in the regenerator catalyst bed is maintained at 
a specified level by circulating hot catalyst through a standpipe, 
through a cooler, and then back to the regenerator. The rate of 
catalyst circulation through the cooler is automatically regulated 
by temperature controllers which actuate slide-valve positioners. 
Two circulating loops are used on large units. The boiler feed- 
water and steam systems appurtenant to the recycle catalyst 
coolers are ordinarily automatically controlled. 

In regeneration operations it is possible under certain condi- 
tions for the carbon monoxide formed during the combustion to 
burn to carbon dioxide near the top section of the vessel, where 
catalyst concentration is low. When this occurs very high 
temperatures result. In order to protect the regeneration equip- 
ment, use is made of emergency water sprays which are directed 
into the burning gas and, at times, into the catalyst bed. Flow 
of emergency spray water is controlled to the desired quantity 
while steps are taken to eliminate the factors leading to the upset 
condition. 

The pressure at the outlet of the regenerator may be auto- 
matically or manually cgntrolled. In case of automatic control, 
a pressure tap at the top of the regenerator is the control point for 
a valve positioner which adjusts the opening of a valve throttling 


the flue-gas flow. 
For economical use of combustion air, it is desirable to maintain 
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only a slight excess of oxygen in the regenerator flue gas. A vis- 
ual record of oxygen content of this stream is obtained in many 
units by means of an oxygen recorder which samples at the re- 
generator outlet. As a further check upon operations, samples 
of flue gas are regularly obtained for determination of carbon 
dioxide, oxygen, carbon monoxide, and inerts by Orsat analysis. 

Fig. 3 is a view of a control panel where the principal instru- 
ments used in connection with the regeneration facilities are 
grouped. In addition to the controllers, recorders, and indicating 
devices shown, supplementary instruments are located elsewhere 
for control of the air compressor, recycle-catalyst-cooler feedwater 
system, and other auxiliaries. 


CoMMERCIAL REGENERATION OPERATING DaTaA 


Table 4 summarizes some design and operating data for a com- 
mercial fluid-cracking unit regenerator. It is to be emphasized that 
this tabulation illustrates operation of one specific installation and 
that the data are not typical for all units. For other units, in 
addition to variations in design details, the operating conditions 
may differ considerably from those shown. The unit under con- 
sideration is an installation designed for low catalyst circulation 
rate between the reactor and regenerator, and for moderate 
regeneration temperature. It has a recyle catalyst cooler for 
control of regeneration heat balance. 


ERATOR OPERATION IN A FLUID-CATALYTIC- 


TABLE 4 REGEN 
CRACKING UNIT 


details: 


Operating conditions: 

Pressure at top of vessel, 9 
Catalyst-bed temperature, deg 1025 
Gas velocity at top of vessel, fps...............0.0000. 1.45 
Carbon on spent weight 1.80 
Carbon on regenerate per GORE... 000 0.35 
Coke burned (8 per cent hydrogen), lb perhr........... 17,200 
Flue-gas analysis (dry) : 

Oz, volume per cent............. 2.0 

CO, volume per cent.......... 5.8 

Inert, volume per cent. 80.2 
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Creep, Long-Time Tensile and Flexural 
Fatigue Properties of Melamine and 
Phenolic-Plastics Materials 


By D. TELFAIR,' C. H. ADAMS,? ann H. W. MOHRMAN? 


This paper reports work done to compare the tensile 
creep, long-time tensile strength, and dynamic flexural 
fatigue-strength properties of some commercial melamine 
and phenolic-plastic materials. Tensile-creep data for 
woodflour-filled phenolic and cellulose-filled melamine 
indicate that these plastics exhibit similar characteristics, 
that is, the rate of elongation at 500 hr is essentially the 
same for the two materials. Likewise, the total elonga- 
tion at 1000 hr is of the same order of magnitude for each 
of the materials. Similarly, asbestos-filled phenolic and 
asbestos-filled melamine show comparable tensile-creep 
properties. The long-time tensile strength of the cellu- 
lose-filled melamine is superior to that of the woodflour- 
filled phenolic material. The melamine has a long-time 
tensile strength of about 67 per cent of the short-time value 
(A.S.T.M. D638-41T), as compared with a value for the phe- 
nolic of approximately 36 per cent. Results of the repeated 
flexural-stresstests indicate that the woodflour-filled pheno- 
lic plastic is slightly superior to the cellulose-filled mela- 
mine, the endurance limit for the phenolic being approxi- 
mately 4000 psi, or 34 per cent of the short-time static 
flexural strength, and for the melamine 5000 psi or 31 per 
cent of the short-time static flexural strength. Further 
tests of this nature would be desirable for the purpose of 
studying the effect of other fillers and formulations. 


INTRODUCTION 


HE purpose of this paper is to compare the tensile-creep, 
long-time tensile strength, and repeated flexural-stress 
properties of some commercial melamine- and phenolic- 
plastic materials at standard conditions of temperature and 
humidity (77 F and 50 per cent relative humidity or RH.) 
Tensile-creep and long-time tensile-strength data (1, 2)‘ have 
been available on the phenolic materials discussed herein for 
some time, and similar data are now reported for melamine plas- 
tices. Information has also been available on the repeated flex- 
ural-stress behavior of various phenolic plastics (2, 3, 4), and 
comparative data on woodflour-filled phenolic and cellulose- 
filled melamine are presented here. 
The importance of plastics as structural materials is steadily 
increasing. This trend emphasizes the need for studying the long- 
' Assistant Professor of Physics and Mathematics, Earlham Col- 
lege, Richmond, Ind.; formerly Physicist, Plastics Division, Mon- 
santo Chemical Company, Springfield,.Mass. 
* Chemist, Plastics Division, Monsanto Chemical Company. 


* Assistant Director of Research, Plastics Division, Monsanto 
Chemical Company. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
The American Society of Mechanical Engineers. 
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time static and dynamic strength characteristics of these mate- 
rials. The designer is particularly interested in how the struc- 
tural part will hold up under a fixed load over a period of years, 
or the repeated application of stress as in the case of an object 
subject to vibrations. 

The data presented apply to commercial grades of molding ma- 
terials and are not necessarily representative for other similar 
materials in which the base resin or filler has been extensively 
modified. 


MATERIALS AND SPECIMENS USEp 


The woodflour-filled and asbestos-filled phenolic molding 
compositions used in the preparation of the tensile specimens for 
creep and long-time strength studies have been described in a 
previous paper (1). The cellulose (purified woodflour)-filled and 
asbestos-filled melamine molding compositions ysed in this work 
were prepared by a similar process. 

The specimens used in the creep and long-time tensile-strength 
tests were standard A.S.T.M. (D638-41T) Type I tensile speci- 
mens compression-molded. Molding conditions for all specimens 
are given in Table 1. 

The fatigue specimens were machined to size from 5-in. X 7- 
in. compression-molded slabs in accordance with A.S.T.M. 
method D671-42T for unnotched specimens, and the machined 
surfaces smoothed with “crocus” cloth. All specimens were 
conditioned in the test atmosphere 77 F., 50 per cent RH 
(A.S.T.M. D618) for 2 weeks prior to the start of the test pro- 
gram. 


AppaARATUS Usep 1n TEstTs 


The apparatus used in conducting the creep and long-time ten- 
sile-strength studies on the phenolic and melamine materials is de- 
scribed in a paper by Telfair, Carswell, and Nason (1). A heavy 
angle-iron framework is used to support the specimens. The load 
is applied by the addition of the requisite number of lead weights, 
each weighing about 25 Ib, to a bucket suspended from the speci- 
men. The strain, in the case of the creep tests (no strain meas- 
urements were taken for the long-time tensile tests), is measured 
by an electrical-resistance strain-gage system (5, 6,7). Two gages 
are attached to a specimen, one on either side of the reduced sec- 
tion. This method of attaching the gazes gives an average value 
for the strain. An unstressed (dummy) specimen with gages 
similarly attached is used as a balancing arm of the resistance 
bridge to eliminate the possibility of error due to temperature 
and humidity fluctuations and to a certain extent specimen 
shr*ankage during the test period. For a complete description of 
the apparatus, the reader is referred to the paper mentioned (1). 

The repeated flexural-stress (dynamic-fatigue) tests were con- 
ducted on a Krouse ‘‘fixed-cantilever type of testing machine 
designed to produce the same maximum deflection of the speci- 
men in each cycle” (A.S.T.M. D671-42T). The load is applied 
by deflecting a spring-steel dynamometer to which the fixed end 
of the specimen is attached, until the desired moment is applied 
to the specimen. The machine is driven by a constant-speed elec- 
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TABLE 1 
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MOLDING CONDITIONS FOR TEST SPECIMENS 
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Molding 
Material Test Molded form conditions 
Woodflour-filled phenolic Tensile-creep and long- A.S.T.M. D638-41T, 165C 
(A.S.T.M.D700-43T, Type 2) time tensile strength Type l 4000 psi, 
10 mi 
Asbestos-filled phenolic (A.S.T.M. Tensile-creep and long- A.S.T.M. D638-41T, 165C,. 
D700-43T, Type 10) time tensile strengt Type 1 4000 psi, 
10 mi 
Cellulose-filled melamine Tensile-creep and long- A.8.T.M. D638-41T, 155C, 
(A.S.T.M. D704-44T, Type 1) time tensile strengt Type l 4000 psi, 


Asbestos-filled melamine 
(A.S.T.M. D704-44T, Type 2) 


W oodflour-filled phenolic 
(A.S.T.M. D700-43T, Type 2) 


Cellulose-filled melamine 
(A.S.T.M. D704-44T, Type 1) 


Tensile-creep 


tric motor which subjects the specimen to 1720 complete re- 
versals of stress per min. The tester is equipped with a revolution 
counter and a microswitch system for disconnecting the motor 
after failure of the specimen. An iron-constantan thermocouple, 
held in place at the test section with cellulose tape, and a Leeds & 


Northrup portable potentiometer are used to follow the specimen 


temperature during testing. 

The short-time tensile-strength values reported were ob- 
tained with a Baldwin Southwark Universal testing machine of 
60,000 lb capacity, in accordance with standard A.S.T.M. pro- 
cedure. The short-time static flexural-strength tests were also 
conducted on the Baldwin Southwark Universal testing machine. 
A special jig was used to hold the standard repeated flexural-stress 
specimen so that it was loaded as a cantilever beam. 


Test METHODS 


The method of conducting the creep tests on the cellulose-filled 
and asbestos-filled melamine materials is the same as that used 
for the phenolic materials (1). The rack for supporting the test 
specimens was located in a constant-temperature constant- 
humidity room (77 F, 50 per cent RH). The specimens were 
loaded in suitable increments to the preselected stress in 6 min or 
less, and strain readings were taken following the addition of each 
increment. This was done to obtain modulus data on the mate- 
rials tested. Thereafter, strain readings were taken at intervals 
for the duration of the test. 

The long-time tensile-strength tests were carried out at the 
same conditions and on the same racks used for the creep tests. 
In conducting a test of this nature, it is necessary to limit the 
test duration to some finite time; therefore a limit of 1000 hr 
under load was chosen arbitrarily to determine the tensile stress 
below which no practical danger of failure exists for an extended 
period of time. Each specimen was loaded to the assigned stress 
in less than 20 sec. A record was kept of the time each specimen 
held up under the load applied. 

The dynamic fatigue tests on the woodflour-filled phenolic 
and the cellulose-filled melamine plastic materials were carried 
out in accordance with ‘‘Tentative Method of Test for Repeated 
Flexural Stress (Fatigue) of Plastics’ (A.S.T.M. D671-42T), 
which involves subjecting the specimen to a constant bending 
amplitude. All tests were run at zero mean stress. Dynamome- 
ter and revolution-counter readings were taken at the beginning 
of each test and at 24-hr intervals thereafter for the duration of 
the test. Temperature measurements were taken at the test 
section, stressed to the endurance-limit value, for one run with 
each material. 


Discussion oF RESULTS 


The tensile-creep data for the asbestos-filled and cellulose- 
filled melamine compositions are shown plotted on a semilog 
scale in Figs. 1 and 2, respectively. The cellulose-filled melamine 


Repeated flexural stress 


Repeated flexural stress 


A.S.T.M. D638-41T, 


Typel 4000 psi, 
10 min 
5in. X 7in. X 0.25 in. 160C 


5in. X 7in. X 0.3 in. 
5400 psi, 
15 min 


and woodflour-filled phenolic materials exhibit essentially the 
same total-creep characteristics in the stress range of 0-2500 pst. 
(See Fig. 3.) Beyond 2500 psi, however, it is difficult to obtain 
creep data for the woodflour-filled phenolic material inasmuch as 
its long-time strength is of the order of 2000-2500 psi. The total- 
creep values for the asbestos-filled melamine and phenolic mate- 
rials are of the same order of magnitude at a given stress. It is 
not possible as yet to make a more definite statement due to 
the meager amount of data available on the asbestos-filled 
phenolic material. The total creep for asbestos-filled phenolic 
and melamine is lower than for the cellulose-filled melamine 
and woodflour-filled phenolic materials by approximately one 
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third. The data on the tensile-creep and long-time tensile- 
strength properties of the woodflour-filled and asbestos-filled 
phenolic are from the paper by Telfair, Nason, and Carswell 
(1). 

Creep rates at 500 hr are shown plotted in Fig. 4. Once again, 
there is close agreement between the behavior of cellulose-filled 
melamine and the woodflour-filled phenolic. The rate for the 
asbestos-filled melamine plastic is about 40 per cent lower than 
for the corresponding cellulose-filled stock. The two values for 
asbestos-filled phenolic are higher than for the corresponding 
melamine material, but it would be well to have more data be- 
fore drawing any definite conclusions. 

The creep and recovery data seem to indicate little if any dif- 
ference between the phenolic and melamine materials. These 
data are shown plotted in Figs. 5 and 6. 

The long-time tensile strength for woodflour-filled phenolic was 
estimated from a semilog plot of stress versus time in a manner 
similar to the determination of the endurance limit from a stress- 
cycles plot. The value thus determined was of the order of 36 
per cent of the short-time tensile strength. The long-time tensile- 
strength data on the cellulose-filled melamine could have been 
treated in the same manner. However, it was felt that it would 
he desirable to obtain a statistical log mean average value for the 
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long-time strength, inasmuch as data were available on a greater 
number of specimens. Thus a plot, Fig. 7, was made of per cent 
of short-time strength versus per cent failed in a given time in- 
terval (per cent having short-time strength less than scale value), 
i.e., a cumulative frequency-distribution curve. The statistical 
mean long-time strength was determined from this curve by 
noting the strength value that caused one half of the specimens 
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to fail. This value is of the order of 67 per cent of the short-time 
tensile strength. Long-time strength values for several plastic 
materials are given in Table 2. 


TABLE 2 LONG-TIME TENSILE-STRENGTH VALUES FOR 
SEVERAL PLASTIC MATERIALS AT 77 F AND 50 PER CENT 
RELATIVE HUMIDITY 


Short-time Estimated 
tensile limiting 
strength long-time 
A.S.T.M. tensile 
(D638-41T), 
Material psi 
Phenolic (1): 
3000 
3000 
0 2500 
4 Resincompound 2400 
5 Asbestos-filled 7 2300 
6 Mica-filled 5400 2100 
Melamine: 
5000 


Percentage 
of short- 

strength, time 

strength 


1 Cellulose-filled 7300 
Methyl methacrylate (9). 8600 (LP406) 3900 
Laminates (9): 

Phenolic, Grade XX. 16770 (LP406) 11000 


The fatigue er endurance limit in flexure for woodflour-tilled 
phenolic is about 4000 psi, while the corresponding value for the 
cellulose-filled melamine plastic is almost 1000 psi less, Fig. 8. 


@ CELLULOSE FILLED 
AMINE 


1720 CYCLES / MIN 


CYCLES OF COMPLETELY REVERSED STRESS TO FAILURE 


Fic. 8 Curves SHOWING FATIGUE OR ENDURANCE LIMIT 


The data for phenolic specimens show very little scatter as con- 
trasted with those for the melamine material. The temperature 
rise for both materials during the testing was found to be prac- 
tically zero. 


THEORETICAL CONSIDERATIONS 


The melamine and phenolic molding compounds belong to the 
class of plastic materials commonly referred to as thermosetting, 
that is, such materials become essentially infusible upon appli- 
cation of heat and pressure. This infusibility is due to cross- 
linking of the molecules which occurs during the molding proc- 
ess. The differences in the long-time tensile values of the two 
materials can possibly be attributed to the degree of cross-linking 
associated with each. Melamine resins appear to be more highly 
cross-linked than phenolics by such qualitative tests as hardness 
and brittleness. This higher degree of cross-linking is believed 
due to the greater number of formaldehyde reactive positions on 
the melamine molecule and to the higher molar ratio of formalde- 
hyde generally used in the preparation of melamine resins. The 
amino groups in melamine also contribute to higher van der 
Waals or intermolecular attractive forces which may be re- 
sponsible for the greater hardness and resistance to flow of mela- 
mine plastics when compared with phenolics. These funda- 
mental structural differences between melamine and phenol may 
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be used to account for the differences in behavior which have been 
observed. 

One of the most interesting differences in the materials is the 
superior long-time tensile strength exhibited by the melamine 
materials. This can perhaps be explained in terms of the “vis- 
cous-pocket” theory advanced by J. B. Murgatroyd (8) in con- 
nection with his work on glass, and by a similar theory for phe- 
nolic-resin structure, credited to Thum and Jacobi (2). This 
theory considers glass to be composed of three-dimensional ag- 
gregates with pockets of quasi-viscous material interposed be- 
tween the molecules of the aggregates. As load is applied to the 
material, strain is applied to the molecular configuration as well 
as to the pockets of this quasi-viscous material. If the load is 
fixed at some constant value, the quasi-viscous material which 
carried its portion of the load immediately following load appli- 
cation, undergoes stress relaxation or flow. This results in trans- 
ferring the quasi-viscous portion of the load to the molecular 
structure. In effect, then, a stress concentration is produced 
which serves to weaken the material. 

Thum and Jacobi (2) considered the resin structure to be that 
of ‘“‘Isogel.”” This structure may be likened to a sponge whose 
framework is formed of macromolecules and whose pores are 
filled by resin particles of lower polymerization degree, ‘‘harz- 
brei.””, The macromolecular structure is considered to behave 
elastically, whereas the ‘‘harzbrei’’ exhibit viscous-flow charac- 
teristics when load is applied. 

It is postulated that the melamine plastic is not as susceptible 
to the effect of the viscous-pocket phenomenon as is the phenolic 
material owing to the higher cross-linking of the former. The 
structure of the melamine may be considered to contain fewer 
viscous pockets, with the result that the material exhibits 
greater long-time strength. Another explanation might be that 
the pockets in the melamine plastic are much more viscous than 
those in the phenolic material. 

The similar creep characteristics of the two materials at com- 
parable stresses may possibly be accounted for in terms of the 
viscous-pocket theory. The elongation of the phenolic may be 
thought of as primarily due to relaxation effects of a highly quasi- 
viscous material until such time as the load on the molecular 
bonds reaches the long-time strength limit. The elongation of the 
melamine materials might be considered to be due to the stretch- 
ing of the molecular aggregates, but a more precise explanation for 
the similarity in creep behavior of the two materials is needed. 
With the great amount of work now going on relative to the 
molecular structure of plastic materials, a more satisfactory ex- 
planation of creep behavior should soon be forthcoming. 

As indicated earlier in the paper, the dynamic flexural fatigue 
strength of the melamine materials tested is approximately 1000 
psi or 25 per cent less than that of phenolics. However, when the 
stress value at the endurance limit is expressed as a percentage of 
the short-time flexural strength, it is found that the two materials 
give values which are essentially the same, i.e., woodflour-filled 
phenolic 34 per cent, and cellulose-filled melamine 31 per cent. 
What difference there is in the two materials may possibly be due 
to the fact that stress concentrations resulting from surface flaws 
and the like would be less easily relieved in the melamine plastics 
because of its inherently greater brittleness. 

It is recognized that the fillers used have a marked effect on the 
mechanical properties of plastics. However, inasmuch as the same 
type fillers were used for the two materials, it is felt that the tests 
were essentially a comparison of the two base resins. 


CONCLUSIONS 


1 The creep and recovery characteristics of woodflour-filled 
phenolic and cellulose-filled melamine plastics are quite similar. 
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The same observation holds for the asbestos-filled phenolic and 
asbestos-filled melamine materials. 

2 The creep rates at 500 hr are essentially the same for the 
two materials when comparable fillers are considered. 

3 The long-time tensile strength of the cellulose-filled mela- 
mine is approximately 67 per cent of the short-time value, as 
compared with the woodflour-filled phenolic whose long-time 
tensile strength is of the order of 36 per cent of the short-time 
value. 

4 The endurance limit for the woodflour-filled phenolic is 
approximately one third higher than for the cellulose-filled mela- 
mine composition. However, when the endurance-limit stress is 
expressed as a percentage of the short-time flexural stress, there 
is very little difference between the materials, i.e., woodflour- 
filled phenolic 34 per cent, cellulose-filled melamine 31 per 
cent. 
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Chemical Resistance of Phenolic Laminates 


By W. R. TYRIE,! COSHOCTON, OHIO 


Eight representative types of phenolic laminates were 
immersed in various aqueous chemical solutions for 6 
months and tested periodically for weight change, dimen- 
sional change, and strength losses. On the whole, any 
laminate which has the desired properties after prolonged 
immersion in water alone would also be satisfactory for 
other field conditions, with the exception of a strong acid 
condition or any alkaline condition. Where alkaline or 
strong acid conditions are involved, special care must 
be taken in the selection of laminates to be used. 


‘ ) JHEN an industry expands as rapidly as has that of 

plastics, there is some danger that serious application 

and usage problems may develop. Laminated ma- 

terials, without question, will find their way into more and more 

products, but everyone concerned with the adoption and use of 

these materials should be conscious of the limitations of laminates 

as well as their possibilities. Misapplication of laminates by 

uninformed or misinformed technicians in industry can do more 

to stunt the growth of this industry of great potentialities than 
any other single factor. 

This paper is presented to provide information which may be 
helpful in the proper selection of laminates for applications in the 
chemical industry and to help prevent misapplication because of 
lack of essential data. 

Because of the great amount of sampling and testing involved, 
this discussion will be limited to phenol-formaldehyde-type 
laminates. Eight representative types of sheet stock were im- 
mersed in seven representative chemical solutions at room tem- 
perature, and tested periodically for dimensional change, weight 
change, flexural strength, Izod impact strength, and bonding 
strength. All tests were made on standard A.S.T.M. samples, 
according to A.S.T.M. standard procedures. The types of lami- 
nates tested are described in Table 1. 


EFFeEctT ON SHEET STocK 


Effect of Immersion in Water. The dimensional stability of 
the inorganic-base laminates, namely, the glass base and the 
asbestos base, is by far better than that of any of the other lami- 
nates, Fig. 1. This is to be expected because of the nature 
of the filler which prevents the absorption of water into the fibers 
themselves and consequently causes less distortion of the lami- 
nate. Of the cotton-fabric-base laminates, there is little differ- 
ence between the coarse-weave CE grade and the fine-weave LE, 
which may be accounted for by the counteracting effect of higher 
resin in the CE grade and finer yarn count in the LE grade. With 
regard to the paper-base grades, the XXX electrical grade has 
much better stability than the poorer electrical grade, XX. 

The moisture-absorbing characteristics of all the laminates 
follow the same general pattern as that for dimensional stability 
which is to be expected, because it is the absorption of moisture 
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TABLE 1 TYPES OF LAMINATES INVESTIGATED 
NEMA classification 
xX 


Description 

General-purpose paper-base grade; suitable 
for usual electrieal applications; good ma- 
chinability 

Excellent electrical paper-base grade; suita- 
ble for radio-frequency work and high- 
humidity applications 

¢ Made with cotton fabric weighing over 4 os 
er sq yd; strong tough material suitable 
or high-impact applications; not used for 
electrical applications except at low voltages 

Made with same fabric as C grade, but proc- 
essed for electrical applications and greater 
moisture resistance 

Made with cotton fabric weighing less than 
4 oz per sq yd; _ used for electrical applica- 
tions requiring better machining properties 
and finer appearance than CE grade 

Asbestos-fabric base; heat-resistant grade; 
suitable only for low-voltage electrical ap- 
plications 

Staple-fiber-type glass-cloth base; 
purpose, heat-resisting grade 

Continuous-filament-type glass-cloth base; 
this grade has better electrical properties 
than Gl grade; mechanical properties are 
about the sameasGl 


XXX 


general- 


Solutions used Class of service represented 


. General service and eontrol sample 
acid, 
Weak acid condition 
20 per cent hydrochloric-acid, 
aqueous solution 
L per cent sodium-hydroxide, 
aqueous solution 
LO per cent sodium-hydroxide, 
aqueous solution 
L per cent chromic-acid, aque- 
ous solution 
Rayon solution:........... 
10 per cent 
1 per cent ZnSO, 
20 per cent NazSO, 
69 per cent H:O 


Strongly acid condition 
Weak alkaline condition 
Strongly alkaline condition 


Oxidizing condition 
Rayon-industry conditions 


that causes dimensional change, Fig. 2. Again we find that the 
inorganic-base laminates are greatly superior to any of the others, 
and that the fine-weave LE grade and the coarse-weave CE grade 
show approximately the same resistance as was found for di- 
mensional stability. The C grade which sacrifices electrical prop- 
erties for mechanical properties has far less resistance than the 
other cotton-fabric-base grades. This is also true for the paper- 
base grades where the general-purpose XX grade has far less 
resistance than the XXX grade which is processed for electrical] 
properties. 

Physical properties on the whole are not seriously affected by 
prolonged immersion in water, with the exception of the paper- 
base grades. In flexure, both paper-base grades show losses of 
up to 50 per cent after 26 weeks of immersion, Fig. 3. Of all 
the fabric-base laminates, only the continuous filament glass-base 
laminate, NEMA G3, shows any serious strength loss. This loss 
is on the order of 20 per cent. All the other grades hold their 
original strength or show increases in value as a result of sof- 
tening effect of the water. 

With regard to the Izod impact strength, the glass-base lami- 
nates show some loss, and this is especially true of the staple- 
fiber G1 grade. The XXX grade also shows impact loss of nearly 
30 per cent, Fig. 4. It is noteworthy that all cotton-base 
laminates hold their original impact strength as was the case for 
flexure. Bonding strength of the paper-base grades is quite 
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seriously affected. In the case of the XX general-purpose grade, 
the loss was nearly 50 per cent and nearly 40 per cent for the XXX 
electrical grade. All the fabric-base laminates hold their bonding 
strength very well with the most serious loss being only 13 per 
cent for the C-grade and the G3-grade, Fig. 5. 

Effect of Immersion in Weak Acid, (1 per cent HCl). The 
dimensional stability and resistance to absorption of all the lam- 
inates after 26 weeks’ immersion follow the same general pattern 
as that for water alone. 

The physical properties of the laminates are also affected in 
the same manner as for water. The paper-base grades can be 
expected to show severe losses in flexure and bonding. On the 
whole any physical change that takes place after immersion in 
weak acid can be attributed to the effect of the water alone rather 
than to the acid concentration. 

Effect of Immersion in Strong Acid (20 per cent HCl). When 
laminates are immersed for a long period of time in a strong acid 
solution, it is found that, although the dimensional stability 
and moisture resistance are not apparently affected, the physical 
properties are very seriously affected, Fig. 6. As is shown by the 
graph, all grades show losses in flexure of from 40 per cent to 
70 per cent, depending upon the type of filler. The glass-base 
laminates show the lowest loss but even these are on the order of 
40 to 50 per cent. At opposite extreme, the paper-base grades 
show the highest loss, Tests could not be made on the XX grade 
because of excessive swelling and delamination. What was 
found to be true in flexure was also found to be true for impact 
strength and bonding strength. 

Effect of Immersion in Weak Alkali (1 per cent NaOH). 
Prolonged immersion of laminates in 1 per cent NaOH solution 
again causes practically the same dimensional change and weight 
change as for immersion in wateralone. Therefore it is apparent 
by now that dimensional change or weight change is not neces- 
sarily a criterion of the effect of the solution on the physical prop- 
erties. In this particular case, we find that it is not a criterion. 

Physical properties were variously affected depending upon the 
type of filler used, Fig. 7. Glass-base laminates and paper- 
base laminates show strength losses in flexure, impact, and bonding 
strength of over 60 per cent. The cotton-base laminates all hold 
their original strength and the AA asbestos grade also stands up 
fairly well. 

In order to understand why a dilute caustic solution should 
have a more serious effect on the paper-base laminates and the 
glass-base laminates, it must first be realized that caustic solu- 
tions always have a more deleterious effect on pherlic resins 

than do acid solutions. In the case of the paper-base laminates, 
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it has been shown that these grades have a higher absorption 
ratio than other grades, and since this is true, then the action of 
the caustic alkali will be more severe. In the case of the glass- 
base laminates, it should be realized that the glass fibers are im- 
pervious and thus absorb no resin. The bond in this type of a 
laminate is effected by the physical attraction of the resin to the 
surface of the fibers and also to the resin that penetrates through 
the interstices of the fabric. It is much easier for caustic alkali 
to break down a bond of this type than it would be in the case of 
a cotton-fabric-base laminate in which the resin can actually 
penetrate the fibers themselves and thus form a stronger linkage. 
It should also be realized that caustic has a more serious effect 
on glass fibers than it does on cellulose fibers, and thus some 
strength losses can be expected from the fibers themselves. 
_ Effect of Strong Alkali. When laminates are immersed in a 
strong solution of alkali for a long period of time, it is found that 
the same action takes place as for weak alkali only to a much 
greater degree. Strong caustic has such a deleterious effect on 
the glass-base laminates, asbestos-base laminates, and the paper- 
base laminates that they cannot be considered for such an ap- 
plication even if the exposure time is short. 

The reasoning in this case is the same as for dilute alkali. The 
paper-base grades, having poorer moisture resistance, allow more 
absorption of the alkali and therefore cause more serious break- 
ing down of the resin. The glass-base grades and the asbestos- 
base grades are seriously affected because of the impervious filler 
which prevents absorption of resin into the fibers and con- 
sequently forms a poor type of resistance to attack. As in the 
case of weak alkali, it is found that the cotton-fabric-base lami- 
nates have good resistance to strong alkali. All cotton-fabric- 
base grades hold their flexural strength, impact strength, and 
bonding strength throughout the long immersion period. 

Effect of Oxidizing Conditions. A 1 per cent chromic-acid 
solution has no more deleterious effect on the laminates than 
water alone. The glass-base laminates are dimensionally more 
stable than the other laminates. hay 

With the exception of the paper-base grades, the laminates ge 
hold their physical properties throughout. The paper-base 
grades, as with water alone, show gradual losses in physical prop- 
erties after long immersion. 

Effect of Rayon-Industry Solution. The effect of solutions, 
such as are found in the rayon-spinning industry, can be classified 
in the same category as for water, weak acid, or chromic acid in 
which the properties of all laminates but the paper-base grades 
are not seriously impaired. ° 


ConcLusIONS 

In summary, any phenolic laminate which has the desired 
properties after prolonged immersion in water alone can be ex- 
pected to be satisfactory for field conditions involving weak acid, 
weak oxidizing agents, and such conditions as are found in the 
rayon-spinning industry. For these applications, the general 
order of chemical resistance, reading best to worst, is as follows: 
G1 and G3, AA, LE, CE, C, XXX, and XX. 

Where alkaline field conditions are involved, the cotton-fabric- 
base laminates can be expected to offer the best resistance. 
Within this group, the laminates which have been processed for 
electrical properties can be expected to have the best resistance. 

When strongly acid conditions are involved, all types of phe- 
nolic laminates can be expected to show serious strength losses. 
As may have been observed, these losses are on the order of 30 
to 40 per cent for glass-base laminates and over 50 per cent for all 
other grades. When selecting a material for use where a strongly a ee 


acid condition is involved, a laminated material should be used 
only when thorough investigation has shown that it has some 
important advantage over other types of material. 
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Laboratory Testing of Rubber 
Torsion Springs 


By D. H. CORNELL! anp J. R. BEATTY,? AKRON, OHIO 


The cylindrical rubber torsion spring consists of three 
essential members — an intermediate member of flexible 
rubber, securely bonded to two rigid cylindrical metal 
shells, forming concentric inner and outer members. If 
such a spring is stressed in torsional shear, many advan- 
tages are realized, such as versatility of design, no static 
friction, inherent stability, elimination of serious stress 
concentrations, and elimination of lubrication needs. 
Laboratory tests have been performed to establish the load- 
deflection modulus, creep, and fatigue properties of rub- 
ber torsion springs. Other work has been done toa limited 
degree to investigate the effect of temperature on all of the 
properties mentioned. Such a program necessitated the 
development of test methods for these particular investi- 
gations. Methods have been developed to find accurately 
and conveniently the static and dynamic moduli of any 
rubber torsion spring if its physical dimensions and the 
fundamental data of the rubber are known. 


UBBER is commonly used in shear for vibration isolation 
The ‘‘Torsilastic” cylindrical spring by virtue of its 
geometry has certain inherent advantages over other 

types of shear springs. This rubber torsion spring consists of 
three essential members: (a) the intermediate member of flexible 
rubber, securely bonded to two rigid hollow cylindrical shells 
forming (6) an inner, and (c) an outer member. 

The solid rubber sleeve is relatively soft and securely bonded to 
the metal shaft and shells. One of the rigid members is held 
stationary while the other is deflected in a torsional direction, 
producing a ‘‘windup” in the rubber. The torque required to 
deflect this rubber torsion spring is nearly proportional to the 
angular deflection. 


ADVANTAGES OF RUBBER TORSION SPRINGS 


The rubber torsion spring has virtually no static friction. 
Relatively long rubber torsion springs are inherently stable, elimi- 
nating the necessity of spring guides and many spring shackles or 
other linkages which introduce friction into conventional sus- 
pensions. The solid rubber between the two metals functions as 
a dust and dirt seal. Any foreign material present which would 
score or damage bearings is effectively shielded from the interior 
of the spring. Since the deflection takes place in the elastomer, 
the rubber functions without a lubricant. Thus rubber torsion 
springs are free from static friction, are in themselves stable, func- 
tion as their own dust seal, and require no lubrication. 

Working stresses of 120 to 150 psi are quite common, and labora- 
tory tests at 300 psi and elevated temperatures have been at- 
tained without troublesome bond breaks. Remembering that it 
‘8 conventional practice to design flat-plate or pure shear type 
tubber springs with working stresses near 50 psi, it is easy to real- 
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1 TorstLastic SPRING 


THIN LAYER OF 
UNSTRESSED RUBBER 


DESCRIPTION | 0.0. 1.0. 
SMALL SPM@ING| 1.00" 6.50" 3.10" 
LARGE SPRING) 3.25° 1.50" 9.40" 


Fic. Cross Section or SMALL Torsion Spring TEs1 
PIEcE 


ize that the torsion type rubber spring uses the elastomer much 
more efficiently. The reason for this great gain can be easily 
understood if one imagines a simple flat-plate spring bent into 
the shape of a cylinder until the two ends join and so are elimi- 
nated. It is the great stress concentrations at the ends of flat- 
plate springs which limit their use. Thus the torsion type 
spring has completely eliminated the ends and has only edges 
to act as stress raisers. This effect can be greatly minimized by 
designing the edge contour to eliminate stress concentrations 
Stress concentrations at the edges are reduced further if a layer 
of unstressed rubber is molded with the body of the spring on both 
the shaft and shells, as illustrated in Fig. 2. Fig. 2 is a cross 
section of the spring shown in Fig. 1. 

There is almost no end to the versatility of torsion spring de- 
sign, because the length of torque arm, the rubber thickness, the 
rubber length, and the hardness of rubber can all be varied. By 
combining these elementary factors in the proper manner, springs 
having a torque capacity of a few Ib-in. to torques of several mil- 
lion Ib-in. can be readily produced. It is also possible to design 
mechanisms using rubber torsion springs and obtain nonlinear 
load-deflection characteristics. 


Uses or RuBBER Torsion SprINGS 


This type of spring is not new. Experiments have been per- 
formed on them for several years. An earlier discussion was pub- 
lished by Krotz (1)? in 1939. The springs are adaptable to mass- 


2? Numbers in parentheses refer to the Bibliography at the end oi 
the paper. 
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production applications such as automobiles; trucks, and buses 
However, they also have great advantages for hundreds of mis- 
cellaneous small-production items ranging from children’s toys to 
heavy industrial machinery. 

Rubber torsion springs proved their worth during the war as 
bogie pivot supports for amphibious tanks, ramp-gate counter- 
balanced hinges, and in other applications. More than 500,000 
rubber torsion springs have been made and placed in service. 


PROPERTIES STUDIED 


There are many properties which influence the behavior of rub- 
ber torsion springs. Properties such as lack of static friction, 
inherent stability, and others are obvious and need not be investi- 
gated. Other properties, such as (a) static deflection under 
load, (b) ability to isolate vibration by virtue of their dynamic 
properties, (c) fatigue or service life, and (d) temperature effects, 
are not so obvious and need investigation. 

All of these are somewhat complicated and usually not simple to 
measure. The vibration-isolating ability, or the riding quality 
of an automotive spring, will depend on the dynamic rate or 
modulus. This can be determined by reversing the direction of 
loading in Fig. 3a small amount and allowing the spring system to 
oscillate about the point on the torque-windup curve where the 
dynamic modulus is desired. The dynamic modulus is the aver- 
age slope obtained in such a cyclic loading. It can be measured 
more directly and conveniently by supporting a load on a torsion 
spring and determining the natural frequency of vibration of the 
system. This property varies with temperature. 


TORQUE LOAD (LB IN) 


Fic. 3 Torque Versus WINDUP 


The windup under load is usually determined from a so-called 
static curve, that is, one obtained by increasing the load at a 
relatively slow speed. An example of such a curve is shown in 
Fig. 3. The windup at any load can be read from this curve, 
. but it will be modified by creep, which will increase the windup 
somewhat at first and then at a decreasing rate throughout the 
life of the spring. Compensations can be made for early creep 
in the original design. Simple adjustments can be made for long- 
time creep, but it is often so low that it may be neglected entirely. 

Variations in temperature will change the windup. Raising 
the temperature will diminish the windup, while lowering the 
temperature will increase the windup if this temperature change 
takes place while the spring is stressed. This is the familiar 
Joule effect and can be measured directly by varying the tempera- 
ture of the stressed spring. 

The fatigue life will depend on the stress and the amplitude 
of vibration. It will vary more with temperature than the other 
important properties. 

An attempt has been made to devise methods of measuring 
these properties in the laboratory with reasonable speed and con- 
venience, and in most cases, the results agree with service per- 
formance, or at least indicate the direction for improvements. 
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MernHops OF MEASURING FUNDAMENTAL PROPERTIES 


Test data have been obtained on springs of two sizes. The 
larger test spring has rubber dimensions of 3.25 in. OD, 1.50 in. 
ID, and 9.40 in. length. The small spring is approximately ' , 
scale size of the larger. In this paper all modulus data were 
obtained on the smaller spring, while all fatigue and ereep data 
were obtained on the larger spring. The use of two sizes of 
springs was merely a matter of expedience and is without signiti- 
cance, since the results obtained with the two sizes of springs are 
altogether comparable. Although springs of various hardnesses 
were tested, each spring was of rubber of the same hardness 
throughout, that is, no tie gums were used. Statice torque-windup 
curves were found by applying various static torques to the 
spring and measuring the windups. The statie modulus can be 
determined by measuring the slope of these static torque-windup 
curves. Data for dynamic modulus can be obtained by oscillat- 
ing the loaded spring together with the torque-producing weights 
and measuring their natural frequency. A schematic drawing of 
the modulus tester is shown in Fig. 4. The dynamic modulus can 


Fig. 4 Moputvus Tester ror SMALL SprINGs 

be calculated from the natural frequency and the moment of the 
inertia of the system. From the familiar formula of simple 
harmonic motion 


f=! V Kig/I; 
where 


fi natural frequency, cycles per sec 

Ky dynamic rate = torque/deflection, lb-ft per radian 
g acceleration of gravity, ft/sec? 

I, moment of inertia of the system, lb ft? 


The value of K;, is found to be 
Or reduced for purposes of computation where 


f = natural frequency, cycles per min 
K = dynamic rate [torque /deflection], lb-in. per deg 
/ moment. of inertia of system, lb in.? 


K = 5.0 X 107 fil 


Ultimate fatigue life for the rubber springs was found by load- 
ing the test piece with weights hung on a torque arm. The 
spring was then caused to oscillate at its natural frequency by 
unwinding the spring periodically a known amount and releasing 
it. Tests were accelerated by enclosing the spring in an oven at 
elevated temperature. The number of excitations at the time of 
break indicates fatigue life. A schematic drawing of the fatigue 
apparatus is shown in Fig. 5. 

Static creep conditions can be determined by loading a torsion 
spring and measuring the change in static deflection. Creep U2- 
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Fic. 7 Dynamic Versus 

der dynamic conditions was determined while the fatigue tests 
were being run. A detailed description of the modulus and 
fatigue testing apparatus has been previously published (2). 


QUANTITATIVE DATA 


All compounds on which data are reported were standard fac- 
tory molded-goods stocks of various hardnesses. They were 
selected because they were available at the start of the torsion 
spring program, and are not the best selection for their respective 
hardnesses for use in torsilastic springs. Because of differences 
in the recipes employed, the properties measured do not in all 
cases correlate with changes in durometer hardness. 

Modulus Results. Torque-windup and modulus relations were 
secured by using custom-built laboratory apparatus. The rubber 
torsion spring embraces a range of stresses because the stress of 
the rubber varies inversely with the square of the radius of the 
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spring. Fora matter of convenience, loads are expressed as rubber 
stress at the shaft in pounds per square inch, or as units of applied 
torque in pound-inches. Deflections or windups are measured 
in degrees, and moduli or spring rates are expressed as pound- 
inches per degree. Fig. 3 shows a series of torque-windup curves 
of five typical spring stocks. Fig. 6 shows the static moduli for 
these same springs, which is merely the slope of the previous 
curves. Fig. 7 shows the dynamic moduli of these same stocks at 
frequencies of 1 to 3 cycles per sec. Fig. 8 shows the effect of 
temperature on the torque-windup characteristics of a typical 
41 durometer stock. Fig. 9 shows the same effect on dynamic 
modulus. The relationships shown in Figs. 3 and 6 to 9, inclusive, 
are to illustrate typical curves obtained on rubber torsion springs. 
More complete fundamental data from which the most suitable 
size and design for a particular application can be determined are 
included later in a section entitled “Mathematical Calculations 
and Fundamental Data.” 

Whenever damping curves are recorded, hysteresis can be 
easily computed. Fig. 10 is a plot of the hysteresis of the five 
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stocks at 148 psi shaft stress versus temperature. Hysteresis is 
expressed here as the logarithmic decrement, or loge of the ratio 
of the heights of two consecutive peaks on the same side of the 
axis of the damping curve. By suitable compounding techniques, 
stocks having lower hysteresis at low temperatures can be pre- 
pared. 

Fatigue Results. The fatigue life of rubber at various stresses is 
not a simple function. Fig. 11 shows the relationship found ex- 
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perimentally between the number of excitations at break and the 
rubber stress at the shaft for torsion springs. Fig. 12 shows the 
same fatigue data plotted against initial strain in degrees. The 
general trends found check with data previously published by 
Yost (3) and Dillon (4). These investigations published by the 
other experimenters also show the reduction in life as stress in- 
creases, followed by a phase where longer fatigue life results from 
increasing stress. An optimum fatigue life is then found at a 
relative high stress, and again the life decreases with increasing 
stress. These curves show that higher-durometer stocks are 
preferable if high stress in the spring is important to suit the ap- 
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plication. If a soft spring with high deflections is needed, it wil) 
be advantageous to use lower-durometer-hardness stocks. 

Fatigue breaks in the rubber of flexed torsion springs can by 
classified in two general ways; low-strain breaks and high-strain 
breaks. A low-strain break occurs in a zone starting near the 
shaft and extending outward for '/\, to !/sin. This type of break 
will not run through the cement to the metal but will form a jag. 
ged irregular surface. Breaks of this type usually start midway 
between the edges and progress slowly toward both edges in s 
lengthwise direction. This slow progressive break makes thy 
detection of the initial break or the end point of the fatigue test 
difficult to determine. All of the break of the rubber is entirely 
internal and cannot be seen. The only outward indication of the 
break is shown by an abnormally high creep rate. Fig. 13 shows 
a typical accelerated dynamic creep curve. The dotted extension 
of the creep curve indicates the expected results if the spring had 
not broken. Many tests have been run for weeks after evidence 
of the first break was detected. A typical low-strain break is 
shown in Fig. 14. Breaks in springs at high strains occur sud- 
denly and form surfaces of a characteristic spiral shape extending 
almost laterally along the spring. These spiral surfaces seem to 
begin at or near the shaft and progress outwardly to the shells 
perpendicular to lines of tension of the strained spring. 

A brief investigation of the combined stresses indicates (withir 


Fria. 14 Low-Srrain Break 


the experimental accuracy of the work) that rubber in a torsiot 
spring breaks in tension rather than in shear. It can be shown 
analytically that the family of surfaces perpendicular to the lines 
of maximum tension approach radial surfaces as the strain in- 
creases. Two views showing the direction of a high-strain break 
are shown in Figs. 15 and 16. 

Measurements made of the spirals found in broken springs com 
pare favorably with the calculated location of these surfaces per 
pendicular to the lines of maximum tensile strain. It is also be 
lieved that low-strain tests support the contention that the breaks 
are perpendicular to lines of maximum tension even though the 
characteristic spiral break is not found. There are two reasons 
for this, namely, (a) the family of surfaces perpendicular to the 
lines of maximum tension become very long, and (b) the rubbe! 
stress varies inversely with the radius squared. For these two 
reasons, the rubber break will return to the highly stressed rubbe! 
near the shaft rather than continuing in the long original surface 

In all the discussion on fatigue results, no mention has beed 
made of adhesion breaks between the rubber and the metal. Fig 
17 shows the appearance of a typical adhesion break. Such fail 
ures are either the result of poor workmanship in constructing the 
spring, or a poor design which did not eliminate detrimental 
stress concentrations. An inspection of Figs. 14, 16, and 17, 
shows markedly the difference between typical adhesion and low- 
strain breaks. The data on any test piece which showed adhesior 
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breaks were disregarded, and an investigation was made to deter- 
mine the cause of these abnormal results. 

Periodic determinations were made on the dynamic rate of the 
springs while they were being subjected to fatigue tests. In gen- 
eral, a slight increase in dynamic rate was found for the first day 
or two. The dynamic rate would soon reach a nearly constant 
value. It is of interest to note that the dynamic spring rate re- 
mains nearly constant even though the spring breaks. Many 
times in cases of low-stressed springs, internal breaks would be 
indicated by the creep curves, but for all practical purposes the 
dynamic rate would not change. This phenomenon is also illus- 
trated in Fig. 13. All of the fatigue results discussed here are at 
140 F. No base line has been established with room-temperature 
results because the springs did not break at 80 F, even though 
tests were made continuously on 41 durometer stock for a period 
of 5 months, during which these springs were subjected to 1,000,- 
00 excitations. 

Accelerated-Creep Results. Static creep data for flat-plate 
springs have been previously reported by Hahn and Gazdik (5). 
We have now obtained accelerated dynamic creep data for torsion 
springs, which were recorded on the larger test pieces as a by-prod- 
uct of the fatigue tests. Since rate of creep is nearly proportional 
‘o strain, it is convenient to express creep as a per cent of 
initial windup. Owing to the difficulty of loading the large test 
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pieces rapidly and uniformly, the initial windup is defined as the 
windup. due to the test load plus the creep experienced through 
the first 0.1 day. Fig. 18 shows accelerated creep at 140 F, as a 
percentage of initial windup versus time. These values of accel- 
erated creep are the average of data obtained at various stresses. 
These data are not necessarily for the best compounds for torsion 
springs. Fig. 19 has been included to show how well the accel- 
erated creep data at various stresses agree when expressed as a 
percentage of original windup and plotted together on common 
co-ordinates. 


MATHEMATICAL CALCULATIONS AND FUNDAMENTAL Data 


No mention need be made of the fundamental principles of vi- 
bration isolation as this subject has been well described by other 
authors (6, 7, 8, 9). A mathematical treatment of many geo- 
metric shapes used in rubber springs has been published by 
Smith (10). 

In considering the theoretical design of any torsion spring to 
determine its load-deflection properties, Harris (11) has presented 
anew and unique method of determining the dynamic and static 
torque-windup properties. This determination can be made if the 
rubber dimensions are assumed, and a fundamental property of 
the rubber which he calls polar strain is known. Polar strain is 
similar to conventional pure shear strain, except that the units 
are pounds per square inch versus degrees for polar strain, as 
compared with pounds per square inch versus inches per inch for 
pure shear strain. 

The primary data for polar strain are obtained on the modulus 
tester. Static torque-windup and dynamic-modulus determina- 
tion are made in a conventional manner at increments of load and 
temperature. The data of the torsion spring are then converted 
to fundamental or polar strain by the methods outlined by Mr. 
Harris. This makes it possible to perform a single conversion 
from data of a torsion spring, containing a range of stresses, to 
fundamental or polar strain which is easily applicable to torsion 
springs of any desired dimension. 

The entire stress-strain curve of any rubber torsion spring can 
be easily computed by compiling a table as indicated in Fig. 20. 
Column I isa list of the increments of torque in lb-in. The torque 
values should be selected to cover the range which is applicable 
to one’s particular interests. Column II is the shear stress in 
lb-in.? at the inside diameter of rubber. Column III is the shear 
stress in lb-in.? at the outside diameter of the rubber. 

It is easy to find the sip and sop by applying the following 
expressions 
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shear stress at inside diameter of rubber, psi 
= shear stress at outside diameter of rubber, psi 
applied torque, lb-in. 
inside rubber radius, in. 
outside rubber radius, in. 
= effective length of rubber, in. 


Column IV is the polar strain in degrees at the inside diameter 
of the rubber. Column V is the polar strain in degrees 
at the outside diameter of the rubber. Values of static 
polar strain (@) can be selected from the curve for the particular 
compound, stress, and temperature which suits the conditions. 
Column VI is the angular deflection ¢ in degrees or the difference 
between columns IV and V. 

The dynamic behavior may be determined if the same pro- 
cedure outlined for Fig. 20 is used except that values of dynamic 
polar strain should be selected to suit the conditions. The torque- 
angle relation determined will be a virtual torque-windup curve, 
the slope of which is the dynamic rate of the rubber torsion spring 
in lb-in., deg. 

Figs. 21 and 22 show fundamental static- and dynamic-polar- 
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strain data for five typical rubber stocks at one temperature, 
Figs. 23 and 24 show fundamental static- and dynamic-polar- 
strain data for one stock over a range of temperatures. It must 
‘be remembered that mathematical expressions may often design 
springs which would be impractical to use. Knowledge obtained 
from actual tests and experience must- always be kept in mind 
when new designs are being evaluated. 
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Coefficients of: Discharge of Sharp-Edged 


Concentric Orifices in Commercial 2-In., 


3-In., and 4-In. Pipes for Low Reynolds 


Numbers Using Flange Taps 


By E. E. AMBROSIUS'! anp L. K. SPINK? 


Commercial pipe in 2, 3, and 4-in. standard weights 
was used in test installations, making results directly ap- 
plicable to commercial meter installations. This analysis 
covers the data on flange taps centered 1 in. upstream and 
Lin. downstream from respective orifice faces down to a 
minimum Reynolds number of 40. Results compare well 
with previous A.S.M.E. coefficients. 


INTRODUCTION 


NDER the sponsorship of the Fluid Meters Subcommittee 
U: the Mid-Continent Section of the Society, work was 

started in 1933, on a test program designed to establish the 
behavior of differential-type flowmeters in the low Reynolds- 
number range. In the early stages of the work, cosponsorship 
was assumed by the main Research Committee on Fluid Meters, 
and supervision of the test work was maintained by Howard 8S. 
Bean, member of this committee. 

Part of this work has been applied (1, 2, 3)* in the analysis of 
flow-nozzle coefficients. Although the complete work includes 
other taps, other primary devices, and higher Beta ratios, this 
paper is limited to the data which apply to flange taps, with the 
Beta ratios equal to or less than 0.75, while the Reynolds numbers 
range from about 40 to 10,000. 

All installations were made in commercial pipes in the manner 
established and approved by the various publications of the 
Society. Initial tests were at high Reynolds numbers to establish 
correlation with previous A.S.M.E. data and to prove the sound- 
ness of the over-all installation and test procedure. 

Much of the data and preliminary analyses have been pre- 
sented in reports by W. H. Carson (4), H. V. Beck, and FE. E. 
Ambrosius (4). 


Description OF Test APPARATUS 


The test apparatus used in the investigation was built of com- 
mercial materials and in commercial sizes in so far as possible, in 
order to duplicate field conditions. 

The two-chamber tank used for the storage and measurement of 
the fluid had a capacity of 100 bbl in either the upper or lower 
chamber. The lower chamber was fitted with steam coils to warm 
the oil, decreasing its viscosity to such an extent that it could be 
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of the paper. 

Contributed by the Research Committee on Fluid Meters and pre- 
sented at the Annual Meeting, New York, N. Y., December 2-6, 
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handled by the pumps. A steam jacket around the suction line to 
the pumps also aided in starting the flow. The gear pumps, which 
could be used either singly or in parallel, pumped the oil from a 
common intake manifold through a heat exchanger and into the 
line where the meters to be tested were located. A plug valve in 
the by-pass line from the discharge manifold back to the lower 
tank could be adjusted to recirculate a portion of the fluid, 
thereby regulating the rate of flow through the test apparatus. 

The temperature of the oil flowing through the test lines was 
maintained by a direct set recording temperature control operat- 
ing on the steam valve to the heat exchanger. By lagging the 
lines, the temperature drop over the test line was kept below '/, 
deg F, except for extremely high temperatures and low rates of 
flow. A recording potentiometer gave an indication of the inlet 
and exit temperatures, checking those observed with thermome- 
ters in wells at the beginning and end of the test line. 

The oil leaving the test line discharged through a 4-in. line into 
a manifold at the top of the double tank and flowed through one 
or the other of two 4-in. air-actuated valves arranged so one 
opened and the other closed with pressure on their actuating 
diaphragms. When the pressure was released, their operation was 
reversed. The discharge from these valves flowed into inclined 
sections of vented 6-in. pipe, one leading to the bottom of the 
upper tank, the other to the bottom of the lower tank. These 
lines, on re-entering the tank, were enlarged and inclined to permit 
smooth flow of the fluid with a minimum of turbulence and agita- 
tion. The apparatus is shown in Figs. 1 and 2. 

The platform scales, equipped with weighing tanks, were 
located between the upper and lower reservoirs. These scales 
were of large capacity facilitating the weight determination of the 
fluid transferred during the test. Their accuracy was checked by 
periodic calibration with test weights. 

The test lines were geometrically similar, and each was fitted 
with two orifice plates and a nozzle, discharging into a 4-in. line 
containing a Venturi tube and a Venturi nozzle. Plug valves at 
either end of the parallel lines made it possible to test meters in 
any of the test lines. ; 

The important details of the various orifices used in the test 
work are shown in Fig. 3 and Table 1. 

In order to maintain a smooth undistorted inner pipe surface, 
the pressure-tap hole was drilled at right angles with the axis of 
the pipe and, after the burrs were removed, a nipple was elec- 
trically welded into place. No perceptible distortion octurred 
from following this procedure. 

All pressure connections to the differential producer were made 
horizontally and with care exercised to prevent any possibility of 
the lines becoming air- or vapor-bound. The differential pressure, 
except in a few cases, was obtained either with mercury ma- 
nometers through separating chambers containing water as a 
sealing fluid, or with inverted water manometers. 
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Chanfered .181 656 116 
2.067" Chanfered “688.062 .253.1.313 
2-6 2.067" Recessed and .690 .070 .141 2.00 1.937 - 3338 
er 
2.056" Chamfered -832 .086 .255 1.398 
2.056" Chamfered 094 .259 1.594 +5195 
2- 2.036, Plain 1.068 1 +5195 
2-9 2.067" Plein 1.127 116 5852 
2m-84999 2.067" 1.127 .098 .253 1.672 
No number 2.056" Plain 1.2097 .1 -58B8 
No number He Plein 
2m-84998 2.067"  Chamfered 1.446 100 .253 1.988 
Ro nuaber 2.056" Plain 1 1.125 7296 
Wo number 2.056" Plat 2. e305, +123 4339 
fo 2.056" Plein 1.720 .127 3 
-52231 37080"  Chamfered -460 +285 1.109 +1493 
3.080" Chaaftred +252 «1.109 +1493 
3m-85002 3.080" Chamfered 1.022  .094 .252 - +332 
3.080" Chamfered 1.022 3.241 1.648 3318 
3 ~3- 00-33 3.080" Plain 1.022 .112 +331 
-5 223: 3.080" ered 1.585 241 2.219 +51 
3603-00-52 3.080" 1.585 1ll 
3m-45003 3.080" Chamfered 1.5 100 .251 2.072 +5146 
No number 3.080" Plein ee, 1 -5908 
36-3-0U-7 3.080" Plein 2.147 
Bo number 3.080" Plain 2.2702 .123 +73708 
&:600:20 &.028" -603 .1499 
4m-45005 4.024" Chamfered -603 .062 .250 1.218 +1499 
36-4%-0U-2 4.026" Chamfered 108 1.047 1 
4M-50203 4.026" Chamfered -805 078 «1.312 19995 
50 4.025" ered 1.208 078 .249 1.750 +30012 
36-8%-00-3 Plain 1.208 106 +30012 
4M-50 4.028" ‘ered 1.610 - 245 2.141 -4001 
36-4-00- 4.028" Plain 1.610 107 +4001 
-4-0U- 4.025" Plein 2.013 108 .50012 
4.025" Chanfered 078 12 
’m-50207 4.025" Chanfered 2.41 078 =.238 2.969 .6002 
36-8-0U-6 8.025" Plain 2.416 108 .6002 
%.025" Chaafered 108 .252 3.312 .70012 
36-8-00-7 .%.025" Plain 2.818 108 +70012 
4.025" Chamfered 3.0108 4,594 
0057089 %.025" Chasfered 3.4107 .070 .253 4.000 


Test PRocEDURE 


Before starting the flow of oil, especially in cold weather, it was 
necessary to heat the oil to the point where it was sufficiently 
fluid to be handled by the pumps. This was done by admitting 
steam to coils located in the lower chamber of the double tank and 
by heating the suction line with a steam jacket. After this pre- 
liminary heating, the pumps could be started and the heat ex- 
changer placed in operation. The direct set temperature control 
on the heat exchanger would permit definite control of the desired 
temperature and consequent degree of fluidity. 

After the temperature had reached the desired value, the valve 
in the by-pass was adjusted until the desired rate of flow was ob- 
tained. The approximate rate of flow was gaged by the differ- 
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ential pressure on one of the meters in the test line. Sufficient 
time was allowed for operating conditions to become constant be- 
fore the start of any test. 

Most of the tests were started by manipulating a three-way 
valve in the air line. This valve, located as close as possible to the 
air-actuated valves which it controlled, would change the flow 
from the lower tank to the upper tank by releasing the pressure on 
the valve diaphragm. After an accurately measured time period, 
the air-actuating valves would be returned to their original 
position by application of pressure. By successive weighings, in 
each case noting the gross and tare weights of the tank on the 
platform scales, the total weight of fluid discharged during the 
test period was computed. The weighing tanks on the platform 
scales served as an intermediate stage in transferring the fluid 
from the upper to the lower chamber of the large tank. In testing 
smaller-diameter meters at low rates of flow, the oil was by-passed 
around the upper tank and allowed to flow directly into a weighing 
tank on a set of platform scales. The time taken to collect a 
definite amount of oil was then observed. 

A test crew of approximately six men was required to make the 
necessary observations of temperature and differential pressures. 
Those taking readings worked in a circuit, each man taking the 
same readings as rapidly as they could be noted accurately on a 
data form bearing the observer’s signature. The average of the 
data recorded by each man was compared with that of the group; 
in this way erratic or haphazard methods of recording data on the 
part of any member of the crew would become apparent. 

At least once each day it was necessary to remove the mercury 
manometers from the separating chambers and wash the accu- 
rhulated sediment from the surface of the mercury. This was done 
by inserting into the manometer a glass tube in which a stream of 
clear water was flowing. This agitation of the water seal would 
place the sediment in suspension and allow it to be washed out. If 
the mercury became extremely dirty, it was cleaned with dilute 
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nitric acid. In this way a clear and sharply defined surface on 
each mercury column was always obtained. 

The manometers were checked for perpendicularity at regular 
intervals. The oil levels between the two sides of the separating 
chamber were checked with a spirit level and adjusted after every 
change of differential on the manometer. This eliminated seal- 
level-calculation corrections. 


CALIBRATION OF INSTRUMENTS 


The platform scales were calibrated periodically by means of 
standard weights. Each calibration showed that the scales were 
sufficiently accurate and required no correction. The various 
bearings and knife-edges were washed periodically with gasoline. 
Weight readings may be considered accurate to 0.5 lb. 

All thermometers used were checked against a standard 
thermometer, and all gages were calibrated against a dead-weight 
tester. The stop watches were checked against Western Union 
time. 

The orifice diameters measured by the Bureau of Standards 
were stamped on the orifices and used in all calculations. 


Tue FLowina Liquip 


The flowing liquid was a viscous mixture of lubricating oil and 
gas oil. With a temperature range of 50 to 220 F, viscosities of 
3400 to 58 see Saybolt Universal viscosity could be obtained. 


INTERPRETATION OF RESULTS 


It was observed at one stage of the test work that the flowing 
oil had become contaminated with a material which caused 
erratic viscosity measurements at temperatures below 90 F. This 
condition was found to be due to wax coming out of solution, 
giving a heterogeneous mixture of varying proportions, therefore 
accounting fay the variations of viscosity. In addition to giving a 
_ faulty or erroneous Reynolds number, this condition was believed 
likely to result in a deposit on the face of the orifice which would 
impair the sharpness of the upstream edge. On the basis of this 
analysis, the test supervisor designated a group of runs on which 
he considered all values taken at temperatures below 90 F to be 
questionable. As a result, in making this analysis, to remove 
all doubt, all tests in this group at temperatures less than 100 F 
were disregarded. The other tests made with this oil are desig- 
nated on the graphs of the original data‘ by the symbol ‘‘X.” 

A new oil, free of wax, was later used in the test program. This 
oil gave results that were in good agreement with those obtained 
with the original oil. The test results, cross-plotted in graphical 
form, are shown in Figs. 6 to 8, and as families in Figs. 4 and 5. 

On some Beta ratios, test points indicated two separate and 
distinct curves. In such cases, both curves were plotted and the 
data from each transferred to the cross-plots. See Fig. 6, Rd* = 40, 
60, 80, 100, and 150 at 8 = 0.3318 on 3-in. pipe, and Figs. 7 and 8, 
Rd = 1000, 1500, 2000, and 3000 at 8 = 0.8474 on 4-in. pipe. The 
alignment of the adjacent points on the cross-plot then indicates 
the correct value. It was believed that this procedure was better 
than drawing a curve which was the average of the two curves, in- 
asmuch as there was a likelihood that one set of test points was 
correct and the other inaccurate due to some fault in the setup 
Which existed only during that series of runs. 

Tests on Beta ratios above 0.75 were used for determining the 
trend of the curves only. It was considered inadvisable to en- 
courage unsound measurement practice by publishing coefficient 
data on Beta ratios above 0.75 in the lower Reynolds-number 
Tange. The data on the 4-in. pipe were considered inadequate to 
Justify a separate family of curves. 


‘The original data may be obtained from the files of the 
ASME., 29 West 39th St., New York, N. Y. 
Rd = Reynolds number at orifice. 
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PIPE-FLANGE TAPS 


Fig. 5 


The original test-data plots were made on a scale which per- 
mitted showing values up to Reynolds numbers of 100,000. This 
permits checking the alignment of the high ends of the curves with 
the data published in the A.S.M.E. Fluid Meters Report which 
may be considered accurate to '/2 per cent at this Reynolds num- 
ber. 


CONCLUSIONS 


The only data which are directly comparable to these covered 
in this paper are the coefficients for 2, 3, and 4-in. pipes pub- 
lished in the A.S.M.E. Fluid Meters Report. It will be noted 
that the agreement is good where the values join at a Reynolds 
number of 10,000. 

Although the work of Robert L. Daugherty of the Goulds 
Pump Company (Bulletin 130) “‘A Further Investigation of the 
Performance of Centrifugal Pumps When Pumping Oils,” was 
performed on commercial pipe, as is reported in this paper, com- 
parison with it is questionable because he used thick orifice plates 
and pressure taps drilled into the faces of the orifices. The work of 
G. L. Tuve and R. E. Sprenkle, of J. L. Hodgson, of F. C. Johan- 
sen, of R. Witte, and of H. G. Geise all involve differences in tap 
location and relative smoothness which make direct comparison 
questionable. Taking the data of G. L. Tuve and R. E. Sprenkle 
(5) as representative of this group, they were compared with the 
values derived in this paper, and the comparison is shown in the 
series of cross-plots, Figs. 6 to 8. A reasonable agreement will be 
observed, allowing for the differences due to tap locations which 
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affect principally the high Beta ratios, and differences due to 
relative smoothness which are effective throughout the range. 
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Discussion 


R. G. Fousom.' A complete series of experiments on orifice 
calibrations involves a tremendous amount of careful work. The 
commendable results presented by the authors are worthy of 
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additional thought and investigation. A preliminary study of the 
summary curves indicates certain discrepancies which are of 
greater order of magnitude than the experimental error, thus a 
discussion of flow-conditions in the experiments may be in order. 

Accepting the coefficients as correct for the conditions of the 
test, one can approach the problem from the fundamentals of 
fluid mechanics. On this basis, the apparent discrepancies in 
coefficients involve the following: 


(a) Difference in coefficient curves with absolute size for a 
Ziven 8 and Rd. 


, tad _ in coefficients of 3 to 4 per cent at lower Rd and 


When experimental results are correlated on the basis of Reyn- 
olds Rumber, the flow characteristics are determined by the 
— and viscous forces. In order that the correlation be satis- 
actory, dynamic similarity must exist (this in turn requires 


kinematic and geometrical similarity). If these conditions occur, 
the coefficients for a given type of orifice should be a function of 
Rd and 6 alone and independent of the absolute size of the pipe. 
The curves in Figs. 4 and 5 demonstrate that the coefficient 
characteristics are a function of pipe size. This relationship is to 
be expected since flange taps do not provide geometrically similar 
orifice installations. It is unfortunate that the results are de- 
pendent upon pipe size, since experience in other fields of fluid 
mechanics, particularly in aerodynamics, indicates that the pipe 
diameter could be eliminated through selection of geometrically 
similar pressure-tap locations. 

The paper is not clear regarding which joint number was used 
for testing the various orifices. Since the length of straight pipe 
upstream from the orifice is limited, i.e., about 19 diam between 
joints 2 and 3, the differences in upstream velocity distributions in 
the vicinity of the orifice might account for the coefficient differ- 
ences for 8 = 0.33. Further comments and data on this point 


rT Uy {| eR 
ane 
| i | a | 
ER 
|_| 
| | | 
| 
| | 

| | 

| | | | | 

| | | 

7 
38, 
er, 
by 
‘he 
0 


TRANSACTIONS OF THE A.S.M.E. 


810 

@ 2° + tt $ t 

rel TUVE SPRENKLE (CORNER TAPS) T 4 T 
4 


== 
| 
| 
+ 
—{_+ 


Fic. 


would be desirable since theoretical and experimental results*® 
show that normal velocity distributions in viscous flow are not 
established generally at a section only 20 diam downstream from a 
sharp-edged entrance section. . 
Although not exact, it is interesting to consider an analogy 
between flow in pipes and through orifices. In pipes, three re- 
gimes of flow exist at various Reynolds numbers (viscous, tran- 
sition, and turbulent). Viscous and turbulent flow are relatively 
stable, but the transition region depends to a large extent upon 
the local condition. By analogy, the same three regimes may 
apply to flow through an orifice. Also, the viscous and turbulent 
flow may be relatively stable (illustrated by the constant co- 
efficients throughout the turbulent region) and the transition 
region (Rd = 100 to 10,000) may be very sensitive to the geometry 
*“‘Applied Hydro- and Aero-Mechanies,”’ by Ludwig Prandtl and 


O. G. Tietjens, McGraw-Hill Book Company, Inc., New York, 
N. Y., 1934, pp. 24-29. 
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of the complete installation. If this condition exists in the tral 
sition region, it may not be possible to specifiy a standard set o! 
orifice coefficients throughout the transition region. The author 
experience and comments on this point would be valuable. 


G. 8. Pererson.? This paper presents valuable data on orifice 
coefficients for low Reynolds numbers since there is a real need fo" 
data on this type of flow. It is noted that reference is made in th 
paper to data on other than flange taps. It is hoped that te 
authors plan to present these data in a future paper. At preset 
there is nothing in the A.S.M.E. Fluid Meters Report on oriite 
coefficients for Reynolds numbers below 10,000. Based on t 
nature of the data given in this paper, together with other avail 
able data, do the authors feel that it is feasible to establish 8 = 
of basic values for orifice coefficients at low Reynolds numbers! 


7Gulf Research and Development Company, Pittsburs). Ps 
Mem. A.S.M.E. 
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AMBROSIUS, SPINK—COEFFICIENTS OF DISCHARGE, SHARP-EDGED CONCENTRIC ORIFICES IN PIPES 811 


While papers such as this one, together with work by Tuve and 
Sprenkle, Hodgson, Johansen, and Witte, provide very valuable 
information, it is felt that some data should be given in the Fluid 
Meters Report on this type of flow. 


AuTHORS’ CLOSURE 


The authors wish to thank Prof. R. G. Folsom and Mr. G. 8. 
Peterson for their interest in the paper, and will answer the 
questions raised in so far as possible. 

Experimental results* indicate that 19 pipe diameters are more 
than adequate to secure accurate measurement after a disturb- 
ance which causes an abnormal velocity pattern, at Reynolds 
numbers above those at which our tests were performed. The 
transition lengths referred to by Professor Folsom® are those re- 
quired for reproducing normal center velocity within | per cent. 

Since transition length® is found to be equal to a constant 
times the diameter times Reynolds number, less spacing theo- 
retically would be required at low Reynolds numbers, unless the 
change in the factor for kinetic power’ is greater for the viscous- 
flow pattern than for the turbulent-flow pattern. 

Assuming V, the velocity at any point in the pipe, = V, 
{1 — (ay?)/r?], in which V, = center velocity, a = const, ap- 
proximately equal to 2{1 — (V)/V,] for normal velocity pat- 
terns, y = distance from center line to point of velocity meas- 


urement, and r = radius of pipe, then A,/K,, the factor for 
kinetic power is 1 + — ~. Since the change in this 
(2 — a)? 
factor is ———. Aa, it is possible that the rapid increase in 
(2 — a)’ 


the factor for kinetic power in the viscous-flow range may, under 
some conditions at high 8 ratios, overbalance the decrease in 
transition length resulting froma decrease in Reynolds number. 

Because the factor for kinetic power is a multiplier for 84 in the 
velocity-of-approach factor, the effect of any deviations from 
normal velocity distribution likely to be present after 19 pipe 
diameters must be negligible in the lower 8 ratios. 

The assumption that orifice coefficients should not manifest 
differences due to pipe size not found in other fields of fluid me- 
chanics is an over-simplification of the facts. Photographic 
study"! shows the pickup of quiescent fluid surrounding the 
jet issuing from an orifice at low Reynolds numbers. This could 
conceivably create dimensional effects not present in other flow 
phenomena. 

Also, in tests such as these asing commercial pipe, differences 
in comparative roughness create an element of dissimilarity. 
Doubtless a better similarity could be obtained by using specially 
prepared pipe and orifices with pressure-tap and flange section. 
Under this condition, however, the results would not be com- 
parable with commercial pipe and installation, which was the 
primary objective in these tests. 

Differences in relative sharpness are known to be sources of 
coefficient discrepancies in small orifices. It is impossible by 
Present boring methods to maintain a degree of sharpness in 
small orifices which will make this effect negligible or to produce 
geometrically similar edge radii. 

Despite the difficulties just mentioned, it is encouraging to 


; “History of Orifice Meters and the Calibration, Construction and 
Peration of Orifices for Metering,’ Report of the Joint A.G.A.-A.S. 
M.E. Committee on Orifice Coefficients, 1935; reprinted by the 
A.S.M.E., 1936. 
. 2 “The Effect of Installation on the Coefficients of Venturi Meters,” 
y W. 8. Pardoe, Trans. A.S.M E., vol. 58, 1936, paper No. Hyd. 58-6. 
z Refer to “Calculations” at end of closure. 
Manner of Liquid Flow Through a Pipe Line Orifice,” by O. L. 


216-299. ustrial and Engineering Chemistry, vol. 30, 1938, pp. 


observe the reasonable agreement with the Tuve and Sprenkle 
data (5) on different pipe sizes, different tap locations, and dif- 
ferent roughness factors. 

The authors feel that with sufficient data, properly correlated, 
it may be entirely feasible to establish coefficients at low Rey- 
nolds numbers. They do not feel qualified, however, to make a 
positive statement in this connection at this time. This should 
come from the proper subcommittee of the Fluid Meters Re- 
search Committee of the Society. Likewise, a statement relative 
to a paper in the future, covering other taps, should come from 
this same subcommittee. The authors have solicited com- 
ments from Mr. H. S. Bean, Chairman of the Subcom- 
mittee on Metering Small Rates of Flow of the A.S.M.E. Special 
Research Committee on Fluid Meters, which is studying this 
problem, and Mr. S. R. Beitler, Chairman of the A.S.M.F. 
Special Research Committee on Fluid Meters. 


ComMENT BY H. S. ann S. R. BEITLER™ 


The question is raised as to the possibility of presenting at this 
time authoritative values of orifice coefficients at low Reynolds 
numbers. For this question low Reynolds numbers may be con- 
sidered as values of R, below 25,000 or Rp below 20,000. From 
the standpoint of such a body as the A.S.M.E. Special Research 
Committee on Fluid Meters, this question brings up the com- 
panion question of the advisability of presenting such coeffi- 
cients at this time. Let us consider these questions in order. 

The present paper and that by Tuve and Sprenkle (5) present 
the best sets of data on orifice coefficients within the Reynolds- 
number region in question. Figs. 1 and 3 of the Tuve and 
Sprenkle paper, apply to both corner and vena-contracta taps. 
Since these two sets of taplocations encompassflange-taplocations, 
we may assume the curves apply to flange taps also. Com- 
paring values by Fig. 5 of the present paper with those in Fig. 3 
in the Tuve and Sprenkle paper, it appears that these two sets 
of curves are within 1'/, per cent of their mean values. How- 
ever, it should be noted that this comparison is limited to values 
of 8 from 0.2 to 0.5, inclusive, and R, from 100 to 10,000. 

Now consider the more extended range as represented by 
Figs. 5 and 1 of the respective papers. For 8 = 0.75 the maxi- 
mum value of C by Fig. 5 is 0.89, and from Fig. 1 it is 0.875, 
a difference of 1.7 per cent. However, the corresponding values 
of R, are 400 and 1000, a relatively wide spread. Following the 
usual procedure of comparing the values of C at corresponding 
values of R,, we find for R; = 1000, C = 0.86, andC = 0.875; 
and at R, = 400, C = 0.89, and C = 0.86. Similar comparisons 
can be made for other values of 8 and Rj. 

From a comparison such as outlined, it would appear possible 
to draw up composite curves of orifice coefficients for two or three 
pipe sizes, for values of R, down to about 40 or 50, and values of 
8 below about 0.75. It is to be expected that the probable un- 
certainty in such curves would be in the order of +3 to +5 per 
cent. 

However, attention is called to the fact that the foregoing 
comparison of the two papers is very superficial, and that the 
two sets of tests are not as directly comparable as the preceding 
statements may imply. In the first place Tuve and Sprenkle 
used a smooth tube as a meter run, while the meter runs at the 
University of Oklahoma were good commercial pipe. Also, 
for large values of 8 in the 2-in. pipe, the outlet flange tap is 
outside of the vena-contracta tap location. Any attempt to 
prepare a composite set of curves from these two papers would 

12 Chief Fluid Meters Section, National Bureau of Standards, 
Washington, D.C. Mem. A.S.M.E. 

13 Professor of Hydraulic Engineering, Ohio State University, 
Columbus, Ohio. Vice-President A.S.M.E. 
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have to involve some leveling assumption for placing the two sets 
of data on a more nearly comparable basis. 

As to the second question, it is apparent that any composite 
set of curves for the purpose under discussion, would, at best, 
cover only a small portion of the desired and useful range of 
conditions. The degree of possible uncertainty would be rela- 
tively much greater than that applying to similar data published 
by the committee heretofore. Also there has been appointed 
by the committee (i.e., the Fluid Meters Committee) a subcom- 
mittee to conduct research on the metering of small rates of 
flow of fluids. The program of research which this subcommittee 
has drawn up will provide the data for establishing the coeffi- 
cients of both orifice and flow nozzles at low Reynolds numbers, 
and joining them with the present curves for the high Reyn- 
olds-number range. This subcommittee is prepared to start 
its research program as soon as funds for it are available. 

In view of these considerations it is our opinion that the Fluid 
Meters Committee, as such, should not be the authority for 
orifice-coefficient curves at low Reynolds numbers at this time, 
Pending the time when the results of the subcommittee’s re- 
search become available, we will be glad to encourage and assist 
anyone in trying to extend the existing curves for the high 
Reynolds number range into the low Reynolds number range, 
with such data as are at present available. 


CALCULATIONS BY AUTHORS 


Nomenclature. The following nomenclature is used in sub- 
sequent calculations: | 


V = velocity at point of measurement 
V. = velocity at center of pipe 
a = coefficient of parabolic distribution of velocity in pipe 
y = distance from center line of pipe to point of velocity 
measurement 
= radius of pipe 
kinetic power calculated on assumption that velocity 
is constant and equal to V 
actual kinetic power 
average velocity 
weight of fluid passing in unit time 
acceleration of gravity 
density 
height of tap above fixed reference level 


Calculated Kinetic Power (assuming V = V) 
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Calculation of Actual Kinetic Power 


2\3 
K, V3 Qeydy -2f Qudy 
29 Jo 29 Jo r? 
(2g) (4a) 


K, (2 — a)? 
Rate of Change of Factor for Kinetic Power 


Slope 
K, 
4a 


da (2—a)! 
Application of Factor for Kinetic Power to Bernoulli Theorem 
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A Simplified Method for the Design of 


Vibration-Isolating Suspensions 


By R. C. LEWIS! anp KARL UNHOLTZ? 


The paper presents a new type of chart treating of 
coupled natural frequencies of suspended bodies showing 
frequency ratios, nodal positions, and optimum selection 
of ratios directly in terms of physical dimensions of body 
to be mounted. Characteristics of newly designed family 
of isolator units are described. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


4-A, B-B = principal inertia axes 
CG = center of mass 
d = distance from elastic axis to center of mass 
d, = distance parallel to d from the resilient unit n to 
axis A-A 
elastic axis; point on rigid body or extension of 
body through which any externally applied 
force will cause pure translation of body in direc- 
tion of applied force 
summation of principal stiffnesses of resilient units 
in d or vertical direction = ky» + ke + ..... + 
Kine 
summation of principal stiffnesses of resilient units 
in S or horizontal direction = kig + ken + 
+ kan 
K, = summation of principal stiffnesses of resilient units 


EA = 


in direction perpendicular tod and S; = kip + 
kop + ..... + ky» 

m = mass 

r, = radius of gyration about axis perpendicular to A-A 


and B-B and passing through their intersection 
distance, perpendicular to d, from elastic axis to 
the resilient unit of stiffness '/,K,, '/.Ky. 
distance, perpendicular to d, from elastic axis to 
resilient unit n. 
horizontal displacement of the CG considered posi- 
tive to right 
angular rotation of body m about axis perpendicu- 
lar to A-A, B-B, considered positive counter- 
clockwise 
V Ky,/m = frequency of restrained mode, consist- 
ing of X-motion only, radians per sec) 
= Vertical natural mode frequency, radians per sec 
higher and lower coupled natural mode frequen- 
cies consisting of X- and ¢-motion, radians per 
sec 
‘Research Engineer, Aero-Elastic Research Laboratory, Massa- 
chusetts Institute of Technology, Cambridge, Mass. Method de- 
veloped while Chief Engineer, The MB Manufacturing Company, 
Inc. Mem. A.S.M.E. 


.' Vibration Engineer, the MB Manufacturing Company, Inc., 
New Haven, Conn. 
Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
HE AMERICAN SocteTY OF MECHANICAL ENGINEERS. 
OTE: Statements and opinions advanced in papers are to be 
understoo 


d as individual expressions of their authors and not those 
of the Society. 


Wmax, Wmin = Value of highest natural frequency and value of 
lowest natural frequency considering decoupled 
vertical natural mode as well as two coupled 
natural modes consisting of X- and ¢-motions, 
radians per sec 


INTRODUCTION 


The design of flexible mountings for the vibration isolation of 
equipment or machinery has long remained in the twilight zone 
between applied mathematics and engineering practice. Stand- 
ard texts (1, 2),° for the most part, have confined themselves to 
the exposition of vibration theory, with specific examples of the 
application of the theory to certain problems. Very little has 
been done to work out design methods for applying the theory, 
without recourse to the original equations of motion, in a form 
sufficiently simpler to be useful. 

A great number of engineers do not have time to redigest the 
theory prior to each application to a design problem. Most at- 
tempts to improve this situation have resulted either in extreme 
oversimplification or in a new set of reduced parameters almost 
as difficult for the untrained to comprehend as are the original 
equations. 

Lacking a suitable straightforward approach to mounting de- 
sign, many individuals or concerns delay the provision of iso- 
lating means in the hope that isolation may not be required. A 
mount designed later as a result of necessity is generally com- 
promised in meeting the dynamic requirements by limitations of 
existing structure and interferences. 

It is hoped that the simplicity of the chart and design method 
presented will foster the practice of designing the isolating sup- 
port while the structure of the machine or equipment can still be 
adapted to advantage. This practice will be of benefit in im- 
proving the dynamic characteristics of isolating suspensions, and 
in increasing the durability of commercial isolators as a result of 
application to best advantage. 


GENERAL CONSIDERATIONS IN FLEXIBLE SUSPENSION DesIGN 


The design of a flexible suspension to isolate a machine or 
piece of equipment should consider the placements of all natural 
frequencies which will be acted upon by components of the vibra- 
tory excitations, placing the natural frequencies at a low value 
relative to the frequencies of their respective exciting compo- 
nents, as Outlined in vibration texts (3). 

In general, a design method should allow the placement of all 
six natural frequencies of the mass to be isolated, rather than only 
a few selected frequencies which, erroneously, may be thought 
to be of unique importance. A design method allowing the 
selection of all six frequencies can easily exclude consideration of 
those not important in specific cases. 

The design of a suspension for isolation consists of two general 
steps: 


1 The selection of a number of flexible isolator units, prefera- 
bly standard and commercially available. 


2 The placement of these units relative to the body to be 


* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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isolated so that all six natural frequencies are below the exciting 
frequencies. 


The two steps are interrelated. Most design methods now in 
use require the selection of mount points and units, the analysis 
of the resultant frequency spectrum by recourse to the equations 
or charts, and suitable adjustment of the units and/or mount 
characteristics until a reasonable spectrum is obtained. 

The random selection of mount units and locations would, in 
general, require the analysis of a problem involving the simultane- 
ous solution of six differential equations of the second order. 
Most designers do not consider this practical, and so have been 
taught to take advantage of simplifications resulting from selected 
placement of the units. An excellent review of the general prob- 
lem of vibration isolation is given by J. N. Macduff, who presents 
methods for both simplified and complex analyses (4). 

The simplifications of the chart method of design here pre- 
sented result from a study of the variables of the equations of 
motion and a regrouping of these variables. It has been found 
that a large amount of the confusing multiplicity of choices open 
to the designer can be resolved by the breeding of a new family of 
vibration isolators which have orderly characteristics, and reduce 
certain of the variables to controlled parameters. These simpli- 
fications result in a design method which uses synthesis rather 
than the cut-and-try methods of analysis. 

The chart in effect is a space plot upon which the actual outline 
of the body to be isolated can be projected. The selection of 
mount points for a simple suspension of the object may be spotted 
on the chart outline, and for the selected points the complete 
dynamic solution of the suspension can be read directly from the 
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chart. Furthermore, the chart makes immediately obvious pre- 
cisely what mounting points provide the best obtainable fre. 
quency spectrura. 

It has been proved rigorously that for the ordinary simple 
suspension the spectrum obtained by the placement of resilient 
units selected from a scientifically graduated family of isolators 
at the points indicated by the chart cannot be bettered by the 
use of resilient units of any other characteristics placed in their 
optimum positions. 

By suitable transformations the basic chart is also useful in 
the design or analysis of more complex suspensions. 


Tue “Isomopr’’* Design CHART 


In general, it is possible to design an isolating suspension for the 
six degrees of freedom of a body, which suspension has only two 
sets of coupled modes, these being the coupled rotation and 
translation in each of two orthogonal planes, all other coupling 
between modes being eliminated. Such a suspension, obviously, 
may be analyzed by the independent consideration of the pro- 
jections of the physical system on each of three orthogonal planes. 

The Isomode design chart in Fig. 1 represents such a plane, 
and has plotted on it solutions to the equations of motion of a 
resiliently mounted rigid body, the derivations of which will be 
treated later. The chart reproduced here is a composite of 
several relationships, each relationship being drawn only in one 
quadrant; for practical use it may be desirable to use several 
charts, each showing one or more relationships plotted in each of 
the four quadrants. 


4 Trade-mark, The MB Manufacturing Company, Inc. 
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ASSUMPTIONS AND DEFINITIONS FOR Use ov IsomMopE DesiGn 
CHART 


Axes of Chart. In general, the chart represents a plane formed 
by the intersection of two of the three principal inertial axes of 
the body. The chart axes d/r and S/r represent the two principal 
axes, intersecting at the center of gravity of the body, and di- 
mensions along the chart axes represent distances along the inter- 
secting principal inertial axes of the body, when these dimensions 
are drawn to the scale of r, the radius of gyration of the body 
about the third principal inertial axis. 

Principal Inertial Axes. The inertial properties of a body are 
completely defined by the location of its center of mass and the 
magnitude of its mass, the location of the axis about which the 
moment of inertia is a minimum and the magnitude of the radius 
of gyration about this axis, the location of a second axis (per- 
pendicular to the first) about which the moment of inertia is a 
maximum and the radius of gyration about this axis, and the 
magnitude of the radius of gyration about a third axis perpendic- 
ular to both of the others. The axes so defined are the principal 
inertial axes of the body® (5, 6). 

Properties of Resilient Units: (a) Stiffness Ratio. The chart 
in Fig. 1 is drawn for a stiffness ratio of unity. More compli- 
cated charts may be drawn for other constant ratios of stiffness. 

The properties of a resilient unit are defined by the values of 
the unit stiffness in each of three mutually perpendicular direc- 
tions, one direction being that of maximum stiffness, and one of 
minimum stiffness. Most commercial lines of units have the 
stiffnesses along two of the three axes equal. The Isomode units, 
for which this particular chart was drawn, have equal stiffnesses 
in each of three mutually perpendicular directions. 

In deriving the chart relationships, stiffness ratio is defined as 
vertical stiffness /horizontal stiffness, or k,/k,, where horizontal 
and vertical refer to orientation with respect to the chart axes 
(not necessarily to the physical body in space). See also ‘‘Orien- 
tation of Resilient Units,”’ which follows. 

(b) Gradation of Stiffness. The family of Isomode isolators 
has a gradation of stiffness, regardless of load capacity, which 
increases by intervals equal to V/ 10, that is, the stiffness rela- 
tionship of any unit /, to the stiffness of the next stiffer one in the 
series, mk, is mk = /10 k or approximately mk = 1.2k. 

This relationship is used only in drawing the curves lettered B 
through H on the chart, Fig. 1. 

Location of Resilient Units. The resilient units selected must be 
so placed, in each of the three views of the body, that their com- 
bined elastic center falls on the d/r axis of the chart, and so that 
the sum of their elastic cross-coupling terms is zero. 

The first-mentioned requirement is made automatic in the 
design of simple suspensions by the use of the Isomode chart, and 
the second requirement is, in general, fulfilled in the presence of 
the first when all the units are in a plane parallel to the S/r- 
axis, 

Orientation of Resilient Units. It is assumed that the principal 
stiffness axes defined in section (a) of the foregoing are parallel 
to the chart axes. 

An examination of the chart relationships derived later shows 
that, when applied to the solution of three-dimensional problems, 
4 family of units must be available in which the stiffness ratio of 


* Note that in certain symmetrical bodies the moments of inertia 
about two or all three principal axes may be equal. Any two axes 
at right angles may be considered principal axes when in a plane con- 
taining axes of equal moments of inertia. 

The location of the principal inertial axes of a body can be de- 
termined by experiment (refererce 6, p. 130), or in most cases esti- 
mated with sufficient accuracy for practical purposes. The values 
of the radii of gyration can also be estimated to a fair degree of ac- 
curacy by an adaptation of Roth’s Rule (see reference 6, p. 36). 


SIMPLIFIED METHOD FOR DESIGN OF VIBRATION-ISOLATING SUSPENSIONS 
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each unit is a constant, and therefore equal to the stiffness ratio 
of the suspension, that is, k,/ky = A,/Ky = const, and k,/k, 
= const. 

Whereas for most commercial isolators this assumes a definite 
orientation relative to the body and its supporting structure in the 
design of attachments, it should be noted that the nondirectional 
properties of a family having unity stiffness ratio allow attach- 
ment with any physical orientation to the body without violating 
this requirement. These requirements may be defined generally 
by reference to Fig. 2 which represents the projection of a gener- 
alized body on a plane formed by two of the body’s principal iner- 


_tial axes A and B. 


This body has a mass m, and a radius of gyration r, about the 
third principal axis of inertia. It is supported by n resilient units 
each having principal stiffness axes oriented parallel to the 
principal inertial axes A, B, and C. If the A and B co-ordinates 
(S and d, respectively) are divided by r, the figure may be plotted 
on the S/r and d/r co-ordinates of the Isomode design chart, 
Fig. 1. 

APPLICATION OF ISOMODE DresIGN CHART 


Let us suppose that it is required to design a simple isolating 
suspension for the body shown in Fig. 3, which represents three 
views of the body projected on planes parallel to those formed by 


GENERALIZED RESILIENTLY SUPPORTED Bopy anp Its 
EQuiIvALENT UNDER ConpItIONS OF DestGN METHOD 


Fic. 2 
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Fic. 3. Turee Views oF Bopy OsTAINED BY PrRoJecTING It on 
PLANES PARALLEL TO THOSE FORMED BY PRINCIPAL INERTIAL AXES 
(Resilient supports are to be mounted in plane under base of body.) 


the principal inertial axes. The resilient units are to be mounted 
in a plane under the base of the object, and attached to the in- 
dicated supporting surface. 

Considering first view (a) in Fig. 3, the dimensions of the body 
may all be divided by r4, and the outline may then be drawn up- 
side down on the chart as shown in Fig. 4. This inversion of the 
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drawing would of course not be necessary on a complete chart 
showing the relationships in all four quadrants. 

The upper right-hand quadrant of the chart contains two fami- 
lies of curves representing frequency ratios. If we wish to place 
resilient units beneath the base of the object at points p, we read 
directly from the chart 


(=) = 2.0 and (=) = 0.79 
Wmin / 4 wTR/ 4 


Likewise, in the upper left-hand quadrant of the chart we read 
for point p the values of the deflection ratios (x/r)/¢ equal to 2 
and —'/;. These values can be plotted directly on the d/r-axis 
as nodal positions, q, being the node for motion at frequency 
wmin, located at d/r = 2-(in the direction of the elastic center as 
measured from the center of gravity), and g: being the node for 
motion at frequency wmax. On closer inspection it will be found 
that placement of resilient units at any other points along the 
base of the object will result in a higher frequency ratio 
(wmax/w#min), Which represents the total frequency spread of the 
three modes in the plane of Fig. 3(a). ; 

The significance of the ratio (wmax/wmin) will be apparent to 
those who have worked with isolating suspensions. When this 
ratio becomes high, it generally means that the suspension will 
attain isolation only at the expense of stability or, more fre- 
quently, stability at the expense of isolation. To achieve isola- 
tion, the highest suspension frequency, wmax, must be consider- 
ably lower than the exciting frequencies and often between 400 
and 600 cycles per min. If the ratio (wmax/wmin) is high, the value 
of the frequency wmin may be very low, which indicates a rocking 
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mode of low frequency and therefore poor stability. Design 
for both stability and isolation therefore considers the fre- 
quency ratio (wmax/wmin) first, and the final placement of wma; is 
made to locate the designed spectrum for isolation against the 
exciting frequencies. 

Examination of the chart further reveals that the lines Ao rep- 
resent the loci of points at which, for any value of d/r, the fre- 
quency ratio (wmax/wmim) is a minimum. It will be proved later 
that if a simple base mounting is required, the frequency ratio 
indicated by the intersection of the line Ao with the base of the 
object to be mounted is the lowest frequency ratio obtainable 
regardless of variation in stiffness ratio or position along the 


base 


Noting that for the object of Fig. 3(a), the points p lie at « 
value of S/r = 1.25 we have 


S, = 1.25r, = 1.25 X 8 = 10 


which can be located on Fig. 3(a) as the selected optimum loca- 
tion for the base mount in this view. 

Considering next Fig. 3 (b), the dimensions of the body in this 
view may all be divided by rg and the outline may then be drawn 
upside down on the chart as indicated in Fig. 5 by the broken 
lines. 

Intersection of the line Ay with the base of the object at points 
p’ indicates the optimum location for mountings of equal stiffness 
in this view, and we read from the chart 
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Fic. 5 View (b) oF Fic. 3, SuPERPoseD ON IsomopE DesiGN CuHart or Fig. 1 
(Broken line shows inverted position; solid line shows normal position.) 


z/r 
= 16,— — 
1.6 


The nodal points are again plotted on the d/r-axis as points 
(q’): and (q’)s, and the dimensions 


= 12 1.11 = 13.3 
are indicated in Fig. 3(0). 

It is noted that mounts of equal stiffness placed at an equal 
distance on either side of the principal axis through the center 
of gravity give an awkward appearance due to the overhang to 
the left. The requirement of Equation [4] can be satisfied 
automatically by redrawing Fig. 3(b) to the scale of rz right side 
up as shown by the solid lines on Fig. 5, in order to use the family 
of curves in the lower quadrants. Any pair of these curves, such 
as B and B, or C and C:, etc., may be used to indicate, by inter- 
section with the base of the object, the proper location of selected 
units of unequal stiffness which will satisfy the condition of 
Equation [4]. 

It will be recalled that in (b) of the preceding section it was 
stated that the family of units for which this chart was drawn 
has & gradation of stiffness such that mk = 10‘/%. By virtue 
of this uniform gradation of stiffness the lettered family of curves 
can be interpreted as follows: 


All design requirements will be met when (a) two resilient unita 
of equal stiffness are used at the intersection of curves Ao, Ao 
with the base; (b) two resilient units are used, one having a stiff- 
ness of k placed at the intersection of one of the lettered curves 
and the base, and the other having a stiffness 10'/1*k placed at the 
intersection of the correspondingly lettered curve having a sub- 
script identifying the numerical value of i. 

Thus if the curves B and B, are used, any desired unit of the 
isolator family may be selected for the stiffness value k, and the 
unit one stiffness interval higher in the family (i.e., 20 per cent 
stiffer) will be used for the unit of stiffness mk. Thus the letter 
subscript indicates directly the interval of the required isolators 
in the gradated family. Referring again to Fig. 5, the points 
p” on curves E and &, are selected as being approximately at 
equal distances from the ends of the body, and it is immediately 
seen from the subscript 4 that a base unit will be selected from 
the family, together with one having a stiffness the fourth interval 
higher. The frequency ratios and nodal positions determined 
from the points p’ are not changed. 

Summarizing, by superposing Fig. 3(a), drawn to the scale of 
r4, and Fig. 3(b), drawn to the scale of rg on the chart, we have 
found the optimum mount locations by inspection, and have 
read the values of the frequency ratios 
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(=) = 1.6; (=) = 0.82 
@min/ B B 


@max 
‘e ( ) = 1.6 X 0.82 = 1.31 
B 


@TR 


It can also be shown by detailed calculation that the frequency 
ratio of degoupled rotation in Fig. 3(c) to translation is 


(==) + 13.3? 
c 


= 1.04 


@TR Te 16 


All that remains is to select the proper units to place at the four 
points under the base. 

Since the body shown in Fig. 3 weighs 900 lb, a unit may be 
selected from the Isomode series having a stiffness of 1500 lb 
per in., of which we will use two, and a unit for intervals up the 
scale having a stiffness of 3200 lb per in., of which we will use 
two. 

From Equation [2] we have 

K, = =k,, = (2 X 1500) + (2 X 3200) = 9400 lb per in. 

n 


and 


900 
9400 = 0.0957 in. = dsr 


The translational frequency frr can be taken from a chart of 


the relationship frr = 188 V 1/ésr (Fig. 6), or calculated from 
the well-known relationship 


K, 9400 
frr= 9.55 @{— = 9.55 y2 = 605 cycles per min 
m 2.33 
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Fic. 6 RELATIONSHIP OF DECcOUPLED TRANSLATIONAL FREQUENCY 
To Static DEFLECTION 


The complete frequency spectrum is then obtained in relation 
to the calculated frequency by using the ratios already deter- 
mined 

frr = 605 cycles per min 


Jmax a = 1.58 frr = 956 cycles per min 


fmin a = 0.79 frr = 478 cycles per min 


fax b = 1.31 frr = 793 cycles per min 


fmim 6b = 0.82 frr = 496 cycles per min 
frot = 1.04 frr = 630 cycles per min 


Should the higher natural frequencies prove too high for proper 
isolation of the exciting frequencies, either from inspection of the 
calculated frequencies or as determined by experimental test, 
we have only to soften the support units by dropping each the 
same number of intervals in stiffness gradation. We may rest 
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assured that the suspension design is optimum—there is no need 
to cut and try by varying the mounting points, so long as we are 
restricted to a base mounting. If we must further decrease the 
frequency ratios by departing from a base mounting, use of the 
chart will immediately tell by inspection the frequency ratios 
for any other selected mount points. 


DERIVATION OF EQUATIONS 


The conditions under which the general case of a suspended 
body, Fig. 2(a), reduces to the simplified suspension of Fig. 2()), 
are stated as follows 


Kv = kv + kv + [2] 
Qkin + + ..... + dnknn = dKuy...... [3] 
Sikw + Sokw + ..... + Sake = 0......... (4) 
— + = S*Ky.......... [5] 
[6] 

n 


These equations define the terms K,, Ky, S, and d; place the 
elastic axis on a principal inertial axis, require elimination of in- 
terplanar coupling, and establish equivalence of the rotational 
stiffness. 

In the interest of brevity, detailed development of equations 
will be eliminated. Solution of the equations of motion for the 
system of Fig. 2(b), neglecting damping, gives three natural fre- 
quencies of the resiliently mounted body as follows 


4\Ku r? Ku r?! 

Equation [7] gives the frequency of the decoupled vertical 
motion and Equation [8] gives two frequencies for motions of 
combined rotation and horizontal translation. 

It is apparent that for a given stiffness ratio Ay/Ku, the 
coupled frequencies of Equation [8] are expressed in terms of the 
decoupled or independent frequency wrr, and the quantities dr 
and S/r, which are the space co-ordinates in Fig. 1. 

In the general case, the independent or decoupled frequency 
wtr may be either higher or lower than both of the coupled fre- 
quencies, or it may lie between the coupled frequencies. 

It is obvious that, when the value of wrr lies between the 
coupled natural frequencies, the maximum frequency is repre- 
sented by the higher coupled mode, and the minimum frequency 
by the lower coupled mode, that is 


Wmax 


(9] 


= 


@min 


For the case where Ky = Ky, Equation [8] may be used to 
prove that Equation [9] holds for all values of d/r and Sr. 
When Ky # Ku, the limits beyond which wrr exceeds w,+ oF Is 
less than w,- must be established in order to evaluate the ratio 
(wmax /wmin). 

Frequency Spread in Terms of d/r as Independent Variable. 
The conditions under which the frequency spread (wmax sin! 
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is a minimum can be found by partial differentiation of Equation 
(9] after evaluating in terms of Equation [§I. 


o(==) 


Setting Kv\ =0, and - = 0 
Ku ol; 
it is found that each gives independently the result 
Ky S? d 


Ku r? r? 


Accordingly, Ay/Ayw and S/r are not determined uniquely in 
terms of d/r, but may have a range of values for each d/r which 
allows wrr to fall between and wr-. 

Stiffness Ratio of Unity. It will be noted, however, that the 
minimum value of (wmax/wmin), aS represented by the condition of 
Equation [10] can for any value of d/r be obtained by proper 
placement of units when Ay/Ky = 1. 

Furthermore, when d/r reaches its optimum value of 0, a 
minimum value of frequency spread can be obtained only by a 
stiffness ratio Ky/Auw = 1. Equation [10] is represented by the 
lines Ao in Fig. 1. These lines give the space co-ordinates for 
symmetrical Isomode mountings to provide a minimum frequency 
spread for any required value of d/r. 

The Isomode design chart in Fig. 1 is drawn for a stiffness 
ratio of unity. If (wmax/wmin) = (wn+/wn—) is evaluated in terms 
of Equation [8], it may be reduced to the familiar equation of a 
circle 


2 2 
d? S Wn— Want 
—+\-—-*— = \—_— /..... 
r 2 (11) 
Similarly, the frequency ratio (wmin/wrg) = (wn-/wTr) may 
be evaluated and reduced to the equation of a hyperbola 
S? d? 
(wn-)? (wn-)? 
(wrr)? (wtR)? 


Relationships for Other Stiffness Ratios. As mentioned, in the 
general case where Ky # Ku, wrr may be greater than w,+ or less 
than w,-. The boundaries on the space plot defining the limits 
®TR = Wat OF wTR = wa- can be found from Equations [7] and 
[8] to reduce to the equation 


S? d? 
r? 
Ky [13] 
Ku 
The ratio wn+/wn— is found to be evaluated by 
8 Wn- Ont 
d? r Ky 
24K, 
= 1....[14] 
@n- Wnt Wn- Wnt 
2 2 Ky 
Ku 
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and the ratio wrR/w,— OF wn+ /wTrR is found to be 


S? d? 

[15] 
(wrr)* Ky (wrr)? 


Equations [13], [14], and [15] can be used to modify the chart 
in Fig. 1 to accommodate any value of the stiffness ratio Ky/Ku. 
Ampitude Ratios and Nodal Positions. The amplitude ratios 
obtained from the solution of the equations of motion for the 
system in Fig. 2(b), reduce to the equation 
2 


“+ sh +(§) .... [16] 


r 


where the translational displacement X is made nondimensional 
by dividing by the radius of gyration. Thus the co-ordinates 
d/r and S/r at which resilient units are placed to support the 
body define the amplitude ratio. Equation [16} represents 
a family of circles, and it should be noted that the intersections 
of the amplitude-ratio circle with the d/r-axis of the chart locate 
the nodal points for the coupled modes of frequency w,+ and 
Wn-. 
Unsymmetrical Supports. Curves in the lower quadrants in 
Fig. 1, which were used in locating the unsymmetrically placed 
resilient units in the example of Fig. 3(b) are derived as follows. 


| 


Va 
4 008, LEA. 
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Kv 
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Fic. 7 
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Referring to Fig. 7 and letting Ky = Ku, we note that the 
unequal units Ky and mKy are so spaced as to satisfy Equation 


[4]. Then Equation [5] may be written 


Substituting for S? in Equation [10], when Ky/Ky = 1, gives 
the relationships 


/@, .\ & 1 .\ 
r m\r r r 


For any value of stiffness interval m;, the proper value of 
S,/r for any value of d/r can be found from Equations [18], such 
that the frequency spread is a minimum. 

The curves lettered B through H in Fig. 1 are plotted for the 
intervals m,; = 10°/!%. The numeral subscripts to the lettered 
curves designate the value of 7. 
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Electrical Snap-Action Temperature 
Controls for Aircraft 


By J. R. CAMPBELL,' LAGUNA BEACH, CALIF. 


In this discussion of snap-acting temperature controls 
for aircraft, a thermostat known as the Cam-Stat? will be 
analyzed with a view to making its characteristics more 
readily understood by those interested in aircraft tempera- 
ture controls. 


INTRODUCTION 


T would be well to begin with a summary of the various fea- 
] tures desirable in an aircraft thermostat of the ‘‘on,” ‘off’ 
type (for applications where more precise control such as 
“proportioning,” “modulating,” “step,” etc., is not needed). 
The summary follows: 


1 Low differential. Basic differentials as low as 2 F are 
desirable at times. 

2 Low thermal lag. A temperature-responsive element of 
low mass is essential, and the responsive element must be ade- 
quately exposed to the medium being controlled, and preferably 
at a point of maximum variation in temperature of the medium 
being controlled. 

3 Low weight. This is a relative item, but it will be generally 
agreed that to do an equivalent job with less weight is progressive 
in the aircraft field. 

4 Wide range of temperature adjustment. 
number of models required per ship. 

5 Enclosed contacts. Effects of dust, moisture, and other 
foreign materials on contacts have contributed substantially to 
thermostat troubles in aircraft heating systems. 

6 Snap-action contacts. Provide maximum contact life, 
minimize use of relays, provide consistently reproduced operat- 
ing cycles, minimize effects of vibration, and are essential for 
even are distribution on a multiple-break contacting means. 

7 High interruptibility at high altitudes. 

8 Resistance to effects of vibration. 

9 Tamperproof. As with a radio tube, a thermostat should 
be serviced only by replacement; this means that the enclosure 
or housing of the thermostat should be permanently applied to 
and adequately cover all working parts. 

10 Long life. When operating under rated load conditions, 
the thermostat should operate at least 250,000 cycles without 
having the control band change more than 10 F. 

11 Underheat and overheat. It is reasonable to assume that 
4 good aircraft thermostat should not have its control band 
appreciably affected by being subjected to any of the following 
extreme temperatures: 


Greatly reduces 


(2) If used as a cabin thermostat, set in the general range of 
70 F, overheat to 200 F, underheat to —70 F. 
(b) If used for or in relation to a hot-air-duct limit switch or 


. Consulting Engineer, Cam-Stat Inc. 
S. Patent no. 2,394,747. 
Contributed by the Industrial Instruments ‘and Regulators Divi- 
as of the A.S.M.E, and presented at the Aviation Division Meeting, 
ue Angeles, Calif., May 26-29, 1947, of Tue AMERICAN Society OF 
ECHANICAL ENGINEERS. 
. — Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors and not those 


of the Society. 
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cycling switch, overheat to 50 F in excess of maximum design 
temperature of system, underheat to —70 F. 

(c) If used as a fire-warning device, top temperature should 
not exceed approximately 600 F for repetitive operation and 
approximately 750 F for ‘“‘one-shot” operation. Experience 
dictates that expansion-type temperature-sensitive devices, which 
include bimetal types, expanding-tube types, or any differential- 
expansion type, cannot ordinarily be considered dependable 
when used at temperatures higher than those just noted. For 
high-temperature control or fire warning, there are readily 
adaptable thermocouple- and resistance-type units on the market. 

12 Size. Small of course and involving a shape readily 
adaptable to a variety of mounting means. 

13 Flexible contact arrangement. It is desirable to have a 
contact arrangement which lends itself to either single-pole 
single-throw, single-pole double-throw, or independent-circuit 
double-throw, all arrangements being available without the use 
of pigtails. 


14 Cost. Low. 


DESCRIPTION OF THERMOSTAT 


A Cam-Stat thermostat is shown in Fig. 1, together with 
over-all dimensions. This model has a well-louvered enclosure 
over the bimetallic temperature-sensitive elements and is the 
model generally recommended for use as an aircraft duct tem- 
perature control or limit switch. The weight of this device is ] 
0z; contact arrangement is single-pole double-throw; differentials 
down to 2 F are available. Rating on the device is 1500 va 
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Fic. 1 Dimension Drawine or Cam-Stat THERMOSTAT 
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Fic. MeMBeERS OF SINGLE-POLE, SINGLE-THROW CaMm-StatT MopEL 


No. 

No. Item used 
Bimetal blade 3 
Bianccen Central shaft member 1 
er. Hinge pin (not visible) 1 
Hinge 1 
aE Insulation tape 1 
Sever. Contact bar 1 
Peer Stationary contacts 2 
See Terminals 2 
Stops 2 


at 110 v a-c, or 220 va-c, '/,hp at 110 to 220 v a-c, 15 amp at 28 v 
d-c resistive, !/s hp at 28 vd-c. Temperatures for which this model 
is applicable range from —100 F to +600 F, although a device 
with a 2 F differential will be adjustable only through an 
approximate 100 F range, whereas one with a 10 F differential 
will be adjustable over a range of about 500 F. 

Fig. 2 presents views of a model similar to that shown in Fig. 1, 
except single-pole single-throw. The housing is removed and 
the detailed part reference is as follows: 

Fig. 2 offers a view of the blades and central shaft member to 
enable more detailed study of the snap action. 

A central shaft member, which is resiliently engaged and sup- 
ported by the three bimetallic elements through knife-edges on 
the elements and round-bottomed V-grooves on the shaft, ex- 
tends through an aperture in the blade support and insulating 
plate into the switching zone. In the switching zone are located 
the stationary contacts, stops, contact bar, and equalizing-hinge 
assembly, The equalizing hinge is a small-diameter stainless- 
steel pin connected rigidly and transversely to the central shaft 
member. On this pin floats a small stainless-steel hinge which 
supports, through suitable insulation, the moving contact bar. 
The axis of the equalizing hinge is parallel to that of the contact 
bar so that equal and positive contact pressure is developed at 
both contact points. 

The clearance between the central shaft member and the aper- 


No. 
No. Item used 
Te Insulating plate 1 
| Blade support 1 
Rivet 13 
Lower case 1 
Upper case 1 
Terminal insulation 2 
Spacer ring 1 
_ eae Mounting flange (see Fig. 1) 1 


ture in the blade support is 0.015 in., and inasmuch as the diame- 
ter of the aperture is 0.125 in., it may readily be seen that the 
path for dirt and foreign material to get into the switching zone 
is very restricted. The only way for dirt to enter the switching 
zone is through the 0.015-in. clearance around the central shaft 
member. 

As the insulating plate (and terminals) are rotatable with respec! 
to the bimetallic-element mounting plate, the initial bias of the 
elements against the shaft may be varied to provide temperature 
adjustment. In practice, this adjustment is performed by rota 
ing the blade support only, by means of the protruding adjust 
lever. 

As shown in Fig. 2, the bimetallic elements are equally aud 
radially disposed about the central shaft member and, as long 
as the shaft remains reasonably close to the geometric center, the 
forces which the bimetallic elements exert against the shaft ar 
the same for all three. Inasmuch as the shaft member is fully 
floating, being supported only by the bimetallic elements, the 
position of equal forces is self-determining. With this conditio® 
in mind, it is possible to analyze the action by means of studyité 
only one bimetallic element and its relation to the central shal. 
Forces developed to rotate the shaft and to maintain conta 
pressures will be 3 times the value determined by analysis “ 
one element since the force functions of all three elements #” 
additive. 
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Snap-AcTion PRINCIPLE ence to Fig. 3, to move contacts from closed to open, or vice 


Referring to Fig. 3, the radial force against the shaft as exerted bases, ae a contact travel of G. Ata distance of r from the 
by a bimetal blade is Ff, and although the force is not always dynamic center of the shaft this travel becomes 
truly radial, it is a convenient way to differentiate it from the rG 
tangential force which is developed by the bimetal elements {1} 
due to temperature changes. Likewise, the tangential force is 
not always truly tangential, but by utilizing the resultant of F; where 6 is the radial overhang of the moving contacts. This is 
and F, we have a resultant force R, which has a magnitude and the travel of the actuating end of the bimetal blade for either an 
direction which can be so compared to the dynamic center of the opening or closing switch action. It is not necessary that the 
deflection stored in the bimetal blade to produce snap be equal to 
rG/b because if the work produced by a given change in tem- 
G perature is sufficient to produce a motion substantially past center, 
; ee the resilience in the blades and the changed lever arm of the forces 


‘em PG, ] will carry the motion through to completion. Reasonably, we 
- AN r will assume that for snap, a deflection of 
2rG 
3b (2) 


will facilitate snap if accompanied by suitable motivating force. 
A Using accepted equations for deflection and force produced by 


C straight bimetallic strips, cantilever-mounted 
KTL? 


Deflection in inches = 


t 


ATwt? 
Force in ounces = ——— 


L 


where AK is a deflection constant for a specific material, A is a 
force constant for a specific material, T is the change in tempera- 
ture in deg F, L is the free length of a straight bimetallic strip 
in inches, t is the thickness of the bimetallic strip in inches, and w 
is the width of the bimetallic strip in inches. 

Pic. 3 Parmonen Foreshortening the blade by the equalizing loops alters the fore- 
going equations by the ratio of / (refer Fig. 3) to L (see Appendix). 
The deflection and force equations for the blades then become 


shaft as to provide a means for determining snap and contact 


pressures. KTL? l KTLI 
At this point the simplest explanation of the snap action may Deflection in inches = oY x a ea [3] 
¥ be made. It is that when the vector representing R falls to the 
right of the dynamic center of the shaft, the moment of R tends ; ; ATwt? L ATwt? 
to produce a counterclockwise rotation; when the vector repre- Force in ounces = ie x oe tee (4) 
me- senting R falls to the left of the dynamic center of the shaft, the 
the moment of R tends to produce a clockwise retation. The instant Then, deflection required for snap becomes 
one ae that any rotation is registered upon the central shaft, the mo- 
hing ment arm of R, designated H, is increased and continues to in- , 2G = KTLI , 
haft 7 crease until the shaft has rotated to its new stable position. This aneniemanied Uae 9) 
i condition, together with suitably resilient bimetal blades, effects ‘ 
pect an accelerated rotation of the shaft, which is snap action. The force that the bimetal must develop to produce snap 
the 4 Should R be considered theoretically to fall directly on the without too much carer cam be F:. Therefore when the mo- 
tue dynamic center of the shaft, a condition of instability exists ™e™ For becomes slightly greater than the moment of Fd, the 
tat because of the following: bimetal has developed sufficient force for snap. The moment arm 
jut ok = of F;, which is d, is a variable through the snapping operation, 
| Presence of finite contact gaps. going from a maximum in the direction to resist the moment of 
and 2 Absence of friction in shaft-supporting means. F;, through zero when the snap is half completed, to a maximum 
long 3 Highly resilient supporting of shaft. in the direction to assist the initial moment of F2 The value of 
, the 4 Equalizing effect of contact-bar hinge. d is a function of G, r, b, and 1; however, the value of / is so large 
are ie : ; ; with respect to r, we can say that at the point of incipient snap 
sully This results in the shaft always being rotated completely in ; 
the one direction or the other. This reasoning is in complete agree- rG 
tion ment with experience in production and in the laboratory, inas- d= (6) 
ving much as it has not been possible, by extremely slow temperature . 
nat. changes or by micrometer-type mechanical movement, to cause _ or one half the required deflection. 
sath the contacts to be stable in any position other than closed or open. Thus with F2r = Fd, substituting in Equation [6] 
is of This feature is sometimes referred to in the controls field as : 
Limiting our st udy to one bimetal blade, and continuing refer- 
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incorporating Equation [4] 


The process to use in determining the basic differential is as 
follows: 

1 To use force Equation [8]. 

2 To substitute values in Equation [5] and check if enough 
deflection is stored in blade to carry through the snap. 


Typical values for constants K and A are 0.0000077 and 750, 
respectively. 
ADJUSTABLE RANGE 


In rotating the bimetallic blades with respect to the stationary 
contacts and stops, to provide temperature adjustment, the re- 
tention of the blade knife-edges in the grooves on the central 
shaft must be considered. Referring to Fig. 4 
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Fic. 4 Forces EXERTED ON BIMETALLIC BLapEs WiTH TO 
STaTIONARY CONTACTS AND Stops 


6 = included angle of sides of grooves in central shaft member 
¢@ = rotation either side of normal knife-edge engagement for 
adjustment for temperature 
There will always be a definite force component holding the 
blades into the grooves on the central shaft when 


6 r+l F, 
- 4+ —— tan~! — < 90 deg.......... 
5 + i + tan 7, < 90 deg [9] 


Because of necessary standardization in manufacturing, ¢ of 
approximately 22'/, deg maximum, @ of 10 deg maximum, and a 
maximum value of tan~! F:/F, of 45 deg have been adopted. 
This provides a 12'/,-deg positive blade-engagement component 
under the worst conditions. 

Computation of the adjustable range is done in the same 
manner as that for basic differential, except for the change in the 
angular position of the forces with respect to the central shaft. 
Under changed angular relation of the forces with respect to the 
central shaft, there is a change in the differential of the thermo- 
stat, that is, the differential is not absolutely constant throughout 
all temperature settings. However, the percentage change in 
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differential is under 5 per cent throughout the whole adjustable 
range, when the range is one which coincides with the straight- 
line relationship between temperature and deflection and force 
for the particular bimetal being used. At lowest setting the 
differential is a minimum, going through a maximum at medium 
setting and again to a minimum at the highest setting. If the 
differential were 5 F at lowest setting, it would be approxi- 
mately 5.25 F at medium, and 5 F at highest setting. This is 
a negligible change. 

Referring to Fig. 4, the angle ¢ represents adjusting lever ro- 
tation on either side of normal engagement. Angle A represents 
the effect of ¢ on the blade engagement, and thus the angular dis- 
placement of the end-thrust force F; to position (F’), and of 
temperature force F; to (F’)2, As may be seen in Fig. 4, there 
will be only a very small error involved to consider that 


l 


~ 


Then 


(F’),; rsin A = (F’):rcos A 


at point of incipient snap or 
or 


+1 
(F’)2 = (F’), tan (+ 


and as / is so large with respect to r, (F’); = F; very closely. 
Therefore the force required to snap at adjustment ¢ is 


(F’), = F, tan (12) 


Equation [8] will allow computation of the temperature change 
necessary to produce force of magnitude (F'’)s. 


GENERAL 


Of primary importance to aircraft engineers is the effect of 
vibration on aircraft equipment. In vibration, this thermostat is 
relatively good up to 3600 cycles per min with '/js-in. total travel, 
due to almost complete balance of moving parts. With fre- 
quencies higher than 3600 cycles per min, the performance de- 
creases, even though the amplitude is smaller. Briefly, 10 times 
gravity at 3600 cycles is more favorable than 10 times gravity at 
10,000 cycles. This is due to the fact that any device involving 
resilient members will have one or more resonant periods of the 
various members, and, because resonance cannot be avoided, it 
becomes necessary to design for resonance at the usually unen- 
countered high frequencies. If an application involving a 10,000 
to 15,000-rpm fan motor required this type of control, even 
though the motor and fan were well balanced, it would be wise 
carefully to shock-mount the device. Vibration frequencies en- 
countered with gas turbines would probably be less harmful! than 
those in the range of from 10,000 to 15,000 cycles, because they 
involve frequencies substantially above the designed resonant 
periods of the device. Perhaps some data on this will be available 
in the near future. 

The life of this type of thermostat is, as one might logically 
assume, determined by the contacts. Life tests have been mul 
with the thermostat breaking 15 amp 115 v a-c resistance load pluss 
1/amp solenoid load on the counter, operating at from 4 to 6 times 
per min (depending upon ambient temperature). After 250,000 
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cycles the temperature setting had increased about 5 F, the 
knife-edges and grooves showed no signs of wear whatever, but 
the contact points were approximately 25 per cent worn away. 
Other life tests on motor-starting, high inrush on lamps, ete., 
substantiate the fact that contact wear is the determining factor. 

In addition to a carefully controlled heat-treatment of the 
bimetal blades, all complete thermostats are heat-treated at a 
temperature at least 50 F in excess of that Which might be en- 
countered in use, in order to stress-relieve all parts and insure a 
maintained setting. Those devices which operate at subzero 
temperatures are given a soak at the minimum expected tempera- 
ture to minimize the effect of low temperatures. 

The construction of the enclosure is such as to make it neces- 
sary to destroy the device in order to take it apart, which means 
that service is by replacement only. 

Aircraft models of the thermostat have an enclosure of 25-O or 
38-O aluminum, all stainless operating parts, and fungus-resistant 
insulation material. For particular applications involving inti- 
mate contact with brass or copper, the enclosure is made of 
copper. 

All aircraft models of the thermostat must pass a 900-v a-c 
high-potential test to ground. 


Appendix 


To determine the ratio of L/l referring to Fig. 5, let 
A 
6 
L 
| = foreshortened length 


Ai(2R, Ai) = L? 
Ao(2R: — As) = 


deflection 


angular movement of free end of strip 


length of straight strip 


but 4 is small with respect to R 


A, 
R, 
R, 
Fie. 5 


therefore L? [2 
= oR,’ A= OR, 
Then 
a 2L*R, 


but 4, = 62, because the angular rotation of the free end of a piece 
of bimetal is the same for a given developed length, regardless of 
the shape of the strip. Also L is the developed length of /; hence 

l A Lt 


RL an 


a 
This applies to the deflection equation. 

Regarding the force equation, the work available from a given 
piece of bimetal of reasonable length-to-width ratio is constant for 
a given volume of metal, regardless of form; therefore it is ap- 
parent that the force equation must be multiplied by the inverse 
of the L/l ratio for the deflection equation. 


Discussion 


E. Howarp.* The design of a bimetal thermostat by the 
author, which is of the snap-action type and yet operates at a 
2 F differential and is able to carry !/s hp on d-c and '!/, hp 
on a-c is very commendable. The additional features of low- 
temperature lag, weight, size, and cost, high adjustability, and 
long life are of course always desirable in such thermostats. 
Furthermore, the designing of this thermostat to be both vibra- 
tion- and tamper-proof will increase the demand for its use in 
many applications. 

The use of three resilient bimetal springs to snap an otherwise 
unsupported shaft and contact assembly is the construction 
which allows small temperature differential and definite snap 
action. 

The analysis of the forces acting in this mechanism we believe 
is only approximate but sufficient to show what general condi- 
tions are necessary for snapaction. Equation [1] of the paper 
shows what deflection is necessary for the switch to travel from 
one position to the other. Equations [2] is of course an approxi- 
mation, particularly when it is pointed out that any small motion 
will cause the switch to snap. Equation [3] and [4] are approxi- 
mations only as the foreshortening of bimetal cantilevers into 
S-shapes does not necessarily follow in the proportion stated. 
However, for this S-shape, the approximation is permissible. 

Using the foregoing equations, and the equality of moments 
F:r = F\d, Equations [7] and [8] are obtained to show the rela- 
tion between tangential force and temperature change. How- 
ever, Equation [8] still appears to represent that the tangential 
force and therefore the temperature change required to overcome 
it is mainly dependent upon the radial force, which in turn de- 
pends upon the constriction of the S-shapes as they are mounted 
into the thermostat. Therefore it appears that differential can 
be controlled mainly by initial constriction. 

The author explains that complete snap action results when the 
slightest motion is registered around the central shaft because 
the moment arm H, of the resultant force R, increases immedi- 
ately and continually until snap action is complete. Actually 
this may not be the case, as the tangential force may decrease at 
such a rate, when first motion is registered, that snap action will 
not result, i.e., the value of the resultant force R, will change. 
However, since the central shaft member has a very small radius 
and the S-shapes are quite resilient, such erratic snap action as 
might be possible apparently does not exist in this design as is 


3 The H. A. Wilson Company, Newark, N. J. 
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indicated by the author’s statement that the thermostat is me- 
chanically “tease-proof.” 

One of the most important features of this bimetal switch, 
from the viewpoint of bimetal manufacturers, is that a small- 
differential small-mass thermostat can be made to operate an 
electric circuit with snap action and without resorting to rela- 
tively heavy-gage bimetal strip. The fact that some of these 
thermostats have been tested over 250,000 cycles without having 
the calibration change more than 5 F shows the long-lasting 
properties of the spring bimetal used for these S-shaped elements. 


H. W. Rice.‘ While it is true that many thermal-sensitive 
devices of the differential-expansion type are not dependable 
above 600 F, it should be pointed out that this need not be true 
of the expanding-tube-type devices. In these devices, the differ- 
ence between the thermal expansions of a tube and a rod within 
the tube is used to provide temperature sensitivity. Such ele- 
ments, sometimes called rod-and-tube elements, are unique 
among differential-expansion thermal-sensitive devices in that 
they do not have internal stresses induced by temperature 
changes. Practically all stresses existing in the elements are 
those caused by external loads. Hence the maximum operating 
temperature is determined not by internal stresses but by the 
strength and creep resistance of the materials used under the 
external loads applied. 

The methods of fabrication of rod-and-tube elements allow a 
wide choice of materials. The low-expansion member, which is 
usually the rod, may be made of a nickel steel for moderate tem- 
peratures, while for higher temperatures nonmetallic materials 
such as fused quartz may be used. The high-expansion member 
for moderate temperatures may be of copper or aluminum, but 
for higher temperatures the heat-resisting stainless steels or the 
newly developed high-temperature alloys are necessary. 

These high-temperature materials, when used with mechanisms 
which do not apply excessive loads to the thermal-sensitive ele- 
ment, provide dependable devices which may be used at tem- 
peratures greatly in excess of 600 F. We have produced a few 
sample thermostats of this kind for operation at 1500 F. Un- 
fortunately, the projects on which they were used were highly 
secret, so that we did. not receive any information on the field 
performance. We do understand, however, that their operation 
was satisfactory. 

The author’s analysis of the snap action of his switch shows 
that the initial motion of the contacts is produced by the action 
of a small torque which increases as the motion continues. It is 
apparent therefore that the initial acceleration of the contacts 
is of low order. It might be doubted that the initial contact move- 
ment is sufficiently rapid. In this connection, however, work 
done by 8S. G. Eskin on the effects of contact-opening speeds may 
be of interest. In papers®® reporting this work, it is pointed out 
that the life of contacts interrupting alternating-current circuits of 
from 15 to 35 amp at 115 v is at a maximum with contact-opening 
speeds in the neighborhood of 0.5 to 1.5 ips. If the contact- 
opening speed is increased from these relatively low values, the 
life of the contacts is actually shortened. The maximum life is 
obtained at a speed which is just fast enough to avoid reignition. 
It would be interesting to know the actual speeds of the contacts 
of the author’s switch. 

The introduction of the ratio of | to L in transforming from the 
equations for deflection and force of a straight strip to the equa- 


4 Development Engineer, Robertshaw Thermostat Company, 
Youngwood, Pa. 
5 “Effect of Contact-Opening Speed on Anc Energy in A-C Switch- 
ing,” by S. G. Eskin, General Electric Review, vol. 42, 1939, pp. 81-86. 
“Energy Measurements of Reigniting A-C Arcs,” by S. G. Eskin, 


Journal of Applied Physics, vol. 10, 1939, pp. 631-638. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1947 


tions used for the looped strip of this device is not clear. An ex- 


planation of this point would be appreciated. 


W. C. Trautman.’ Being reasonably familiar with the usual 
problems surrounding snap-action mechanisms and thermostats 
in general, several questions arise which the author no doubt has 
considered but which were not mentioned in the paper. 

The problem of ‘contact pressure which must result directly 
from the F; function appears to be critical, since no provision for 
adjusting the F; force is shown. 

The F; force is also related to the rate at which the mechanism 
will snap. High rates of snap are of course more desirable and 
as the F, force is decreased the resulting torque may get suffi- 
ciently low to impair the reliability of the device. 

Since the bimetal is used not only as a thermostatic member 
but also as a compression spring, it is readily evident that there 
must be a definite relationship between the two characteristics 
to insure proper operation. As the F, function crosses the ro- 
tational center of the hub and a moment arm d is established, 
a clockwise rotation of the contact member is started. This can 
be resisted, however, by a reaction F (parallel with but opposite 
in direction to F:), this being the bending resistance of the bimetal 
as a cantilever. 

If the bending rate of the bimetal were sufficiently high it would 
be possible for the torque energy F; X d to be expended in de- 
flecting the cantilever. This of course is an extreme case, but it 
does serve to show the relationship of the physical characteristics 
of the various components involved. 

It would be interesting for the author to establish the mathe- 
matical relationships that must exist between the elements in 
order to produce certain specified operating characteristics, i.e., 
contact pressure, air gap, differential, rate of snap, ete. 


AUTHOR’S CLOSURE 


Mr. Howard mentions that the tangential force may decrease 
at such a rate, when motion is first registered, that snap action 
will not result. This condition is of course a possibility; how- 
ever, it was intended that the equations be used as suggested 
immediately following Equation [8] of the paper. By selecting 
the bimetal material and its configuration such that stored de- 
flection is adequate at the instant the force developed becomes 
adequate to initiate the movement, it will be impossible to 
have other than complete snapping movement of the mechanism. 

Enlarging somewhat upon Mr. Howard’s comments about 
lasting qualities of the bimetallic material, it might be well to 
point out that the only measurable cause for the detected change 
in calibration was that of contact wear. Properly applied, bi- 
metallic temperature-sensitive elements are unusually free from 
effects of fatigue or creep. ° 

Mr. Rice entertains some slightly less conservative viewpoints 
on the dependability of differential-expansion temperature- 
sensitive elements (rod and tube types in particular), when used 
in the higher temperature ranges. This is a little puzzling inas- 
much as Mr. Rice’s company is one of the largest manufacturers 
of rod-and-tube-type temperature controls, and virtually all! o! 
his company’s rod and tube production is used on gas water 
heaters at temperatures below 200 F. Further, for safety pilot 
applications on domestic gas ranges and water heaters, Mr. 
Rice’s company supplies a thermocouple-type pilot for both the 
600 F and 900 F ambients, as established by the American (as 
Association. The author’s comments on temperature limitations 
for differential-expansion devices were based upon expericnce 
and on the lack of availability of commercially recognized dil- 
ferential-expansion devices, guaranteed by the manufacturer, 


7 Pacific Division, Bendix Aviation, Ltd., North Hollywood, Calif. 
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accepted by various authorized approval agencies and by the 
trade, and intended for use at temperatures of 600 F and shigher. 

Relative to Mr. Rice’s comments on speed of break of con- 
tacts, the author appreciates this point being brought up and 
would like, at this time, to bring out the fact that Mr. Eskin’s 
investigations along these lines were bases for special study dur- 
ing the period of initial design work on the thermostat. Tests 
on speed of break of contacts and its effects were run on Cam- 
Stats independently by an eastern laboratory during the early 
stages of the development. It might be added that the speed of 
break is in the desirable zone, and also that the design lends it- 
self to a simple control of the speed of break merely by controlling 
the inertia moment of the shaft and contact-bar assembly. If 
important, various inertia moments may be used with various 
voltages, loads, or contact openings. 

Mr. Trautman’s first comment, on the lack of provisions for 
adjusting the F; force, is well made and will bear some clarifica- 
tion. The F, force is important, and its value should be held rea- 
sonably consistent from blade to blade and from thermostat to 
thermostat. From the production standpoint, it seemed wiser 
(and has since proved to be so) to provide tooling which would 
give consistently accurate blade-mooring points and consistently 
accurate effective blade lengths rather than to provide adjusting 
means. Thermostat operational requirements are grouped, and 
to meet these requirements there are 5 groups of bimetal blades, 


all the same in form but varying in composition and in the dis- 
tance from the mooring end to the knife-edge. The final opera- 
tion on the blades (performed after heat-treatment) establishes 
the effective length and stamps the group number on the blade. 
The blades are prepared in large quantities for each group and 
are stocked in groups. Only one group at a time is used on the 
assembly line. This eliminates mixing troubles. 

Mr. Trautman mentions effects due to a reaction force F; (the 
bending resistance of the bimetal as a cantilever). As with Mr. 
Howard, it would be well to refer to the suggested procedure fol- 
lowing Equation [8]. By designing the blade to satisfy both 
Equations [8] and [5], it is impossible to have adverse reaction 
forces resisting those providing snap action. Mr. Trautman cites 
an extreme case wherein the torque energy F; X d is expended in 
deflecting the cantilever. Again, it is suggested that the relation 
between force and deflection for the bimetal has been overlooked 
by Mr. Trautman. 

The author would like to suggest that those interested in bi- 
metallic controls involving a definite temperature interval or 
differential, and the methods of closely determining actuating 
forces and deflections, obtain copies of a report by R. G. Walten- 
burg.’ 


8 Report by R. G. Waltenburg, The H. A. Wilson Company, 
Newark, N. J., April 21, 1939. 
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Thermal Anti-Icing Survey on 
Mt. Washington 


By A. G. GUIBERT,! LOS ANGELES, CALIF. 


Data on the performance of a few electrically heated cylin- 
ders of varying diameter and of an electrically heated 
airfoil in icing conditions are presented. The rate of catch 
of the supercooled drops (pounds of water per hour for 
l-ft span) and the heat rate per unit area are given, to- 
gether with a comment on the surface conditions, so that 
some indication of the severity of icing may be obtained. 
In general, it can be said that a heat requirement greater 
than that given in A.A.F. specifications for thermal anti- 
icing seems indicated. The partial wettedness of the 
heated surfaces which was observed on the test equipment 
on Mt. Washington requires revision of the basic equations 
presented in a report by Tribus, Tessman, et al. (1).? 
Computations of the ratio of the mass-transfer (evapora- 
tion) area to the heat-transfer area, on the basis of the 
revised equation similar to one suggested by Tribus were 
made for a number of runs and the results are presented 
in tabular form. The effects of various surface treat- 
ments with respect to surface wettedness and with respect 
to the heat-transfer data are discussed briefly. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = area of heated surface, sq ft 
A, = area of heat transfer, sq ft 
A,, = area of mass transfer (evaporation area), sq ft 
C, = heat capacity of dry air, Btu/(lb)(deg F) 
D, = average diameter of droplets in cloud, microns 
f. = unit thermal convective conductance for dry air, 
Btu/(hr)(sq ft)(deg F) 
L = latent heat of evaporation of water, Btu per Ib 
LWC = liquid-water content of cloud (amount of water in 
the form of droplets), g per cu m 
OAT = outside (free stream) air temperature, deg F 
P, = barometric pressure, in. Hg 
P,, = vapor pressure of water at temperature of surface, 
in. Hg 
Pv. = vapor pressure of water at temperature of outside 
air, in. Hg 
R, = rate of collection of moisture on surface, lb per hr 
per ft span 
X = ratio of heat transfer by evaporation to heat transfer 
by convection, dimensionless 
At = difference between surface temperature and OAT, 
deg F 
2 Department of Engineering, University of California. Formerly 
with NWA Aeronautical Ice Research Laboratory, Wold-Chamber- 
lain Field, Minneapolis, Minn. 
* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
Contributed by the Heat Transfer Division and presented at a 
meeting of the Aviation Division, Los Angeles, Calif., June 3-5, 
1946, of Tue Ammrican Society OF MECHANICAL ENGINEERS. 


Notg: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 


Mernop or DETERMINING HEAT REQUIREMENTS 


The heat requirements for anti-icing were investigated using 
a few electrically heated cylinders of varying diameter and an 
electrically heated airfoil. The internal construction of this 
equipment was similar to that of the electrically heated ‘‘glove”’ 
previously described (2), being composed, essentially, of two 
nichrome strips separated by a layer of insulation (leather) and 
instrumented with thermocouples so that the temperature of 
each strip could be measured at various points, Fig. 1. 


CELLOPHANE TAPE 


\MICHROME HEATING 
STRIP 


LEATHER INSULATION 
Tape 


\MICHROME HEATING 
STRie 


Cutaway ILLUSTRATION SHOWING CONSTRUCTION OF 
ELEcTRICALLY HEATED EQUIPMENT 


Fic. 1 


The drop size and liquid-water content of the cloud were 
obtained from the Mt. Washington Observatory, whose icing- 
research staff measured and compiled the meteorological data at 
3-hr intervals during icing storms, with the assistance of the 
U. S. Weather Bureau and A.A.F. Eighth Weather Squadron 
personnel stationed on Mt. Washington. (The data obtained 
are presented in reference 3). The equipment was designed to 
operate up to heat rates exceeding the heat requirements given 
in the A.A.F. specifications for thermal anti-icing systems (1500 
Btu/(hr)(sq ft)). 

Table 1 presents a portion of the data taken on Mt. Washington 
during the months of November, 1945, and January, 1946. 
The rate of catch of the supercooled drops (pounds of water per 
hour) and the heat.rate per unit of area are given, together with 
a comment on the surface conditions so that some indication of 
the severity of icing may be obtained. 

In almost all cases a heat rate of about 2500 Btu/(hr)(sq ft) 
to 4000 Btu/(hr)(sq ft) was reqyired to evaporate all the im- 
pinging moisture when the rate of impingement was more than a 
trace. In one run, a heat rate of about 11,000 Btu/(hr)(sq ft) 
was insufficient to evaporate all the moisture impinging on a 
2-in-diam cylinder (about 1.4 lb per hr). In a number of cases 
it was impossible to evaporate all the moisture with a heat rate 
of 1500 Btu/(hr)(sq ft) or less, but here the rate of moisture 
catch was low (0.1 lb per hr or less). For the same conditions, 
airfoil surfaces with a heated area greater than that of the 2-in. 
cylinder would not require heat rates per unit area as great as 
those just indicated, it is true, but since the cruising speed of 
aircraft is usually more than twice as great as the wind velocity, 
i.e., drop velocity relative to airfoil surface, common to Mt. 
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TABLE 1 


velocity, OAT, Da, 
mph deg F “ 


per 
cum 


Equipment: 


12.1 0.54 


16.1 0.51 
16.1 0.64 
4 0.48 


Equipment: 


9 
.6 
6 
1 


.52 
.21 


9.45 

8.3 

24.4 
Equipment: 

16.1 0.64 


14.0 0.50 


Equipment: 


15.9 0.48 


0.48 


0.48 
0.21 
0.66 


Equipment: 


18.5 


18.5 
18.5 


0.48 
0.66 


0.60 
0.60 


Equipment: 


20.5 1.3 
12.9 0.26 
11.9 0.55 
14.7 0.51 


Rw, Q/A4, 
lb perhr  Btu/¢hr) 
perftspan (sq ft) 
1-in-diam eylinder 
0.10 
0.39 
0.41 


0.38S¢ 


0.15 
0.19S¢ 


0.18 


1.40 


3-in-diameter cylinder 


0.33 


0.14 
4-in-diam cylinder 
0.12 


0.40 


0.398 
0.24 
1.20 


8-in-diam cylinder 
970 
0.21S¢ 
1.39 
0.08 
0.08 


2-ft airfoil 
64 


.03 
.29 
.33 


0 
0 
0 
0 


DATA COMPILED FROM ICING TESTS ON MT. WASHINGTON 
Wind LWC, 


Surface conditions? 


No ice on surface 

No ice on surface 

No ice on surface 

No ice on surface 

No ice on surface 

Patchy ice on leading edge 
No ice on surface 

No ice on surface 

Slush on leading edge 


No ice on surface 

No ice on surface 

No ice on surface 

No ice on surface 

No ice on surface 

No ice on surface 

Slush on leading edge 

No ice on surface 

No ice on surface 

No ice on surface 

No ice on surface 

Little moisture at 90° 

Slush on leading edge 

No ice on surface 

No ice on surface 

Slight amount of moisture 
at 90 

Ice on leading edge 

No ice on surface 

No ice on surface 

No ice on surface 

No ice, some blowoff visible 

No ice, water film on surface 

No ice on surface 

No ice, snow in air 

No ice, snow in air, surface 
treated with wetting agent 

No moisture at 90° 

Little moisture left at 90° 

No ice on surface 

Little moisture at 90° 


No ice on surface 
No ice on surface 
Patchy ice on leading ‘edge 


No ice on surface 
No ice on surface 
No ice on surface 
No ice on surface 
No moisture at 90° 
No ice on surface 
No ice on surface 
No ice on surface 
No ice on surface 


Slush on leading edge 


Very little moisture at 90° 
No ice on surface 

No ice on surface 

No ice on surface 

No moisture at 90° 

No moisture at 90° 

No moisture at 90° 

No moisture at 90° 


No ice on heated portion of 
surface 

No moisture at end of heated 
portion 

No ice on heated portion 

No ice on heated portion 

Patchy ice—'/, in. on lead- 
ing edge 

Patchy ice—'/, in. on lead- 
ing edge 

No ice on heated portion 

No ice on heated portion 

No moisture on heated por- 
tion 

Slight moisture at end of 
heated portion 

No moisture at end of heated 
portion 

Slush on leading edge 

No ice on heated portion 

No ice on heated portion 

be little moisture at end 

heated portion, scat- 

tered individual drops 
flow back 
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® Q/A is output of heater strips and not heat leaving outer surface. 
os remarks refer to presence or absence of ice on surface and presence of moisture at 90-deg point 
of ee and at oon the heated _— = the 2-ft airfoil. 
by absence of moisture at these poin 
OTe! inair. The moisture collection of heated cylinder was probably greater than that of a cold 
rotating cylinder of same diameter. 
S = snow and sleet in air. 


Complete removal of impinging drops is 


50 28 
= 
76 if 2490 
84 8 2170 
a pei 27 21 12 0.46 0.02 670 
eee es 40 18 10 0.56 0.10 1040 
40 18 6 0.40 0.01 350 
41 26 990 
44 26 0.72 0.06 660 
47 26 520 
49 22 780 
48 22 14.5 om 640 
a, 49 29 26.0 0 1360 
53 3 15.9 0.43 1220 
61 3 1880 
65 3 2480 
63 2 3620 ; 
58 15 13.8 0.62 0.27 780 
64 16 15.4 0.60 0.31 3180 
42 14 29.5 0.51 0.52 880 
aces a 56 13 17.4 0.75 0.61 850 
65 4 9.0 0.14 0.03 2170 
See 75 8 (9.7) (0.46) (0.18) 3470 
3 93 7 5350 
37-1 85 4 0.10 3860 
2 98 2 0.06 2690 
38-1 70 20 10700 
2 60 19 870 
3 56 19 50 
12-1 48 20 40 
2 52 20 980 
(3 eae 3 53 20 720 
16-1 67 7 18.8 1400 
2 67 7 1980 
3 70 7 1680 
4 73 7 16.4 2060 
21-1 50 29 26.0 1940 
2 54 25 27.0 3810 
22-1 71 25 27.0 
Oe 2 69 25 | 
3 63 17 15.4 | | 
4 62 16 1390 
1-1 40 26 296 
1-2 31 22 890 
9-1 70 19 1140 
3 74 18 910 
4 70 18 1140 
5 70 18 16.1 0.51 0.35 1180 
19-1 26 26.0 0.21 0.18884 650 
29-1 65 27 8.0 0.38 0.05 410 
BS es, 30-1 61 17 13.8 0.62 0.28 870 if 
2 69 17 1280 
39-1 70-110 30 16.0 0.21 0.35 2370 
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Washington, the rate of collection of supercooled drops by airfoil 
surfaces would be greater, and consequently, the heat-rate re- 
quirements for evaporation of all moisture impinging on airfoil 
surfaces may be just as great, or perhaps greater. In general, 
then, it can be said that a heat requirement greater than that 
given in A.A.F. specifications for thermal anti-icing seems 
indicated. 
HeEat-DissipaTION CALCULATIONS 


The heat dissipation from unit area of a surface under icing 
conditions is approximated by the equation (reference 1) 


0.62L P,,— Poe 
q/A = E [1] 
Pp t 
or 
q/A = [1 + X]f, At 
where 
0.62L [ Py. — Pre 
X = C,at ( P, ) [2] 


This approximation is close if the entire surface is wet, but 
visual observation of the test equipment on Mt. Washington 
indicates that the entire surface is usually not wetted, Fig. 8. 


TABLE 2 Am/Akh RATIO OF MASS-TRANSFER AREA TO HEAT- 
TRANSFER AREA 


Left Right 
O-'/gin. im. 1/¢-1/2 in. 1/2-3/¢ in. 


Run no 
34-1 0.79 1.03 0.96 0.40 0.95 0.90 
34-2 0.71 Py 1.01 0.71 1.00 1.00 
35-1 1.36 1,22 0.80 1.40 1.46 1.07 
36-1 0.49 0.54 0.08 0.49 0.52 0.28 
36-2 0.43 0.63 0.40 0.47 0.63 0.40 


Therefore, since the areas of heat transfer and mass transfer 
are not equal, the foregoing equation must be revised 


q/A = E + x | pa [3] 


The ratio A,,/A, is presented in Table 2 for a number of runs. 
It varies considerably from location to location and from run to 
run, but is usually less than unity. 

Plots of the circumferential variation of g/AAt or f,(1 + 
A,,/A,X), the unit thermal conductance corrected to include 
an evaporation term, are presented in Figs. 2 to 7. Predictions 
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(based on A,, = A,) were made in all cases, but the agreement 
with the measured values varied from run to run. The agree- 
ment is fairly good for runs Nos. 34-1 and 2, worse in run No 
35-1 and runs Nos. 36-1, 2, and3. Inrun No. 34-1 the cylinder 
surface had been cleaned with soap and water abou t2 hr before 
the test data were taken, but in run No. 34-2 the surface was 
cleaned similarly just before the test data were taken. In run 
No. 35-1 the surface was cleaned first with carbon tetrachloride 
and then with soap and water just before taking the data. Even 
so, no water film was noted on the surface at the start of the run 
A wetting agent was used on the surface in runs Nos, 34-2 and 3. 
(Run No. 34-3 was taken with the surface dry, so surface treat- 
ment should not have had much effect.) 

The results indicate that more data are needed before much 
can be said, but that surface treatment does have some effect. 
Photographing of these surfaces in icing conditions also would 
do much to settle the question. 
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Bending Rigidity and Column 
Strength of Thin Sections 


By P. E. SANDORFF,' BURBANK, CALIF. 


It has been found that elementary structural theory can- 
not be applied with accuracy to problems concerning 
beams and columns having thin deep webs and thin wide 
flanges, because of nonuniform stress distribution which 
exists in the flanges. In this paper the problems of non- 
uniform axial flange stress are treated by means of effi- 
ciency factors which apply to the flange material. These 
basic factors are evaluated from theoretical considerations. 
Then, given a particular section and the manner of load- 
ing, it is necessary only to apply the proper flange effi- 
ciency factor to calculate reduced or effective section prop- 
erties, which can be used in place of the geometrical 
properties in the elementary formulas for lateral bend- 
ing or lateral column buckling. 

The results are substantiated by empirical data. Practi- 
cal usage is illustrated with examples. The tangent- 
modulus column curve is shown to apply to stiffened-skin 
panels when based on a “‘true slenderness ratio’? which 
allows for shear lag effects. Conclusions are drawn indi- 
cating design for best efficiency. 


INTRODUCTION 


N problems concerning beams and columns that have thin 

deep webs and thin wide flanges, it has been found that ele- 

mentary structural theory (such as f = Mc//, or the Euler 
column formula, P = cx? EJ /L?) cannot be applied with accuracy 
because of nonuniform stress distribution which exists in the 
flanges. 

In aircraft stiffened-sheet structure, the thin-web and thin- 
flange section is quite common because of its high structural effi- 
ciency. For members in bending or compression, design trends 
are toward even thinner, deeper sections, which utilize devices 
such as a bead in the web and curled lips on the flanges to prevent 
local instabilities. However, it is generally recognized that such 
sections, particularly C-shapes and Z-shapes, are not as efficient 
as would be indicated by elementary theory, assuming uniform 
distribution of stress over the flanges. 

The assumption of uniform flange stress can be justified only 
when the bending moment is applied in ideal fashion and is con- 
stant over the span. Such conditions seldom exist. In a beam 
under concentrated loads, for instance, the bending moment varies 
uniformly along the span; under uniformly distributed load the 
moment variation is parabolic; while in laterally buckling col- 
umns the moment variation is sinusoidal. The bending stress 
in the flange must vary as the bending moment varies, building up 
from the value of zero which occurs at the points of moment in- 
flection. 

This spanwise variation in axial flange stress can be brought 
about only by shear stresses in the horizontal flange material, 
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giving rise to shear deformation and a “shear-lag”’ effect. In ad- 
dition, in the case of an unsymmetrical flange, the conditions of 


equilibrium are maintained only through internal moments in the 


plane of the flange. The axial stress then varies over the width of 
the flange, as well as over the length, making the assumptions of 
the elementary beam theory invalid. 

Thus there are two principal causes for nonuniform stress dis- 
tribution in the flanges of thin sections: shear-lag effects and ec- 
centricity effects. 

The consideration of shear-lag effects in an aircraft structure 
has generally been limited to the case of wing box beams. Ac- 
tually, serious shear-lag effects may occur in sections commonly 
used for stiffeners, bulkheads, ribs, and in the skin between stiffen- 
ers. Though some of these cases have been studied references 
(1 to 6)? are cited for example, the full significance of the shear- 
lag effect has not been widely appreciated. 

The stress variation and the loss in effectiveness occurring in 
flanges placed eccentric to the web have been indicated in the gen- 
eralized treatments of bending of unsymmetrical sections. This 
approach is not readily applicable in the treatment of structure 
such as stiffened-skin panels, in which one flange of the stiffener 
is restrained against transverse deflection by the skin. 

In this paper the problems of nonuniform axial flange stress are 
treated by means of efficiency factors which apply to the flange 
material. These basic factors are evaluated from theoretical con- 
siderations.? Then, given a particular section and the manner of 
loading, it is necessary only to apply the proper flange efficiency 
factor to calculate reduced or effective section properties which 
can be used in place of the geometrical properties in the elemen- 
tary formulas for lateral bending or lateral column buckling. 

The first task therefore is to evaluate the flange efficiency in 
general terms. 


? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

3 This approach is not new, and some of the theoretical work may 
be found in references (1 to 6). 
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FLANGE EFFICIENCY 

An outstanding example of loss in efficiency occurs in unsym- 
metrical flanges, such as those of the Z-section of Fig. l(a). This 
flange is subjected to bending in the plane of the web. Because 
the web is thin, it can apply only shearing forces to the flange, the 
transverse stress (stress in the y-direction) being negligible. The 
external stresses acting on a section of the flange are indicated in 
Fig. 1(0). 

Considering the length of the flange between points of moment 
inflection, it is seen that all axial load in the flange enters through 
shear at the web connection. This loading is analogous to the 
eccentric column of Fig. 1(c), where the point of application of the 
axial load P coincides with the edge of the section. Neglecting 
secondary effects, the maximum stress, or “edge”’ stress, in this 
column may be calculated as the sum of the axial stress P/A plus 
the bending stress Mc /J, where the bending arises due to the fact 
that the load is placed at a distance w/2 from the centroid. 


Pw tw3 
Substituting and rearranging 
r 
Fedge == { + 3 A : Ic] 
1 
P = 4 (sedge X 


The average stress is therefore only one fourth as great as the 
edge stress. This edge stress may be said to correspond to the axial 
stress at the web-flange connection in Fig. 1(b). The stress drops 
off rapidly with distance from the web, and at the free edge of the 
flange the axial stress is actually of the opposite sign. However, 
according to usual analytical methods, the flange would be con- 
sidered to act under uniform stress equal to gedge and the pre- 
dicted flange load would be 4 times too large. Therefore, from 
these rudimentary considerations, the efficiency of the unsym- 
metrical flange would be estimated at 25 per cent. 

In contrast, Schorer (7) has shown that, excluding local effects 
or buckling, the bending stress in a thin-walled cylinder is given 
exactly by Mc/I, making the “flange efficiency” 100 per cent. 
Apparently a large variation is possible. 

For those cases which occur most frequently in design, namely, 
flanges which lie normal to the plane of moments, the flange ef- 
ficiency may be approximated by means of the theory of elasti- 
city. 

Types of Flanges. The different types of flanges considered are 
illustrated in Fig. 2. Case A is an unsymmetrical flange, as oc- 
curs in a thin-webbed Z- or C-shape. The Case B flange is the 


CASE A CASE B CASE C CASE DO CASE R 
~~ 
ORIGIN AT EDGE ORIGIN MIDWAY BETWEEN WEBS] ORIGIN AT EDGE 
% = aT y=0O 
2 Owe * 0, - 90, = ZF, avr 
ay 
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flange symmetrical about one web. Case C is similar to B except 
that the flange extends indefinitely and there are many webs, as 
for instance, the skin in stiffened-skin aircraft panels. In Case 
D the flange lies wholly between two webs, as the crown in a hat- 
section stiffener. 

Case R is shown typified by the “free’’ flange of a Z- or C-section 
in a stiffened-skin panel. In this case the free flange is able to 
shift transversely, but this motion (often observed when such 
sections roll over as they fail in test under axial load) is restrained 
by the bending rigidity of the web and skin. Case R is in this 
respect intermediate between Case A and Case B; Case A is char- 
acterized as having zero transverse restraint, while in Case B, due 
to symmetry of the flange material, the displacement is zero and 
the restraint is infinite. 

Assumptions Used in Mathematical Work. Certain assumptions 
are made, as indicated, to simplify the theoretical determination 
of the flange efficiency. These assumptions may depart somewhat 
from the known physical conditions, but it is believed that in 
most cases the usefulness or accuracy of the solutions is onl) 
slightly affected: 

(a) Lateral bending or buckling about one axis only is consid- 
ered. 

(b) The flange lies in a plane parallel to the axis of bending and 
conditions of plane stress are assumed to exist in the flange. This 
is justifiable if the flange is thin so that internal bending rigidity 
may be neglected. 

(c) The flange does not warp, transverse sections of the flange 
remaining parallel to their unstressed position. For small de- 
flections deviations are usually negligible (5). 

(d) The beam is of constant section and may be considered con- 
tinuous. The effects of discontinuities and local conditions are 
not considered. 

(e) The material is homogeneous, isotropic, and elastic. 

Statement of Boundary Conditions. The boundary conditions 
for the several types of flanges are expressed in mathematical 
form in the table of Fig. 2. For all cases, it is seen that according 
to condition 1, the shearing stress is zero at the origin, which is 
taken either at the free edge of the flange or midway betwee: 
webs. Condition 2 expresses the strain in the flange at the web 
attachment, in terms of a Fourier series. For the present this 
series is general in nature; it is later evaluated by reference to the 
over-all deflection curve. Proceeding to condition 3, for Cases A 
and B the transverse stress ¢, is zero at the free edge of the flange 
For Case A this transverse stress is zero also at the web center line 
In Case B the effect is exactly the opposite and the statements 
made that the line of symmetry remains straight. In Case R, 
which represents the intermediate condition, the degree of tran+ 
verse restraint which is offered to the free flange is expressed 1! 
terms of a “foundation modulus,” R. By definition, P is the dis 
tributed spring constant of the remainder of the structure acting 
to restrain the free flange against transverse displacements. 

Mathematical Derivation of Flange Efficiency. The entire stres 
distribution existing in the flange may be expressed as an infinite 
series according to the classical differential equations for plane 
stress 
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SANDORFF—BENDING RIGIDITY AND COLUMN STRENGTH OF THIN SECTIONS 


+ sinh + Cyy cosh 


4 


a(Y) = (, cosh 


+ Cy sinh {5] 


The flange efficiency is defined as the ratio of the total force in the 
flange to the force which would be expected on the basis of uni- 
form stress equal to the stress at the web connection 


By substitution, a general expression for the flange efficiency 
may be found in the four coefficients C, to Cy. For convenience 
only the nth term of the series is considered for the time being. 
The coefficients are then evaluated for each type of flange from 
the statement of the boundary conditions, using Hooke’s law and 
the equations of compatibility, Equations [2, 3, 5, 6, and 18] of 
reference (2). The resultant mathematical solutions for ny are 
presented in Equations [7 through 11] 


2 
‘ah? new 
sinh 
L L 


L : L L L 
= 
9 new new h new 
sinh cosh —— 
2 
+ py)? + (3 + 2» — v*)cosh? + (1— 
[8] 
2 sinh? —— 
w new 
(3. + — eink — cosh —— — (1 + 
L L L 
a sinh —— cos — 
on = — 
ww 
2 — cosh? —— 
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curacy. Boundary condition 2 (previously noted in Fig. 2) is the 
the following Fourier series 


where F, is a stress which is a function of the bending moment 
M,. Thus the o;, expression is fixed by the type of loading and 


2 
) LR new new 
sinh? (=) + 2 + sinh = cosh | 


For practical use these are presented in chart form in Figs. 3 and 
4, with nw/L as the independent variable. 

From these charts the value of nn for each term of the complete 
solution is readily available. In the general case, the total value 
of the efficiency follows from Equation [6] as a summation aver- 


age 
Equation [12] is evaluated by finding values of n, from Fig. 3 or 


Fig. 4, and determining values for (oz), from boundary condition 
2, using a sufficient number of terms n to obtain the desired ac- 


4 


2 
+ »)2 + (3 + 2» — p*eosh? 


the end conditions, and o,,, and 7 are both variable functions of 
the spanwise distance z, though », for any one term of the series 
is constant over the span. 

The calculation of F, and oz» involves the determination of tlte 
effective section properties of the member. This is sometimes fa- 
cilitated by using, instead of the flange efficiency, the “effective 
flange width,” w. The value w is defined as the width of flange to 
be considered active under the axial stress existing in the web at 
the flange connection, and calculated as 


The ratio of w,/L approaches an asymptotic value when nw/L 
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becomes large, and therefore a plot of nw,/L against nw/L is 
sometimes more convenient to use than Fig. 3. Charts of this 
form for the several cases are presented in Fig. 5. 

Similar to the efficiency, the ‘‘total effective flange width” is a 
summation average 


The total effective flange width w is used to compute /, the ef- 
fective moment of inertia, which can be used in elementary beam 
formulas to calculate stress and deflection. 

In connection with the curves for Case C, it is noted that for 
small values of nw/L, an efficiency of better than 100 per cent is 
obtained. This is due to the fact that the strains, not the stresses, 
of the web and the flange at their intersection are equal, and with 
the presence of transverse stress (oy) in the flange, greater flexural 
rigidity is realized, just as in the bending of a plate alone, refer- 
ence (2) Equation [128]. The effect also enters in Case B, but not 
in Cases A and D. No lateral expansion occurs in the Case C 
flange (through Boundary Condition 3) and thus Case C is ap- 
plicable to a symmetrical double-skin panel, or to an ordinary 
stiffened skin panel of infinite width. In general, skin bays of 
stiffened panels are conservatively approximated by Case B. 


UNSYMMETRICAL FLANGE WiTH WEB RESTRAINT 


Bending of a Z- or C-section (Case A) is accompanied by trans- 
verse deflection of the free flange with resultant decrease of bend- 
ing rigidity. If the section is definitely positioned, as for instance 
the stiffener in a stiffened-skin panel, the remainder of the section 
may act as an elastic foundation restraining the free flange against 
such displacement. 

For a Z- or C-section, fixed at the base, the effect of this re- 
straint may be approximated by considering the web to act as a 
cantilever, as indicated in Fig. 6(a). Representing the side force 
exerted by the flange as gq, in pounds per inch, the transverse 
deflectien is 


where D,, = Et*/12(1 — v*) from Equation [128] of reference (2). 
Then since g = — o,f, the foundation modulus R (previously de- 
fined in Equation [1]) becomes 
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Comparison with experimental data, Fig. 7(a), indicates this ap- 
proximation to be reasonably accurate. 

In stiffened-skin panels, the skin may also deflect, reducing the 
value of R. An approximation of this effect may be obtained by 
considering the deflection pattern in Fig. 6(b), where 


v = ah = gh*b/12Dx 


E tex® 
the over-all value of R for skin and stiffener combined is obtained 
from 


Thus if the thickness of the stiffener web and of the skin differ 
greatly, the thinner element is predominant in determining the 
value of R. 

The presence of buckles in the skin may increase the true value of 
Rs appreciably. Test data obtained on panels which contained 
skin buckles, remaining after compression testing, are shown it 
Fig. 7(b); these indicate that Rex may be increased by a factor of 
2 or 3. However, a rough approximation of R usually leads to 
satisfactory accuracy in the value of flange efficiency, as may be 
seen from Fig. 4. 


ErrectivE MoMENT OF INERTIA 


Column strength and bending rigidity of thin sections may be 
derived from the usual Euler or beam formulas by using a modi 
fied value of the moment of inertia. To calculate this “effective 
moment of inertia” 7, the flange efficiency or the effective flange 


| | | } | } 
08 ff | (a) RESTRAINED BY WEB BENDING 
J 3 4 8 1.0 12 
q 
° 8 
at 
a 
1 1 1 
2 
4 


147 


SANDORFF—BENDING RIGIDITY AND COLUMN STRENGTH OF THIN SECTIONS 


width is used. The definition is parallel to that for the ordinary 
section moment of inertia and may be stated 


T = — [21] 


where 
d4 = elemental area effective in bending 
2(2dA) 
3(dA) 

In evaluating @A, all of the web material is considered in conjunc- 

tion witb the effective widths of the flange material. 


= distance from reference axis to centroid 


LATERALLY BucKLING CoLUMN STRENGTH 


The deflection curve of a laterally buckling column may be 
represented by a cosine curve (8). Thus the moment diagram 
and consequently the axial stress o,, are given by the Fourier 
series of the single term n = 1 


The total values for flange efficiency and effective flange width, 
from Equations [12] and [15], become simply », and w, forn = 1. 
These may be taken directly from the charts, Figs. 3, 4, and 5, 
using L = pin-end length. The flange effective width and con- 
sequently the effective moment of inertia is constant over the 
length of the column. 

The solution is exact for a continuous structure. It is applica- 
ble to a fixed-end column with the assumption that at the ends, 
the flange is fully restrained axially but receives no transverse 
(shearing) restraint, or to a pin-end column, assuming the flange 
to be fully restrained transversely and unrestrained against axial 
deflection. Practical cases usually deviate from these conditions 
particularly with regard to the transverse restraint on the flange. 
The effect on column strength, however, is believed to be small 
in most cases. 

Column With Skin Buckling. A special problem is presented by 
the stiffened-skin column structure used in aircraft, due to the 
already complicated nature of the stress distribution in the buck- 
led skin. In a wide. panel with several stiffeners, the skin, if 
unbuclved, would be considered as flange material of Type C, and 
it usually suffers a sizable shear-lag reduction*because of the rela- 
tively large ratio of stiffener spacing to column length. When the 
skin buckles, an additional loss in bending rigidity occurs, as de- 
termined by the tangent to the curve of average stress versus 
stiffener stress (9). It has been found expedient and reasonably 
accurate to apply both of these reductions successively to obtain 
the net skin efficiency. This is done as follows: 


(a) The contribution of the buckled skin to the bending stiff- 


hess of the panel is represented by b,, the “tangent effective 
width” 


where b, is the effective width of skin acting at the stiffener stress 
i compression, in the absence of bending or column bowing. The 
term 6, is not to be confused with flange effective width. 

(b) The flange efficiency 7 is obtained from Fig. 3, taking n = 
1, wien half-stiffener spacing between rivet center lines, and L = 
equivalent pin-end length of the column. 

(c) The net effective width of the skin to be used in the caleu- 
lation of / is taken as’ nb,. 


In the study of columns it is often convenient to use the term 
Pw the effective radius of gyration. This quantity is defined as 
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where J, as previously defined, includes all reductions for flange 
efficiency, skin efficiency, etc., and A, is the area effective in 
compression, bending excluded. In stiffened-skin panels, A, is the 
total stiffener area plus the area of skin considered active at the 
stiffener stress, (b,/), and defined as 


where P is the total applied load. The familiar Euler relations 
may then be written for the strength of a centrally loaded, later- 
ally buckling column 


= ( [26] 

(@st) max = (L’/p.)? [27] 


Here L’ is the equivalent pin-end length. 

It is believed that this analysis achieves the same result as the 
more laborious methods proposed for combined torsional and 
lateral instability of unsymmetrical-stiffener panels (10), and in 
addition accounts for shear-lag effects and skin-buckling effects. 


Beams 


Precise Solutions. Usually in cases of beam loading, the maxi- 
mum fiber stress is of primary interest. In general, this maximum 
bending stress occurs at one end or the other of the fully effective 
material, the flange stress diminishing from web-flange attach- 
ment due to flange effects. 

Precise solutions for the stress, and for the flange efficiency, are 
readily achieved for certain special cases of flanged beams. Their 
usefulness is limited because application to practical cases is 
somewhat laborious and sometimes inaccurate, particularly 
where loads are highly concentrated and local effects are not con- 
sidered. Several precise solutions have been previously treated 
in references (1 to 6). 

The method is as follows: (a) The applied bending-moment 
diagram is expressed as a Fourier series in z. For this the loading 
must be treated as cyclic or recurrent and the beam as a continu- 
ous member, as shown in Fig. 8, for the two cases representative 
of concentratefl load and distributed load. (Various possible 
local conditions at supports or points of loading are neglected.) 
The bending stress o,,, at the web-flange connection is then 


Here c is the distance from the neutral axis to the web-flange in- 
tersection, and the value of 7 and the location of the neutral axis 
pertain to the n term value of the effective flange width w,. 
By substituting the moment series into this equation, the re- 
maining boundary condition of Equation [13] is established. 
This expression is simplified by introducing the parameter S 


A; = area of flange 
Ao = area of basic section, that is, section without flange, or 
“fully effective” material 
po = radius of gyration of basic section 
e = distance from neutral axis of basic section to web- 
flange intersection 
The quantity (c/7), of Equation [28] may then be written 
1 


= 


: 
(18) 
(19) 
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The expression for the total flange efficiency is then obtained 
by substitution in Equation [12]. For the two cases in Fig. 8 the 
solutions are given in Table 1. Solutions are also shown for the 
effective flange width w/L, which is more convenient to use for 
beams which have very wide flanges. 

The nature of the variations in flange efficiency are apparent in 
Fig. 9, in which the solutions derived are presented graphically 
for several typical values of the parameters w/L and S. The 
flange efficiency is seen to vary considerably with spanwise sta- 
tion z. Consequently the effective moment of inertia J also va- 
ries over the span, though not as greatly as does 7. The maximum 
fiber stress at any station is given by the simple relation f = 
Mc/1; the deflection curve is found as the double integral of 
M/EI over the span. 

Practical Aspects. The analysis presented for flange efficiency 


TABLE 1 
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is derived with the assumption of elastic stress-strain properties, 
Therefore it does not apply for bending strength or modulus- 
of-rupture effects, although it may be used as a conservative ap- 
proach, since shear-lag effects are reduced when plastic deforma- 
tion occurs. 

In any event, the series solutions presented in the previous 
section are too unwieldy for direct application in strength analy- 
sis. Approximations may often be made conveniently. For ex- 
ample, in the case of a beam under uniformly distributed load, 
the flange efficiency at the center of the span is very nearly equal 
to that of a column, that is, it may be approximated by the single 
value for n = 1, L = pin-end length, which can be read directly 
from Fig. 3 for any ratio w/L. Calculation of maximum fiber 
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stress and deflection at the center of the span should be quite ac- 
curate when based upon this value of 7. For a beam under con- 
centrated loads, however, this is not true. Minimum flange ef- 
ficiency and maximum stresses will occur at the points of load 
application, and the extent of the effects is evident in the cusps in 
Fig. 9. These cusps are probably more severe than would actually 
occur in a structure because they are calculated for conditions of 
“point” loading whereas some distribution and local effects must 
always be in evidence. 


ComPARISON WITH EXPERIMENTAL RESULTS 


Beam Rigidity. A comparison of the experimentally determined 
rigidity and the calculated rigidity of a Z-section stiffened-skin 
panel under uniformly distributed beam loading is shown in Figs. 
10 and 11. The calculations were made by the approximate 
method using n = 1, as suggested in the previous section. 

In this specimen, the flange of the stiffener, which is brake- 
formed from sheet stock, starts with a 90 deg bend at the web and 
is terminated with a 180 deg lip. Half the developed width of 
each of these curved elements was considered to act as flange ma- 
terial and this, together with the flat, was then treated as a Case A 
flange. The stiffener flange which is attached to the skin is re- 
strained transversely by this attachment and therefore was con- 
sidered as a Case B flange. The skin, being of limited width, 
could also be approximated by Case B analysis for each bay. 

Fig. 11 indicates the calculated rigidity to be about 10 per cent 
greater than the experimental value. The discrepancy may be 
due not only to the use of the approximate flange efficiency, which 
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was assumed constant over the span, but also to the effects of 
end conditions, and perhaps to the approximation used in evaluat- 
ing the effect of the 180 deg lip on the flange. For comparison, 
the rigidity as calculated from geometrical considerations alone is 
also shown in Fig. 11, and the necessity of considering flange ef- 
ficiency is immediately evident. 

Column Strength. The analysis for flange efficiency was ap- 
plied to the stiffened-skin specimens in Fig. 12 to evaluate the ef- 
fective radius of gyration as a function of column length. Thus 
for each length test specimen a “true slenderness ratio,” L’/p,, 
was calculated, which differed considerably from the ordinary geo- 
metrical slenderness ratio. Tests were made of flat-ended pan- 
els of various materials, the stiffener stress at failure being deter- 
mined by correlating load-strain data taken for each panel with 
the stress-strain curve of the stiffener material. The test stiffener 
stresses are plotted in Fig. 13 against the true slenderness ratio 
L’/p,, assuming a test end-fixity coefficient ¢ = 4. 

In the same figure, for comparison, are shown the tangent modu- 
lus-column curves for the stiffener materials. These curves are 
derived from the Euler relation, Equation [27], by using, in place 
of Young’s modulus of elasticity, the tangent modulus to the com- 
pressive stress-strain curve of the stiffener material. Shanley (11) 
has shown that the tangent-modulus column curve or Engesser. 
relation should be used as the basis of design of buckling members. 
Many previous investigators have found good experimental cor- 
relation in the case of solid or flangeless columns. Fig. 13 repre- 
sents an attempt to show similar correlation for ordinary stif- 
fened sheet structure. 
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The agreement between tests and theory is seen to be good, par- 
ticularly for stresses below the proportional limit of the material. 
In the plastic region, some deviation is noted, part of which may 
be attributed to a possible reduction of test end-fixity to some- 
thing less than infinite restraint, which occurs frequently in tests 
of the shorter specimens (9). The possible effects of initial ec- 
centricities have also been neglected; these would reduce the 
strength of shorter specimens in particular. 

The same panel test data are presented in conventional fashion 
in Fig. 14, with the geometrical parameter Lp. of the stiffener 
as abscissas. As is customary, Euler curves based upon the same 
parameter are included for comparison, and the test data are 
used to establish straight-line column curves, whose tangency 
with the Euler relations is sometimes used as a determination of 
test end-fixity. 

It is apparent that most of the significance of the column rela- 
tionship is lost in this presentation. Specimens which actually 
failed elastically appear to be in the short-column range; the 
material effects and the shape effects are hopelessly confused; 
and indications regarding test end-fixity are misleading and may 
cause considerable error. 

The preparation of the data presented in Fig. 13 follows the 
methods previously discussed. Calculations of the tangent ef- 
fective width of the skin, Equation [23], were based upon panel 
load-strain data. 


AppiicaTions TO DEsIGN 


The superiority of symmetrical flanges over unsymmetrical 
shapes is immediately apparent. The advantages, however, apply 
chiefly to rigidity considerations. A flange of any type will usually 
improve the strength-weight ratio of the section. 

The primary purpose of 8: flange is to stabilize the upright leg. 
For optimum proportions, the section should be as deep as pos- 
sible with the flange only as wide as is necessary to prevent local 
instability. The analysis for unsymmetrical (Case R) flanges in- 
dicates the importance of both web and skin rigidity in some stiff- 
ened-skin combinations. The flange efficiency can also be im- 
proved greatly by providing transverse restraint through some 
’ external means. A light tension strap has often been used to 
restrain the free flange at the center of the span; this prevents 
rolling and improves the flange efficiency considerably. 

The charts and methods find ready application in structural 
design. Some examples are presented as follows: 

1 The inverted-hat section, shown in Fig. 15, was proposed 
for use in stiffened-skin column structure with a pin-end length 
of about 15 in. Is this an efficient design; that is, how effective 


is the free flange? 
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Case R applies; the web offers transverse restraint to the 
flange. The flanges counteract each other and therefore skin 
deflection does not enter into the determination of R: 


10.0 
(b) 


sho] 


(c) 


Fie. 15 APPLICATIONS 


From Equation [17], R,, w/Et = approx 0.001 
Using n = 1, nw/L = 0.69/15 = 0.046 
From Fig. 4, 7 = approx 92 per cent 


2 In Fig. 15(b) is shown a section through a tank bulkhead, 
which is considered simply supported at 16-in. length and carries 
5 psi internal pressure. What deflection and bending stresses 
may be expected at midspan? 

An estimate of the amount of skin acting with each stiffener 
may be made from Fig. 5, using n = 1 and the curve for Case B: 


nw/L =1 X 5/16 = 0.31 
From Fig. 5, nw/L = 0.168 
2w = 2 (0.168 16.0) = 5.4 in. 


The upper flanges of the stiffener section are symmetrical 
and w/L is small; therefore these may be considered fully ef- 
fective. Using the effective width of skin of 5.4 in., approximate 
bending properties and stress are readily calculated. 

3 In Fig. 15(c), the rib chords spaced 20 in. may ve consid- 
ered pin-ended over a 14-in. span. The structure must carry both 
axial compression in the rib chords as well as distributed normal 
(air) loads on the skin surface. How much skin may be consid- 
ered to act with the chord? 


Using n = 1, nw/, = 10/14 = 0.71 
From Fig. 5, Case B, nw/L = 0.175 
Effective skin width 2w = 2 (0175 X 14) = 4.9 in. 


Unless the upper (free) flange of the chord is restrained a loss 
in efficiency should also be expected here. For this flange 


n = 1, nw/L = 0.75/14 = 0.53 
From Fig. 3, Case A, 7 = 0.21 


CoNcLUSIONS 


Bending Rigidity. The effects of shear lag and equilibrium of 
stresses in the flanges of thin sections may reduce bending rigidity 
considerably, especially when the flanges are unsymmetrical 
placed with respect to the web of the section. 

Methods are shown by which the efficiency of several differen! 
types of flanges may be evaluated. These are derived with the 
assumption of elasticity, and are conservative if plastic yielding 
occurs. Precise solutions for the bending rigidity of flanged bea™ 
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show that it varies considerably over the span and with the type 
and distribution of the loading. 

The precise solutions for beam rigidity appear too involved for 
practical use, and therefore for the case of uniformly distributed 
beam loading a simple approximation is suggested, which leads to 
a ready estimate of effective section properties and maximum 
stress and deflection. For a beam under concentrated loads, the 
loss in efficiency is greatest at the point of load application, 
which would be most critical in the span, and local effects would 
be predominant. Therefore no simple rule for approximat- 
ing flange efficiency is recommended in this case. 

In general, for efficient design of thin flanged beams from the 
standpoint of over-all minimum weight, it is necessary to avoid 
highly concentrated loads or to use local reinforcements where 
such loads occur. 

Column Properties. For thin flanged columns it is necessary 
to consider an effective moment of inertia as well as an effective 
modulus of elasticity. It is then possible to separate the effects 
of material properties from the effects caused by dimensional 
characteristics. 

With each column is associated a ‘true’ slenderness ratio 
which embodies all of the dimensional effects and none of the ma- 
terial effects (though the stress intensity does affect it if there is 
skin buckling). The true slenderness ratio is not in general a 
linear function of the column length because the effective radius 
of gyration of the section also varies with the column length. 
For stiffened sheet structure the true slenderness ratio is not 
readily calculated and is probably determined easiest by test; 
however, the concept is necessary for accurate interpretation of 
test data and column design. 

The column strength of centrally loaded laterally buckling stiff- 
ened-skin panels, when plotted against true-slenderness ratio, is 
in accord with the Engesser tangent-modulus column curve de- 
rived from the compressive stress-strain curve of the material. 
Thus if the column strength of a design is determined by test of a 
specimen of known material properties, the true-slenderness ratio 
may be determined and used to predict strength when other ma- 
terials are used in construction. This is usually accurate provided 
the column stresses do not vary too greatly. The principle has 
been adopted in the reduction of column and other buckling test 
data to standard material properties. 

In the conventional presentation of column data which uses 
the geometrical slenderness ratio of the stiffener, many specimens 
which fail as elastic columns may appear to be in the short col- 
umn range. This is misleading because in such structures, ma- 
terial yield strength is secondary in importance to elastic modulus 
and proportional limit. Actually, eccentricities, fabrication tol- 
erances, and section details are most important, since the design 
range coincides with the steeper slope of the Euler curve where 
column strength is extremely sensitive to dimensional changes. 
It appears best to plot such column data against length alone and 
interpret it with the help of the tangent-modulus column curve. 

Use of Strain Gages. The unguided use of strain gages in tests 
of thin sections ean be of more hindrance than help. For strain- 
gage data taken on the flange of a section, a true interpretation 
may be impossible if slight bending is present. Gages placed at 
the geometrical “neutral axis” may actually be located some dis- 
tance from the true neutral axis. Unexpected bending loads fre- 
quently occur and therefore the location of strain gages is a mat- 
ter requiring considerable judgment. 

Design Considerations. On the basis of flange efficiency, sec- 
tions with thin webs and unsymmetrical flanges should, in general, 
be avoided where bending or column loads are to be carried. 
Closed sections and I-sections are best, and in any case the ratio 
of flange-width to length should be kept small. Bulb T-shapes are 
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also good but there is an increased possibility of local instability 
of the outstanding leg. 

In stiffened-skin structure, the free flange of the stiffener 
should, if possible, be symmetrical about the web. Hewever, 
any flange is usually better than none at all, and if the flange is 
unsymmetrical, better efficieucy may ordinarily be obtained in the 
longer lengths by increasing web thickness and skin thickness. 
Skin buckling should be delayed, and inter-rjvet buckling near 
the design stress is detrimental. 

Good detail design, based upon the efficiency of the section in 
lateral bending or column failure, is illustrated in Fig. 16. But it 
is recognized that other modes of failure, as well as other factors 
outside the realm of applied mechanics, must ordinarily be eqn- 
sidered in structural design. 
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Airfoils During 


Heat Requirements for Instruments and 


Icing Storms on 


Mt. Washington 


A device constructed for measuring the heat required to 
reach certain specific anti-icing conditions was used at the 
Mt. Washington Observatory during 94 regular icing ob- 
servations in the period January-March, 1946. During 
these runs the power requirements were determined for 
keeping a small cylindrical calrod unit, 0.81 cm diam, at 
four anti-icing conditions. These conditions were: Type 
1, dry surface; Type 2, trace of water on the leading edge; 
Type 3, wet surface; and Type 4, trace of ice on the leading 
edge. Observations were made in conjunction with regu- 
lar multicylinder icing runs so that all heat data are re- 
lated to (1) liquid-water content, (2) effective particle size, 
(3) air speed, (4) temperature, (5) snow intensity, and (6) 
rate of deposition on cylinders. The results show that 
to provide satisfactory anti-icing properties to small in- 
struments and airfoils, a maximum value of 10 w per sq 
cm is required to cope with extreme conditions. About 
a third of this value is needed to prevent ice accretion. At 
least 15 w per sq cm are required for plane installations due 
to the increased air-speed factor. 


N developing instruments for measuring such meteorological 
factors as the liquid-water content, particle size, and wind 
velocity of supercooled clouds, heat must be applied to the 
exposed areas to prevent the formation of ice on the working 
parts. Ice deposits clog the collectors and destroy the streamline 
flow of the air passing the instruments. 

In the past a value of 1.5 w per sq cm of projected area was 
considered ample for complete anti-icing. When this amount of 
heat was provided in constructing the collecting head of the G-E 
cloud meter for use at the Mt. Washington Observatory in 1946, 
serious ice deposits formed on the exposed surfaces. It was then 
decided to obtain measurements which would determine how 
much heat was actually required under various types and degrees 
of icing conditions. 

The initial device constructed for this purpose is very simple. 
It consists of a G-E calrod unit mounted in a vertical position 
and held rigidly with a supporting tube. This unit is shown in 
Fig. 1. Controls are provided which permit a fine adjustment 
of the electric heating circuit. 

The dimensions of the calrod unit are 0.81 cm diam X 40.5 
emlong. Thus the projected area of the exposed heated surface 
is 32.8 sq em. 


Meruop IN Exposinc Heater UNIT 


_ Runs are made with the heater unit simultaneously with regular 
icing runs at the Mt. Washington Observatory. The base is 
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Fig. 1 G-E Catrop Unit For Anti-Ictne Stupries 


placed on the parapet of the platform, adjusted so that it is nor- 
mal (i.e., perpendicular) with respect to the prevailing wind. 

A high wattage is applied at the start of the exposure and then 
reduced to the point where a trace of moisture is seen as a fine line 
on the leading edge. This value is noted as Type 2, “trace of 
water on leading edge.’’ The power input is then increased until 
this trace of moisture disappears. This value is termed Type 1, 
“dry surface” and is the maximum heat required under any — 
condition for complete anti-icing of an object. 

The input voltage is then reduced until moisture is seen over all 
of the leading edge of the heating unit with occasional droplets 
running back of the cylinder or blowing off. This value is termed 
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Fie. 2. Pornts ror Stupyine Heat REQUIREMENTS IN CLOUDS 
or Liquip-WaTER 


Type 3, “wet surface.” Voltage is then reduced until a trace of 
ice is seen to form on the leading edge. This value is termed 
Type 4, “trace of ice.” These values are all expressed in watts 
and have end points as illustrated in Fig. 2. 


Discussion OF Four Enp-Point VALuEs IN RELATION TO 
Ic1inG oF INSTRUMENTS AND AIRFOILS 


The amount of heat required to reach the four end points de- 
scribed gives pertinent data under natural icing conditions. 

These data show the amount of heat required in watts per 
square centimeter of projected area to keep a surface completely 
dry (maximum) to the point where a trace of ice is permissible 
(minimum). For many installations the value listed under 
(Type 1, dry surface) is excessive and is not at all necessary. 
However, for such a device as a Pitot tube of the Dines type which, 
with certain modifications, is the standard aircraft speed in- 
dicator, such an amount of heat is needed. This is especially 
important if the instrument is to be used during continual icing 
conditions of more than a few hours’ duration. Under such 
exposures, vapor from cloud water and melted snow entering the 
dynamic- and static-head openings gradually diffuses into the 
lines where it condenses and eventually plugs them. On the 
other hand, an instrument installation requiring a wind vane 
which must have freedom of rotation during icing weather needs 
only enough heat to prevent ice from bridging across from the 
stationary mast to the rotating collar. This latter type of anti- 
icing requires only a little more than the (Type 4, trace of ice) 
value. 

An airfoil which is heated only over the leading edge requires 
more heat, for example, than Type 3 (wet-surface), since this 
would not prevent the formation of runback. Type 2 (trace of 


TABLE 1 


Effective Liquid- 
drop water 
diam, content, 

microns g per cu m 
Lw 

0.29 

0.38 

0.31 


Free-air 
temp, speed, 
deg F mph 


nO 
sib 


T = trace; VL = very light; L = light; M = moderate; H = heavy. 
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water) is the degree of heat needed, since this permits a smal] 
amount of water to form at the stagnation point. This is evapo- 
rated before it has a chance to run back onto the unheated part 
of the airfoil. 

Such meteorological icing-study instruments as the G-E cloud 
meter require only enough heat to prevent the formation of ice. 
In fact, it isimportant to keep temperatures as close to the freez- 
ing point as practicable to minimize losses due to evaporation. 

Results. During the period January 21 to March 10, 1946, 
ninety-four runs were obtained with the calrod heater unit in 
conjunction with regular niulticylinder icing runs at the Mt. 
Washington Observatory. 

A study has been made of all of the data resulting from these 
runs, to establish the important factors which seem to be involved. 
In order for the comparisons to have any significance, it is neces- 
sary of course to eliminate as many as possible of the variables 
which exist under natural icing conditions. Included in possible 
variables are (1) Dy, effective drop diameter, microns; (2) Ly, 
liquid water content, g per cu mm; (3) 7’, temperature, deg F; 
(4) V, air speed, mph; (5) Ps, frozen precipitation in air. Other 
factors, such as particle-size distribution, air density, etc., are 
probably contributing factors but they have not been included 
in this analysis since it is not likely that they are of primary 
importance. Improvements in measuring techniques and the 
device are still under consideration, one of the most important 
being the installation of one or more thermocouples to establish 
the temperature of the heater unit for dry-run calibrations. 

This will establish the cooling effect of the wind and tempera- 
ture under dry-air conditions. 

To make significant comparisons, all of the data were examined 
to find examples where two or more of the variables were either 
identical or close enough to be reasonably similar. In this selee- 


tion occasional examples were found in which the liquid-water ’ 


content was lower, but the wind velocity was higher, or the 
temperature lower than the “standard’’ under comparison. 
Such combinations tend to complement each other to bring the 
end result nearer the “standard.’’ By considering such cases, 
as well as runs under nearly identical conditions, a fairly wide 
range of icing conditions has been listed in the following tables, 
together with the amounts of heat found necessary for providing 
anti-icing of the four types previously described. 

The effect of particle size on heat requirements is shown in 
Table 1. Of the variables 7, V, Ly, D,, and Pg, the factor 
effective drop diameter D, shows the best correlation with the 
heat needed to reach the four types of anti-icing end points. 

Perhaps the most significant result shown in Table 1 is that an 
increase in cloud-particle diameter from 6 microns to 12 microns 
more than doubles the amount of heat required to achieve the 
same types of anti-icing. The other very important result is the 
evidence that more Heat is required to keep surfaces anti-iced 
than is commonly believed. The value of 1.5 w per sq cm, which 
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TABLE 2 HEAT REQUIREMENTS UNDER SEVERE CONDITIONS 

Ps 0, Rg, 
Date, Da, Lw, intensity -—Heat requirements, w per sq cm— gpersqem gpersqem 
1946 Time microns g percum deg F mpb of snow 1 2 4 per hr per hr 
2-1 4A 8.3 0.32 3 80 VL 5.5 5.2 4.1 3.5 2.0 5. 
1-31 10P 9.0 0.50 14 61 5.4 5.0 4.0 1.4 2.4 1.5 
2-1 1A 9.6 0.4 7 76 VL 7.5 4.3 4.0 3.3 2.6 1.6 
3-9 10P 11.7 0.62 12 80 L-M 7.0 6.9 5.9 3.7 4.4 3.4 
3-10 1A 15.0 0.43 1 88 None 5.8 6.5 5.8 3.6 4.1 4.1 
1-22 1A 17.1 0.75 12 57 L 5.2 4.5 2.3 1.5 4.8 8.3 
2-6 7P 16.3 0.65 30 62 ZR* 5.8 5.1 0.51 0.17 4.5 7.2 
3-2 4P a 1.12 25 48 None 5.6 5.1 0.42 0.30 5.7 14.3 


* Moderate freesing rain. 


TABLE 3 EFFECT OF TEMPERATURE ON POWER REQUIREMENTS 


Ps, 
Date, Da, Lw, Fe intensity -—Heat requirements, w per sq cm—~ rg,gpersq Rg,g persg 
1946 Time microns g percum deg F mph of snow 2 3 q em per hr em per br 
3-4 7P 5.7 0.12 28 71 None 0.7 0.4 0.3 0.30 T 
2-2 1P 5.8 0.29 7 41 L 1.2 1.3 0.7 0.5 0.36 T 
2-25 7P 5.8 0.10 —18 75 L 3.6 2.1 bee | a 0.34 T 
TABLE 4 EFFECT OF SNOW IN AIR 
Ps, 

Date, Da, Lw, intensity -—Heat requirements, w per sq cm— rg,gpersq Rg, persq 
1946 Time microns g percu m deg F mph of snow 1 2 4 em perhr cm per br 
2-12 7A 12.9 0.39 —6 57 None 2.6 2.1 1.8 1.4 3.32 2.88 
2-2 1A 7.6 0.37 —6 59 VL 3.3 3.0 2.4 1.8 3.50 0.47 
2-14 10P 10.2 0.46 10 60 y 3.6 2.7 1.2 0.7 4.50 1.80 
1-31 10P 9.0 0.50 14 61 H 5.4 5.0 4.0 1.4 2.40 1.50 


we have heretofore considered ample for satisfactory anti-icing 
is completely inadequate, except for mild icing conditions. The 
value of 2 w per sq cm to maintain the heater with a trace of ice 
under conditions of Ly = 0.38 g per cu m, 7’ = 3 deg F, Dz = 
10.2, V = 64 mph, and a trace of snow is typical. This shows 
why instruments ice up so readily especially when it is realized 
that values in excess of these are encountered at the observatory. 
Some of the more extreme conditions are shown in Table 2. 

As shown in Table 2, the maximum heat requirements found 
to date to keep the heater unit at the trace of ice condition was 
3.7 w per sq cm with D, = 11.7 microns; Ly = 0.62 g per cu m; 
T = 12 deg F; V = 80 mph, and with a light to a moderate in- 
tensity of snow. 

As a general rule the heaviest ice accretions are encountered 
with higher temperatures both at Mt. Washington and in free 
air. The lower heat loss due to this factor plays a major role in 
reducing heat requirements. This is very well shown in the last 
two cases listed in Table 2. Although Ly» and D, are both high, 
temperatures near freezing are responsible for the low values of 
power required for “wet” anti-icing. The higher temperature 
also redaces the power required to keep the heater dry as would 
be expected. In the runs listed in Table 2, effective drop size is 
not the dominant variable since the other four factors under con- 
sideration are far from similar. 

The effect of temperature on power requirements is shown in 
Table 3. The cases selected have nearly identical effective drop- 
size values. The liquid-water content and wind-velocity values 
tend to equalize so that the major variable is temperature. 

Assuming that all the variables in Table 3 except temperature, 
were constant, these data show a fourfold increase in power 
requirements in a temperature range of 46 deg F or 26 deg C. 
The combination of low liquid-water content and small drop size 
would produce only a trace of ice on a 3-in. cylinder, but on a 
meteorological instrument such as a Pitot tube which should be 
kept dry about 3 w per sq cm of projected area must be available 
for the lower-temperature conditions even though the values of 
liquid-water content and drop size are very low. 

The effect of snow in the air is shown by the runs listed in Table 
4. Snow particles, even very small ones, have a sufficient range* 

* Properties of Single Particles of Snow and the Electrical Effects 


They Produce in Storms,”’ by V. J. Schaefer; Transactions, Ameri- 
can Geophysical Union, August, 1947. 


in quiet air so that they are not deflected from a small airfoil or 
cylinder. Except at very low air velocities, all crystals in the 
path of such an object reach it. Therefore the effect of snow 
crystals on heated cylinders and airfoils must be considered in 
analyzing the heat required to prevent the formation of ice. 
By using an air decelerator in front of a collector, the mouth of. 
the decelerator being held normal to the wind, fairly accurate 
measurements can be made of the snow content of the air. This 
measuring technique has only recently been added to the obser- 
vational procedure on Mt. Washington so that the results were 
not complete for the runs under consideration. The snow in- 
tensities listed inTable 4 indicate roughly the snow content of the 
air. The effect of snow on the heat required indicates the need for 
the more quantitative measurements now under way. 

A study of these results shows that a factor from 1.3 to 2, 
according to snow intensity, must be applied to the heat required 
for anti-icing in snow-free icing clouds to reach the same condition 
if there is snow in the air. 

A comparison between two observations under as nearly 
identical conditions as could be found in the 94 runs is shown in 
Table 5. These runs as well as others indicate that the meas- 
uring techniques followed in obtaining the data under considera- 
tion are of sufficient accuracy to be valuable in providing in- 
formation on the heat required for icing instruments. Extra- 
polation of these data to higher air speeds is probably possible. 
It is not likely that these data can also be used for larger cylinders 
or airfoils until additional experimental runs are made with 
several larger sizes of heated cylinders fitted with a few thermo- 
couples. Until such studies are made, however, these data 
supplemented by more runs now under way will be of considera- 
ble assistance in designing for adequate anti-icing heat in meteoro- 
logical instruments to be used on mountains and in air- 
craft. 


CONCLUSIONS 


The analysis of the calrod heater-unit runs made during the 
period January 21 to March 10, 1946, at the Mt. Washington 
Observatory which have just been discussed provides pertinent 
information on the amount of anti-icing heat required to in- 
sure proper performance of meteorological instruments in icing 
clouds. 

It is obvious that icing instruments should be designed so that 
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TABLE 5 


Date, Da, Lw, 
1946 Time microns g percum 
3-3 4P 13.2 0.76 
3-3 fa 13.6 0.82 


mph 

65 

62 


deg F 
15.8 
15.8 


they can perform satisfactorily under the most severe icing con- 
ditions which might be encountered. Fortunately, most in- 
struments for this purpose are small so that it is not difficult to 
provide heaters to cope with the demand. 

On the basis of the observations mentioned in the paper, 
power amounting to at least 10 w per sq cm of projected area 
is necessary to assure proper operation of meteorological in- 
struments such as Pitot tubes. This would keep a Pitot tube 
dry with moderate snow in the air, drop size of 12 microns, a 
liquid-water content of 0.6 g per cu m, an air velocity of 80 mph, 
and a temperature of 12 deg F. It is felt at the present time that 
the value of 10 w per sq cm of projected area is adequate for any 
condition which might develop at the Mt. Washington Obser- 
vatory. There will probably be times when a Pitot tube, for 
example, would run wet if, under the foregoing conditions, the 
wind velocity increased to 120 mph, or the liquid-water content 
tol.0gpercum. Asa general rule, if the temperature decreased, 
both the drop size and the liquid-water content would be lower 
so that the heating value given would still be adequate. 

For use on aircraft the value of 10 w per sq cm should probably 
be increased to 15 w per sq cm of projected area. Except pos- 
sibly in large cumulus and very thick stratus clouds, it is not 
likely that the cumulative icing factors encountered in free-air 
-conditions will surpass those encountered on Mt. Washington. 
The major reason for the increase suggested in the higher value 
of the air-speed . factor. 

Perhaps the most significant result shown by this study is the 
effect that particle size has on heat requirements, all other factors 
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COMPARISON OF OBSERVATIONS 
Ps, 

intensity 

of snow 


rg, persq Rg, per sq 

em perhr- cm per hr 
5.2 5.9 
5.3 6.7 


—Power requirements, w per sq cm— 
1 2 


4.0 
4.7 


None 
None 


3 
1.0 


8 


being equal. This shows the great importance of developing 
meteorological instruments to measure both liquid-water content 
and particle size. It seems to be obvious at this time that it will 
not be possible to provide enough thermal heat for most aircraft 
to fly safely under severe icing conditions. Therefore it is of great 
importance to develop an adequate forecasting system to show 
areas of potential icing so that safer flight paths can be plotted at 
all times. 

The solution for obtaining such information involves two types 
of instruments. One would be similar to the G-E cloud meter of 
the type which provides air speed, liquid-water content, and 
particle size. Such an instrument would be used at mountain 
observatories and in weather reconnaissance planes equipped for 
bad-weather flying. The other device would involve an in- 
strument which could be added to the G-E rapid sequence radio 
sonde which would provide a measure of Ly and D,. Both of 
these units are now under development at the Research Labora- 
tory of the author’s company. 


ACKNOWLEDGMENTS 


The author wishes to acknowledge his appreciation to the 
personnel at the Mt. Washington Observatory, the Eighth 
Weather Region Detachment of the A.A.F., the U. S. Weather 
Bureau, and Northwest Airlines for the co-operation which made 
this study possible. 

He is particularly grateful to Sgt. Victor F. Clark, Raymond 
E. Falconer, and Kenneth E. Gould who were responsible for 
obtaining the data used in this report. 


BE 
SF 
4.2 0 
ty 
aM 
i 
fond 


ying 
tent 
will 
raft 
reat 
how 
dat 


y pes 
r of 
and 
tain 
| for 

in- 
adio 
h of 


Ora- 


the 
ther 
nade 


; for 


Systems have been investigated experimentally. 


Liquid-Propellant Rocket Power Plants 


By M. J. ZUCROW,' LAFAYETTE, IND. 


This paper discusses some of the general features of 
liquid-propellant rocket power plants, and the propellant 
systems which have been developed. The object of the 
discussion is to call attention to problems requiring solu- 
tion in order to improve the reliability and performance 
of liquid-propellant rocket power plants. 


PrincipAL ELEMENTS OF A BIPROPELLANT Rocket Moror - 


HE principal elements of a bipropellant rocket motor, 

utilizing a liquid oxidizer and a liquid fuel, are illustrated 

in Fig. 1. It comprises a combustion chamber, an exhaust 
nozzle, a propellant injection system, a cooling system (not 
shown), and propellant control valves for regulating the flow 
of oxidizer and fuel. No ignition system is shown because suita- 
ble propellants are available that react spontaneously on im- 
pingement of their liquid streams. Examples of spontaneously 
reacting liquids are nitric acid and aniline or furfuryl-aleohol 
derivatives, and concentrated hydrogen peroxide and fuels con- 
taining hydrazine hydrate. The liquid oxygen - gasoline pro- 
pellant. system, the oldest combination that has been used, re- 
quires an auxiliary ignition system to initiate combustion. This 
is also the case for the nitromethane monopropellant system. 

The rate of flow of the propellants into the combustion cham- 
ber and the mixture ratio (oxidizer weight rate of flow/fuel weight 
rate of flow) are governed by the areas of the respective injection 
orifices and the differential pressures acting across them. Spray- 
type injectors have also been used but to a more limited extent. 


Pump-PressuRIzED Liquip-PRoPELLANT Rocket JEeT-PROPUL- 
SION SYSTEMS 


There are two general methods of transporting the propellants: 
(1) The gas-pressurization system, which utilizes an inert-gas 
pressure on the storage tanks to force the propellants to the 
combustion chamber; (2) the pumping system which employs 
& pump in the flow path between the storage tanks and the com- 
bustion chamber. 

The former system suffers from the disadvantages in that the 
propellant tanks are heavy, because they must withstand the 
pressures involved, and the heavy inert-gas pressure tank occu- 
pies considerable space. These disadvantages make inert- 
gas pressurization impractical for a rocket of any appreciable 
range. 

The limitations imposed by gas pressurizing stimulated the 
development of pumping systems for feeding the propellants to 
the rocket motor. Fig. 2 illustrates the principal elements of 
such a system. It should be realized, however, that the design 
features of an actual pumping plant are governed by the specific 
propellants employed and the number of rocket motors to be fed. 

Modern pumping systems utilize a gas turbine to drive the 
propellant pumps; .but reciprocating-engine-driven pumping 
The high- 
pressure high-temperature gases for driving the turbine are pro- 


_' Professor, Gas Turbines and Jet Propulsion, Purdue Univer- 
sity. Mem. A.S.M.E. 

Contributed by the Aviation Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 16-19, 1947, of Tae AMERICAN 
Socrery oF MECHANICAL ENGINEERS. 
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Fic. 2 Exvements or Liquip-PROPELLANT PumMPING PLANT 


duced in a gas generator by reacting suitable propellants. These 
need not be the same ones that are fed to the rocket motors. 
In those cases where the gases produced by reacting propellants 
in the gas generator are at too high a temperature, a diluent is 
mixed with them in the gas generator to reduce the temperature 
to a safe value. The diluent is usually a mixture of water and 
alcohol. 

Turbine-driven pumping units of this type have been built for 
the acid-aniline propellant system, the liquid oxygen - ethyl al- 
cohol system, the hydrogen peroxide - hydrazine hydrate ethyl 
alcohol system, and for the nitromethane monopropellant system. 

The best-known rocket power plants are the liquid oxygen- 
ethyl alcohol unit used in the German V-2 missile, and the 
Walter power plant, Model 109-509-Al, used to propel the 
Me-163 airplane. 

The diagrammatic arrangement for the V-2 power plant with 
its pumping units is illustrated in Fig. 3.2. In this unit the gases 
for the turbine are produced by reacting concentrated hydrogen 
peroxide with a solution of calcium permanganate. These two 
chemicals are fed to the gas generator under pressure supplied 
by the nitrogen bottles shown in the figure. The advantage of 
the hydrogen peroxide-calcium permanganate reaction is that the 
gases produced, steam and oxygen, are at the low temperature of 
790 F so that no diluent is required. The pressure of the gases 
entering the ‘single-stage partial-admission turbine is approxi- 
mately 350 psia. The turbine rotates at 4000 rpm and develops 


2 “V.2’s Power Plant Provides Key to Future Rocketry,” by Roy 
Healy, Aviation, vol. 45, May, 1946, p. 63. 
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<— trogen pressure bottles 500 to 600 hp. The operating-chamber pressure for the rocket 
Ram pressure line to motor was 294 psia and the temperature of the chamber gases 
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approximately 5400 R. Details have been given at some length 
by W. G. A. Perring’ (see Table 4 of Appendix). 

The Walter power plant, Model 109-509-A-1, used for pro- 
pelling the ME 163 airplane used concentrated hydrogen peroxide 
and a solid catalyst, consisting of stones impregnated with cal- 
cium or sodium permanganate, to produce the gases for operating 
the turbine. This was the first successful rocket power plant to 
be employed as the sole propulsion means for a piloted airplane. 
It is of interest to note in passing that the ratio of the landing 
weight (4620 lb) to the take-off weight (9020 Ib) for the ME 163 
airplane is 0.51. 

Fig. 4‘ is a schematic flow diagram of the power plant showing 
the turbine pumping unit, which has a maximum operating speed 
of 16,500 rpm. The question arises as to how much propellant 
is required to operate the pumping unit compared to the total 


utilized for rocket power generation. Fig. 5 shows the total pro- 
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Heat tribution between the total and the pumping-power requirements 
exchanger for variation of turbine speeds. It is seen that at full thrust the 
pumping plant requires approximately 4 per cent of the total 

—Waste steam propellant flow. 


PROBLEMS IN TURBINE PuMPING PLANTS 


iain uti, The brief descriptions of the rocket power plants presented 
indicated by —~ demonstrate their potentialities as low-weight propulsion means. 
Their ultimate development must be directed to securing greater 

Alcohol lines reliability, still lower weight, and greater economy. At present 
the problem of sealing high-speed pumps is largely unsolved, 


3“A Critical Review of German Long-Range Rocket Develop- 
ment,” by W. G. A. Perring, The Journal of the Royal Aeronautical 
Society, vol. 50, July, 1946, p. 483. 

«“How Nazi’s Walter Engine Pioneered Manned Rocket-Craft,” 


Fie. 3 Power-Piant Diracram For V-2 MissILE by Roy Healy, Aviation, vol. 45, January, 1946, p. 77. 
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especially where leakage of the pumped fluid cannot be toler- 
ated. This is particularly true of pumps for such propellants 
as liquid hydrogen and nitric acid. These same remarks are 
applicable to the seats for control valves which come in contact 
with corrosive oxidizers. The problem of cavitation at the 
pump entrance is not solved satisfactorily in most instances, and 
there is a need for low-weight auxiliary booster pumps for com- 
bating these phenomena. The weight of the gas-generating 
fluids consumed by the turbine-driven pumping plant ranges in 
most units from 3 to 7 per cent of the total weight of the pro- 
pellants furnished the rocket motors. Its absolute magnitude is 
therefore sufficiently large to warrant effort being expended to 
reduce it. 

Some designs have been approached from the point of view 
that the goal is to use the same propellants for generating the 
gases for the turbine as are supplied to the rocket motors. It 
would appear that this is placing emphasis on the wrong ob- 
jectives. While this achievement reduces the number of fluids 
to be handled, it overlooks what should constitute the main ob- 
jectives of this type of development; ease of control, safety, 
reliability, and lowest possible weight. 


Liquip PROPELLANTS FOR Rocket Morors 


The ideal propellant (fuel plus oxidizer) for a rocket motor is 
one which satisfies the following principal requirements: 


(a) Its calorific value per pound should be as large as possible. 
(b) Its density should be high to keep the space requirements 
for containers at a low value. 


(c) It should be easily stored and require simple handling 
equipment. 

(d) Its corrosiveness should be low. 

(e) Its toxicity should be low. 

(f) Its performance should not be affected appreciably by 
ambient temperatures. 

(g) Its ignition should be smooth and reliable. 

(h) It should be stable chemically and not deteriorate appre- 
ciably over reasonable storage periods. 

(i) Its viscosity change with temperature should be small so 
that the pumping work at low operating temperatures will not be 
excessive. 


These requirements are not satisfied completely by any of the 
rocket propellants in current use. 

In general, liquid propellants may be divided into three prin- 
cipal groups, i.e., (a) monopropellants, (6) fuels, and (c) oxidizers. 

Monopropellants. A monopropellant is a substance which 
requires no auxiliary material, such as an oxidizer, for the re- 
lease of its thermochemical energy. To this class of materials 
belong such explosives as nitroglycerin C;H;(ONOz2)s, picrie acid 
C.H.(NO:);0H and its derivatives, trinitrotoluene CsH.(CH;)- 
(NO:)s, ethylene glycol dinitrate C,H,(ONO2):, nitromethane 
CH;N Oz, and others. 

For a liquid to be a satisfactory monopropellant, it should 
satisfy the practical considerations discussed previously. In 
addition, it must be so constituted that it is stable under 
all storage and handling conditions, yet it must decompose com- 
pletely on injection into the combustion chamber. These two 
requirements are, in general, conflicting ones and greatly restrict 
the choice of materials for possible liquid monopropellants. 

To this same class of materials might be added such unde- 
veloped sources of energy as that produced by the association of 
monatomic hydrogen, and atomic energy. 


Fuels. These are materials which do not liberate their thermo- 
chemical energy with great rapidity unless reacted with some 
auxiliary material, usually an oxidizer. The energy release is 
then an exothermic oxidation process. 

There are numerous suitable materials which can serve as a 
liquid rocket-motor fuel. Except for liquid hydrogen, hydrazine 
derivatives, and the like, most of them are either alcohols or 
hydrocarbons. Since these fuels are used with an oxidizer, it is 
the energy liberation per pound of propellant mixture (oxidizer + 
fuel) that is of importance. 

Ozxidizers. The liquid oxidizer should contain a large percent- 
age of oxygen in its composition. Of course liquid oxygen and 
liquid ozone are best from this point of view. During World 
War II, the Germans developed a concentrated hydrogen per- 
oxide, and 90 per cent hydrggen peroxide is currently being 
produced in this country. Another class of oxidizers which has 
been tested extensively is concentrated nitric acid and its modi- 
fications. Many data have been accumulated regardiag the 
reaction between nitric-acid oxidants and a variety of fuels. 

In any rocket power plant it is the oxidizer which largely de- 
termines the major characteristics of the system and its design 
features. None of the principal oxidizers, liquid oxygen, nitric 
acid, or hydrogen peroxide, satisfies the requirements for an 
ideal oxidizer. All of them introduce perplexing practical prob- 
lems. 

The three oxidizers discussed have been investigated with a 
variety of fuels. The principal oxidizer-fuel combinations are 
presented in Table 1. 

The liquid-oxygen system was used in the earliest experiments 
with rocket motors, usually with either gasoline or methyl 
alcohol, and many successful motors have been developed. As 
already mentioned, the German V-2 missile employs liquid oxygen 
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TABLE 1 
Liquid oxygen (O2) 
Liquid io rogen (He) 
Gasoline (CsHis) 
Ethanol (C2HsOH) 


Methanol (CH;0H) 


LIQUID-BIPROPELLANT SYSTEMS 


Nitric acid (H NOs) 
Aniline (CeHsNHe2) 
Furfuryl alcohol 
(C,HsO0CH20H) 
Monoethylaniline 
(C2HsCeHaN He) 
Hydrazine (N2H,) 


Hydrogen peroxide (H2O2) 
Ethanol (C2HsOH) 
Methanol (C2H;OH) 


Hydrazine (N2H,) 


diamine (C2H«- 
4) 
Liquid ammonia (NHs3) 


and ethyl alcohol. Those familiar with the handling problems 
of liquid oxygen advocate its use, despite its disadvantages from 
other points of view. 

Nitric acid was investigated extensively during the war; and 
also its modifications such as, red-fuming nitric acid, containing 
up to 13 per cent nitric oxide; white-fuming nitric acid; and 
mixed acid, a mixture of nitric acid with sulphuric acid containing 
sulphur trioxide. Those who have worked with acid oxidizers 
and have developed techniques for handling them without 
danger to personnel are its proponents. 

Nitric acid introduces fewer storage problems than either 
liquid oxygen or hydrogen peroxide. It is extremely corrosive 
and the containers must be of stainless steel. It introduces prob- 
lems of materials for valve seats, packing, etc. Most of these 
have, however, been solved to the point where usable units using 
nitric acid have been developed. 

Concentrated hydrogen peroxide, in concentrations of 80 to 90 
per cent, was used on a large scale by the Germans. It has also 
been used experimentally in the United States. Rocket experience 
with concentrated hydrogen peroxide in this country is more 
limited than it is for either liquid oxygen or nitric acid. Data 
on its properties have been published recently. The more wide- 
spread use of hydrogen peroxide will naturally be hampered: by 
the lack of well-developed handling techniques and less familiarity 
with its properties. This oxidizer has much to recommend it 
and doubtless its application will increase, despite the fact that its 
handling and storage may involve certain dangers unless pre- 
cautionary methods are instituted. 

The afore-mentioned oxidizers have an undesirable property 
common to all of them. Because of their great chemical ac- 
tivity, they introduce problems of material selection. The 
most corrosive ones also make it necessary to replace certain 
parts at frequent intervals and to service equipment at regular 
periods. These are not, however, insurmountable problems and 
serve as the stimuli for developing more adequate materials, 
and for investigating other promising oxidizers. 


PERFORMANCE OF LIQUID PROPELLANTS 


The performance of rocket fuels is stated in terms of either 
the specific impulse developed, i.e., the impulse obtained from 
the consumption of 1 lb of propellant, or the specific thrust, 
i.e., the thrust developed with a consumption of 1 lb per sec. Both 
of these criteria have the same numerical magnitude. The spe- 
cific impulse is related to the effective exhaust velocity w, by the 
relation gI,, = w; where g is the acceleration due to gravity. 
The derivations of the performance equations are presented in the 
Appendix. 

Examination of the equations for the effective exhaust velocity 
and the specific impulse shows that the magnitudes of these 
criteria depend directly upon the parameter V/ T./m, and to a 
smaller extent upon k and p,/p,. It is of interest therefore to 
examine the available pertinent information for some of the pro- 
pellants that are being used. 

Fig. 7 compares the calculated values of the specific impulse 
for several bipropellant systems operating at the same chamber 
pressure. It is apparent from the curves that, excepting the 
liquid oxygen-liquid hydrogen combination, the maximum values 
for all the others range from J,,, = 210 to 260 lb-see per Ib. 
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Fig. 8 compares the calculated combustion-chamber tempera- 
tures for these same propellant systems, and Fig. 9 compares the 
calculated.mean molecular weights of the combustion gases. 
Fig. 10 presents the corresponding values of the mean specific- 
heat ratio. 

All of the curves are based upon thermochemical calculations 
and the basis of the thermochemical calculations are indicated 
on the curve sheets. 

From these data it appears that since the maximum tempera- 
ture in the combustion chamber is limited by dissociation reac- 
tions and, from a practical standpoint, by the materials or cool- 
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ing methods available for constructing rocket motors, the main 
approach to increasing the specific impulse is to lower the molecu- 
lar weight of the combustion gases. 

The molecular weight of the gases can be lowered by using fuels 
rich in hydrogen, but this approach is not a panacea. Fuels rich 
in hydrogen have low specific weights and lower the average 
Specific weight for the propellants. Consequently the tanks 
for the propellant supply must be of large volume, thereby 
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greatly increasing their weight. Another guide to the suitability 
of propellants is the product (specifie weight X specific impulse), 
which is called the density impulse. A comparison of different 
propellant systems on this basis is presented in Fig. 11. This 
indicates that from a performance standpoint and considering 
a one-step rocket, there is little to choose between the liquid-oxy- 
gen, nitric-acid, and hydrogen-peroxide systems. The liquid- 
oxygen system appears less favorable. It should be realized 
that a direct comparison on this basis may not be fully justified 
since it neglects the improvement of tank design and rocket 
operation (stepped rocket) which influence the over-all perform- 
ance. 

Before looking ahead to the future possibilities of rocket per- 
formance, consideration should be given to performance char- 
acteristics of present rockets. The foremost two are the V-2 
missile and the ME 168 aircraft. 

Prof. V. von Braun, who was the main instigator of the V-2, 
recognized that his rocket was still undeveloped at the close of 
the war, and has since stated its stage of development may be 
compared to the stage of development of the airplane at the close 
of World War I.* However, in spite of its recent development, 
the V-2 rocket presents extraordinary performance figures. 
These are given in Table 2 


TABLE2 V-2 PERFORMANCE CHARACTERISTICS 
Maximum speed, mph. 
Maximum Ib 
Maximum horsepower (near end of powered flight), hp .......... 
Maximum acceleration, g 
Ceiling, ft. 
Range, miles. 
Endurance, min 
Fuel consumption at near end of powered flight, lb per hp-hr 
Pay load, lb 


The rocket-powered ME 163 airplane, a later development 
than the V-2 rocket, gave a performance that is noteworthy. Fig. 
12 shows two views of the ME 163, and Table 3 presents certain 
performance data. 

It is reasonable to expect that future development and research 
eventually will improve the propellant-consumption rates. 
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Fig. 12. Views or ME 163 Arrcrart 


TABLE 3 ME 163 PERFORMANCE CHARACTERISTICS 


Maximum s 

Maximum t rust, Ib 

Maximum horsepower, hp 

Maximum rate of climb fat 35,000 ft) fpm . 

Time to reach 40,000 ft, min 

Normal powered endurance, min 

Propellant consumption at maximum thrust, lb per hp-hr 
Pay load, lb 


Many individuals have speculated on the possibility of escape 
from the earth, and it appears that with the available propellants 
and appropriate design for the rocket this possibility can be 
realized. The principal problem is to attain a velocity great 
enough to escape the earth’s gravitational field. The escape 
velocity at sea level is 36,700 fps. Fig. 13° shows the variation 
of escape velocity with altitude. The calculated values neglect 
the air-resistance forces, the earth’s peripheral velocity, and the 
mass of the moon, because they have negligible effect on the 
rocket flight. A gun-fired projectile would require an initial 
velocity of 36,700 fps to escape from the earth; today this is 
not possible of attainment. 

The problem of escaping rockets fired vertically from the 
earth has been studied recently by F. J. Malina and M. Summer- 
field.§ The study concludes that escape is possible with engi- 
neering materials and available propellants. However, the 
rocket must be of the multiple-step type, that is, the rocket is 
composed of steps or sections which as they exhaust their pro- 
pellants are progressively jettisoned from the rocket system. 
The authors conclude that escape with a single-step rocket is 
impossible with the available liquid propellants. 

Fig. 14 presents the over-all mass ratio required to attain 
35,000 fps velocity as a function of the number of steps. The 
“over-all mass ratio” is defined as “the ratio of the initial total 
mass, at take-off, to the mass of the pay load.” Three different 
propellant combinations are presented; nitric acid - aniline, 
liquid oxygen - alcohol, and liquid oxygen -liquid hydrogen. In 


5 “The Problem of Escape From the Earth,’’ by F. J. Malina and 
M. Summerfield, Jet Propulsion Laboratory Galcit Publication No. 
5, Aug. 23, 1946. 
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making the calculations the same structural factors, which allow 
for the weight of the propellant tanks that were used by Malina 
and Summerfield, were applied to the nitric acid - aniline and the 
liquid oxygen-alcohol systems. The structural factor for the 
liquid oxygen - liquid hydrogen system was increased 30 per cent 
above that used by the afore-mentioned authors, thereby making 
the curve for liquid oxygen - liquid hydrogen more conservative, 

It is seen from Fig. 14 that if a multiple -stepped rocket is 
used, the best performances, as judged by pay load carried, is 
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given by liquid oxygen and liquid hydrogen. Table 5 of the 
Appendix presents the calculated data on stepped rockets. It is 
of interest to note that the 10-step liquid oxygen - liquid hydrogen 
rocket which can carry a 100-lb pay load is approximately twice 
the weight of the present V-2 rocket. 


or Rocket Motor 


The adequacy of a rocket motor depends almost entirely upo? 
its ability to perform without damage at the high temperatures 
encountered. Of the total heat liberated by the reaction of the 
propellants, approximately 5 per cent is transferred to the motor 
and nozzle walls; this amounts to 120 to 200 Btu per sec. There 
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are at present four major methods for protecting the motor walls 
from the high temperatures and this transferred heat: (1) The 
motor walls and nozzle can be constructed of suitable materials 
and heavy enough to absorb the heat during the operating period; 
(2) one of the propellants in its passage to the injection system 
can be circulated around the heat-absorbing surfaces to keep 
them cool; (3) high temperature-resistant (refractories) mate- 
rials can be used for lining the heated surfaces; and (4) film cool- 
ing. 

Method (1) employs the principle of supplying a heat reservoir 
capable of receiving the total quantity of heat to be absorbed 
without raising the metal temperatures to dangerous values, 
The most suitable materials for this type of cooling are those for 
which the product (specific heat X thermal conductivity xX 
density) has high values. The best material from this stand- 
point is copper. The foregoing criterion is not, however, a 
unique guide to motor construction, since considerations of 
weight and strength are of greater importance. In any case, as 
the required operating duration for an uncooled motor is raised, 
the requisite motor weight becomes excessive for practical use. 
Consequently, this type of motor construction is adaptable only 
to rocket motors which are to operate for short durations and 
employ low oxidizer-fuel ratios to reduce the combustion tem- 
perature. Satisfactory motors of this type have been built for 
the durations up to 35 sec. They weigh more than rocket motors 
of equal thrust output that employ cooling method (2). 

Method (2), regenerative cooling, appears currently to be the 
best approach to the solution of the heat problem. It has the 
advantage that once the cooling system has been developed cor- 
rectly, the motor can be operated for long durations (several 
minutes at a time) without damage. Furthermore, regenera- 
tively cooled motors can be made extremely light in weight, the 
thrust-weight ratio increasing markedly with the larger thrusts. 

Little advance has been made using method (3), but it seems 
probable that good results should be obtainable by combining it 
with method (2). 

Method (4), film cooling, appears to offer a positive means for 
combating high temperatures in the rocket motor. It is based 
upon forming a complete film of liquid over the inside walls of the 
chamber and nozzle, then its evaporation keeps these surfaces 
cool. The potential effectiveness of this type of cooling can be 
judged by the results obtained in the German V-2 rocket motor 
which used a crude version of this form of cooling. By permitting 
approximately 7 per cent of the total fuel (aleohol) consumption 
to enter the motor through a large number of holes and provide 
a form of film cooling, temperatures of 5400 R could be withstood 
without damage in a motor constructed from plain carbon steel. 


OPERATION aT HiGH CHAMBER PRESSURE 


The likelihood of achieving a significant increase in specific 
impulse with chemical propellants of high specific weight is not 
too promising. It appears therefore that development efforts 
in rocketry will have to be directed along those lines which can 
lead to the accomplishment of small but useful improvements 
'n performance. In this connection, the possibilities of higher 
chamber pressure, its advantages and disadvantages deserve 
more thorough study, particularly for applications employing 
turbine-driven pumping units. 

Fig. 15 presents calculated curves of the thrust coefficient Cy 
versus chamber pressure for gases with k = 1.2. The upper 
curve represents ideal values, and the lower curve, marked y = 
0.936, values that are probably attainable in a well-designed 
rocket motor, 

At the present time most rocket jet-propulsion systems, except 
those for nitromethane, have been designed for operation with a 
chamber pressure of 300 psia approximately. Higher chamber 
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Fie. 15 CaLcuLatep VaLuges or Cr Versus Pc ror Gases WITH 
k = 1.20 


pressures or expansion ratios increase the value of Cr as seep 
from the figure. It is true that the rate of increase in Cr is 
smaller as chamber pressure is increased above 300 psia. Never- 
theless, a gain of approximately 14 per cent can be achieved by 
raising the chamber pressure to 1500 psia. Some of this gain is 
offset by the weight of the added stages required for the pumps, 
propellant control valves, and piping from the pumps to the 
rocket motors. Table 6 of the appendix shows the total weight 
of these components is about one third the total weight of the 
Walter Model 109-509-A-1 power plant designed for 300 psia 
chamber pressure. 

For operation at higher chamber pressures, more and heavier 
stages would be required for the last stages of the pumps, and 
some increase in the weight of the valving and discharge piping. 
No analysis has been made to determine the magnitude of this 
weight increase, but from a cursory examination it does not ap- 
pear prohibitive, especially when it is realized that any reduction 
in propellant consumption makes the unused propellant availa- 
ble for use at altitudes where its effectiveness is substantial. 

There are of course numerous problems which must be solved 
to make high-chamber-pressure operation realizable. Perhaps 
the most serious one is that related to cooling the motor. Con- 
sequently, the research concerning methods to improve the cool- 
ing of rocket motors so that they can be operated under the most 
severe conditions should be prosecuted with vigor. One of the 
most promising approaches appears to be film cooling which is 
controlled so that the amount of liquid for cooling purposes will 
not exceed 1 or 2 per cent of the total propellant consumption. 

The Analysis Division, Intelligence T-2, Rocket Unit, Propul- 
sion Section, Wright Field, has conducted studies regarding film 
cooling for rocket motors to operate at 1500 psia chamber pres- 
sure. This study is in ‘connection with the development of 
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a high-thrust rocket which is to operate for extended burning 
periods. The data provided by that agency indicate that 
three insulating characteristics are derived from film cool- 
ing, namely, (1) part of the cooling film breaks down on 
the motor walls into a layer of carbon about 0.03 in. thick; 
(2) a liquid layer of fuel passes over the carbon deposit; and 
(3) a vapor layer forms over the liquid layer. These insulating 
properties plus the heat of vaporization have made it possible to 
operate a dural combustion chamber at 600 psia for 3 and 4 hr: 
It appears that with film cooling, combustion pressures of 1500 
psia will be attainable. 
CONCLUSIONS 


In conclusion it can be said that the rocket power plant is at 
that stage of development, where it has demonstrated its po- 
tentialities for making supersonic flight possible. To obtain 
the ultimate from this mode of propulsion, cooling methods 
must be developed to permit operating existing propellants with 
higher chamber pressures, and research directed to raising values 


of V7-/m is needed. In addition, several practical problems 
must be solved to improve reliability i.e., control systems must 
be improved, and the development of more adequate materials 
for valve seats, packings, and pump seals is of importance. 
Control means must be developed for operating rocket motors 
at the most favorable chamber pressure regardless of the thrust 
requirement. 

It appears that really significant improvement in specific 
impulse of liquid propellants such as 2 or 3 times present values 
must await either the development of more powerful chemical 
propellants, or the application of other forms of energy. 
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Appendix 
The following nomenclature is used in the Appendix: 


area 
Cp = nozzle coefficient of discharge 
Cg = weight flow coefficient 
C, = thrust coefficient 

G = weight rate of flow 

go = acceleration due to gravity at sea level 

g = acceleration due to gravity 

h = altitude 

I = impulse 
specific impulse 
= specific-heat ratio 
= molecular weight 
= pressure 
= gas constant 
= radius of earth 
= thrust 
= (with subscript) temperature, absolute 
= escape velocity 
= weight 
= effective exhaust velocity 
= half angle of divergence section 
=! / 1/, 2 COS @ 
= nozzle velocity coefficient 


k+1 
Vk =1) 
+1 
Subscripts: 
a = atmosphere . 
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= chamber 
exhaust 
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INTERIOR EQuaTIONS FoR Rocket Morors 
(a) Weight Rate of Flow of Gas (G): 


With complete nozzling 


G = V RT Ib per sec... ....[1] 


= k+1 
Q = Vi 


then 


Q 
G = 0.1443 CpA,p, | }............. [3] 
T./m 
For test purposes it is convenient to write 


Hence the weight flow coefficient Cg is given by 


0.1443 Cpa (3 
V/T, /m 


(b) Exit Velocity (w,): 


where ¢ is a coefficient less than unity 


If test data are available, k is estimated from thermodynamic 


data, and J T./m is calculated from measured values of (, A) 
and pa 


0.1443 
- — 7] 
V/T./m 0.1443 2 ( 


G 


(c) Thrust (T): 
In Equation [8] 
1 1 
h=-+- 


where a is half-angle of divergent section of nozzle; substituting 
G from Equation [1] 


T = dCpQu, + (p, — [10 


ec 


In terms of the measured value of Cg 


T = Co + (11) 
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(d) Effective Exhaust Velocity (w): From Equation [10] 
It is convenient to express the thrust by the equation in | { 
7 = € Pa 17 
pA, V Pe Ped A, 
hence 
w is called the effective exhaust velocity. The theoretical w, p p.\ A 
value of w is obtained from Cr = = — 
VoRT. \p. A 
w = dw, + g (p, — pe)A, -.--- _..... [13] Substituting for w, from Equation [6] 
e G € € 
2k Z Pe Pe\A, 
[1] From test, with measured values of W lb of propellants con- Cr = + (2: Pe) [19] 


sumed, duration Atsec; G = W/ At; hence 


Note that Cy is independent of the gas temperature. If A,/A, is 


the optimum ratio, then p, = p, and 
(2} 2k Z 
7 At is the integral of thrust versus duration curve and is called Cr = rACpeQ ti Wiez: .. .[20] 
the impulse / + Z 
g I [15] (f) Specific Impulse (Isp): 
{3} W By definition 
(e) Thrust Coe ficient (Cr): I 
= — Ib-sec per Ib... ... 
It is convenient to relate thrust, and A,; thus 
T = Crp.A........ ..{16) From Equation 
TABLE 4 PHYSICAL CHARACTERISTICS OF V-2 MISSILE® oe... 
[5] Component part Weight, lb Length 9 
q Warhead (with amatol filling)........ ae 2150 5ft llin. 
Radio and instrument bay: hence 
Radio equipment including mountings....... 155 
Radio compartment including end frame 325 
Instruments, electrical equipment, and wire 415 w 
Compressed Ne bottles and fittings. . 80 | 
[6] 97 4 ft 8in g 
Tank bay: 
Shell structure around tanks (including glass wool) = 1185 Thrust and specific impulse are related by 
tank and fittings........ 375 
Alcohol tank and fittings. ... 235 
q Liquid O» (tank full)....... 10940 w Ww 
Aleohol (tank full)........... 8370 T = —@ = Gly = — Iy.............. 
21105 20 ft 3.5in. g t 
Power-unit bay: 
Auxiliary power unit mount and end frame 260 PABLE 6 COMPONENT WEIGHTS OF WALTER POWER PLANT 
amic power unit....... 880 (MODEL 109-509-A-1) 
*ipes and valves 70 Tos 
Ap Venturi, including burner assembly 1025 
H2O2-hydrogen peroxide ; 370 Motor : 80.96 
Sodium permanganate.. . 29 Propellant control valve. 31.9 
3044 75 Steam generator...... 36.96 
(7) Stabilizing fins....... 750 Motor gearbox 42.46 
Internal control vanes including servounits 470 Piping 32 56 
External control circuits. ..... -- M5 Electrical apparatus 13.86 
Over-all loading rocket. ; 25000 46 ft 368.50 
(8) TABLE 5 CHARACTERISTICS OF MULTIPLE-STEP ESCAPE ROCKETS® 
; No. of Structural Pay-load Firing Pay-load Gross Thrust Estimated Estimated 
Example Propellant steps factor ratio time mass mass Ist step length body diam 
no combination (N) (EB) (A) (sec) (Ib) (1000 Ib) (1000 Ib) (ft) oS) 
1 Acid-aniline 5 0.25 0.104 200 10 823.0 3000 130 13.0 
- Acid-aniline 10 0.25 0.386 400 10 136.0 350 70 7.0 
(9] 3 Acid-aniline © 0.25 1.000 400 10 37.0 oe ahaa “ 
el 4 Acid-aniline 10 0.20 0.425 400 10 52.0 136 51 5.1 
) Oxygen-ethanol 5 0.25 0.155 200 10 112.0 450 71 tel 
6 Oxygen-ethanol 10 0.25 0.432 400 10 44.0 118 52 5.2 
uting 7 Oxygen-ethanol 5 0.20 0.207 200 10 26.0 104 44 4.4 
; 8 Oxygen-hydrogen 5 0.33 0.260 200 10 8.3 40 40 4.0 
9 Oxygen-hydrogen 5 0.33 0.260 200 100 83.0 400 86 8.6 
10 Oxygen-hydrogen 10 0.33 0.532 400 100 55.1 160 74 7.4 
porn: The notations of Table 6 have the following definitions: 
{10} te Structural factor is the ratio of the empty mass to the total mass for any step. 
a pay load ratio, is the ratio of the mass of the carried load to the mass of any step at the time any step begins burning. 
aleulation assumptions are listed as follows: 
1 Each step has same ballistic properties. 
H Each step has same structural factor, E. 
: Each step has same pay load ratio. 
4 Gravitational acceleration g is constant and equal to 32.2 ft per sec? 
11] 8 Air resistance is neglected. 
. Escape velocity is taken from Fig. 13. 
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AP 


G CoA p, 


Ce 


For the optimum area ratio and with calculated values of 


T., m, and k 
2k Z 
le = 6.92 
V5 


The corresponding specific propellant consumption, pounds of 
propellant per second per pound of thrust, is 


Discussion 


R. F. Gompertz. A chart is presented herewith (Fig. 16) 
showing a comparison of three types of rocket-propellant feed 
systems which this office has compiled, based upon information 
available from foreign and domestic rocket-engine manufacturing 
sources. This chart demonstrates the limitations of solid-pro- 
pellant rocket units, pressure-feed rocket units, and turbopump 
systems, showing the specific engine weight at take-off plotted 
against the time of full thrust. 

Additional information is likewise available with reference to 

‘Chief, Rocket Unit, Propulsion Section, Intelligence (T-2), 


Headquarters, Air Materiél) Command, Wright Field, Dayton, 
Ohio. 
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Table 3 of the paper, entitled “ME 163 Performance Character. 
istics.” 

1 The maximum speed should be expressed in Mach numbers 
instead of miles per hour, due to the fast rate of climb of the air- 
plane. The maximum admissible Mach numbers range between 
M = 0.82and M = 0.85. 

2 The maximum thrust is 3600 lb. 

3 The maximum horsepower output equals 5300. 

4 The specific propellant consumption at maximum thrust 
should also be expressed at maximum speed = 14.1 Ib per hp-hr. 


It is, however, customary to express the specific propellant 
consumption in values of (pounds per pound of thrust) x (sec- 
onds), which would be in the case of the ME 163 power plant 
0.00551 lb per lb-sec. 

As indicated by the author, this office has conducted studies 
regarding film cooling for rocket engines, and a preliminary re 
port has been completed entitled “The Development of a High 
Flame Temperature Protection for Rocket Engine Combustion 
Chambers,” giving a short outline, examples, and charts of the 
film-cooling, problems encountered and solved by German 
rocket-engine designers 


J. H. The author. has presented a sound and useful 
condensation of the basic principles and design problems of the 
liquid-propellant rocket power plant, a subject on which clear 
and detailed information has been very lacking among engineers 
in general. It should prove valuable in bringing up-to-date facts 
and figures on this lively young branch of engineering to those 
hitherto unfamiliar with it. 

The detailed analysis of the rocket-propellant question which 
the author has made shows the close similarity of nearly all 
existing propellants in respect to specific impulse; there is ob- 
viously little to be gained over the old “classic’”’ propellant of the 
V-2 rocket, liquid oxygen and ethanol, unless we resort to liquid 
hydrogen, with its extremely low density and numerous problems 


7 Chief Research Engineer, Reaction Motors, Inc., Dover, N. J. 
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of production, storage, and handling, as well as great difficulties 
in regard to motor cooling and fuel pumping. For the near future 
at least, it seems we must strive for higher operating efficiency 
primarily by using the existing propellants more efficiently; 
partly by minor improvements in fuel injection and motor design, 
but mainly by the use of a higher pressure ratio between cham- 
ber pressure and exhaust pressure, as shown in Fig. 15 of the 
paper. 

The most obvious way to do this is by increasing the chamber 
pressure, Which fundamentally depends upon the development 
of light, efficient, high-pressure propellant pumps, together with 
improved methods of motor cooling which will deal with the 
tremendous heat produced by high-pressure combustion. An- 
other possibility is the more efficient utilization of the exhaust 
pressure, by means of variable-expansion nozzles to maintain 
high efficiency at all altitudes. 

The technical difficulties involved in rocket-motor research can 
be imagined merely by the figures given in Table 2 and Figs. 3 
and 8 of the paper; we are already dealing with thrusts of 69,000 
lb, power figures of 600,000 hp or better, and chamber tempera- 
tures as high as 6000 R. We must do all this with an apparatus 


weighing only a few hundred pounds, say, | or 2 tons at most, 
including the motor and all its pumps, tanks, valves, and assorted 
gadgets. Furthermore, all this elaborate mechanism must be 
fully automatie and go into operation in a matter of a few sec- 
onds, at the touch of a button. We must anticipate that the 
future will see all these factors greatly increased. 

However, the very difficulty of the problems of liquid-propel- 
lant-rocket development has led to great ingenuity and success 
in their solution, and the experience gained in this work will 
eventually be highly valuable in many other fields of engineer- 
ing, such as the gas-turbine industry. 

The author has touched briefly upon the problem of designing 
a rocket projectile to escape from the earth’s attraction and at- 
tain true space flight. Fig. 14 of the paper, based upon the cal- 
culations of Malina and Summerfield, shows that this feat is by 
no means impossible, even with the technical methods now at 
our disposal, to say nothing of the future possibilities opened up 
by the use of nuclear energy. It is to be hoped that the topic 
of space flight, so long considered a hallmark of pseudoscientific 
crackpots, will soon receive the attention from scientists and 
engineers which its scientific importance deserves. 
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Development and Testing of a 
~ Gas-Turbine Combustor 


By A. E. HERSHEY,'! EAST PITTSBURGH, PA. 


This paper treats of the development work on a com- 
bustor for a 2200-hp gas turbine, and its subsequent per- 


formance under tests. The design involved a simple and- 


compact unit operating on the open cycle without re- 
generator, reheater, or intercooler. Because of the neces- 
sity of using No. 6 or bunker C fuel, with inherent burn- 
ing difficulties under the limitations imposed by the 
specifications, many problems had to be overcome before 
an efficient combustor could be assured. 


INTRODUCTION 


HE function of a gas-turbine combustor is to supply heat 
Te the stream of air passing from the compressor to the 
turbine. In a turbine operating on a simple open cycle, 
this is done by burning fuel directly in the air stream. When 
such a unit is accelerated from starting conditions to full load, 
the mass flow of the air stream will increase in the ratio of 3.5 to 1, 
while the heat required will increase in the ratio of 6.5 to 1. 
In order to perform in a satisfactory manner, a combustor must 
possess all of the following characteristics: 


(a) Positive ignition. 

(b) Flame stability with uniform outlet temperatures. 

(c) Complete combustion with absence of coke formation. 
(d) Durability and freedom from distortion. 


In this paper the preliminary development and testing of a 
combustor for a 2200-hp gas turbine will be discussed. Details 
of the principal design features of the turbine unit have been pre- 
sented previously,? so that this discussion will be concerned only 
with the combustor development and performance. 

Since preliminary specification called for as simple and com- 
pact a unit as possible, an open cycle operating without a re- 
generator, reheater, or intercooler was chosen, and this in turn 
presupposed the use of No. 6 or bunker C fuel oil in the com- 
bustors. The burning of such a fuel under the conditions and 
within the limitations imposed by the design of the unit pre- 
sented numerous problems, so that the development and testing 
of a combustor before actual operation of the complete unit was 
highly desirable. 

It was possible to carry out such a program with the test 
facilities at the research laboratories of the author’s company 
concurrently with the design and construction of the compressor 
and turbine at its South Philadelphia Works. This procedure 
did, however, impose an additional limitation on the combustor 
design. When the work at, the laboratories was started, the 
available air supply corresponded to a rate of about 3 lb per sec 
at 75 psig pressure. Thus only one of a set of 12 combustion 


t Research Engineer, Westinghouse Electric Corp. Mem. A.S.M.E. 

* “A 2000-Horsepower Gas-Turbine Generator Set,” by T. J. Putz, 
presented at the Annual Meeting, New York, N. Y., Dec. 2-6, 1946, 
of Tur AMERICAN Society or MECHANICAL ENGINEERS. 

Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 16-19, 1947, of Tae AMERICAN 
Soctery or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


passages, having a combined heat input equal to that required 
by a 2200-hp unit, could be tested under all conditions of opera- 
tion. 

Fue. Usep 


The specifications for residual fuel oils, such as No. 5 and No. 
6, are far from precise, so that Table 1 has been included to indi- 


TABLE 1 FUEL-OIL PROPERTIES 


-——Residual-oil sample—— 


Property a b c d 
16.9 17.8 15.0 17.6 
Specific gravity......... 0.954 0.948 0.966 0.949 
Flash point, open cup, deg F.............. 250 290 300 420 
Viscosity SU, 122 deg F, sec............... 580 630 1280 2950 
Viscosity SU, 212 deg F,sec............... 81 145 170 220 
Hydrogen (weight), per cent............. 11.41 11.65 11.10 11.69 
Carbon (weight), per cent... 87.18 86.55 86.66 86.95 
H-C ratio (atomic)... .. 1.559 1.603 1.525 1.600 
Sulphur, per cent....... 1.44 
Water, per cent....... Trace 0.10 Trace None 
Residue, per cent...... 0.01 0.09 0.04 
A.8.T.M. distillation rec., per cent..... - 86 80 86 
Heat of combustion: 
Constant volume total (measured), Btu 
. 19108 19440 19400 17474 
Constant pressure net (calculated), Btu 


cate the characteristics of the fuels used in combustion-testing. 
Most of the testing has been done with fuel oil represented by 
sample a, and though some tests have been run with the oil heated 
to temperatures as high as 250 F, usually the temperature was 
held close to 220 F, which gave a viscosity for this fuel of 15 
centistokes or about 70 sec SUV. 


Test EqQuIPMENT 


(a) Air Supply. Fig. 1 is a perspective drawing of the com- 
bustion test setup showing the compressor, air heater, one of the 
test passages, and the control valves. Figs. 2 and 3 are the con- 
trol panels showing the air-flow controls, and the fuel control 
and weighing equipment, respectively. 

Air is supplied by three rotary compressors. Each of these is 
a two-stage machine arranged so that the stages may be operated 
in parallel to deliver air at a pressure of 45 psig, or in series to 
deliver at a pressure of 95 psig. A pneumatically operated bleed 


Fic. 1 Comsustion Testing Equipment SHowinc CoMPRESSOR, 
Arr Heater, Test Passace, ContrRoLs, AND LocaTION oF MBASUR- 
ING STATIONS 
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2 Arr-FLow Controt PANEL AND POTENTIOMETER FOR 
TEMPERATURE MEASUREMENTS 


Fic. 


valve is used to control the supply pressure so as to avoid opening 
of the pop-off valves as air rates and burner pressures are manipu- 

Since the compressors are water-jacketed and provided with 
intercoolers for series operation, it is necessary to heat the air 
supply to reproduce inlet-air temperatures corresponding to 
those in the actual unit. This is done by means of an exhaust- 
gas-heated exchanger through which the air passes on its way to 
the test burner. Air temperature is controlled by varying the 
proportions of exhaust gas passing through and around the air 
heater. This is accomplished by means of two hydraulically 
operated butterfly valves located in the exhaust piping as indi- 
cated in Fig. 1. These valves, as well as the motor-operated 
flow-control valve in the air-supply line, are all operated from the 
control station shown in Fig. 2. 

The measurements required in calculating combustor per- 
formance are the rates of air and fuel flow, the rise in tempera- 
ture of the gases passing through the combustor, the temperature 
distribution of the leaving-gas stream, and the drop in total 
pressure between the inlet and outlet of the combustor. The 
stations at which these measurements are made are indicated 
in Fig. 1. 

(b) Test Instrumentation. The air-flow rate is measured by 
a flow nozzle having a 4-in. throat diam, located at the beginning 
of the straight approach section to the combustor passage. Al- 
though this nozzle was placed immediately downstream from a 
90-deg ell in the 4-in. supply line, a straightening section with 
several adjustable coarse-mesh screens was found to give an 
outlet velocity distribution which was uniform within the limits 
which could be measured with an exploring impact tube of 1/1. 
in. OD. Calibration of several of these nozzle setups with such 
an impact tube, gave discharge coefficients which were consist- 
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ently between 0.98 and 0.99. The pressure drop across the 
nozzle was measured with a water manometer, while the pressure 
and temperature were measured in the straightening chamber 
ahead of the nozzle. 

Fuel-rate determinations were first made by substitution 
weighing on a scale having a sensitivity of 27.3 g per division, 
using weights from a deadweight gage tester. An electric stop 
clock, measuring to 0.1 sec, was used for timing, with a minimum 
interval of 2 min. Subsequently, the automatic weighing and 
timing system shown in Fig. 3 was installed. 

The temperatures of the gas entering and leaving the com 
bustor were measured by total-temperature thermocouples |o 
cated at the sections indicated in Fig. 1. One of the temperature 
probes is shown on the right in Fig. 4, the design being similar 
to that of a probe tested by Hottel.? They were fabricated 
from #/,.-in-OD Inconel tubing, with the shield end drilled out 
to leave a wall thickness of 0.010 in. No. 22 chromel-alumel 
wire insulated by means of porcelain tubing was used. Thermo- 
couples made from this wire were calibrated by means of wire 
having a Bureau of Standards calibration, to establish the original 
emf-temperature conversion chart. Several check calibrations 
of couples that had been in use for many hours of testing, showed 
that the calibration of a couple was maintained up to the time 
of complete failure. 

The outlet thermocouple was located as shown in the overhead 
section of pipe, after the gas stream had passed around two 90- 
deg bends. This location was chosen in order to insure better 
mixing of the gas stream so that a single outlet-temperature 
measurement would be adequate. Explorations at this measuring 
section showed that the temperature variations across the stream 
in two directions did not exceed +15 deg F. To reduce heat 
loss from the pipe, as well as the radiation error to the tempera- 
ture probe, this measuring section was provided with a radiation 
shield of 0.022 in. Inconel both on the inside and outside of the 
pipe wall. Errors in outlet temperature due to burning down- 
stream from the combustor were checked by a comparison of the 
average outlet temperature, measured by the exploring couples at 
the downstream end of the combustor, with the single-outlet ther- 
mocouple. Under satisfactory combustion conditions, these tem- 
peratures usually agreed within the limits of error of the instru: 
mentation. 

The exploring thermocouple is shown on the left in Fig. 4 
This is an aspirating type, with an outer radiation shield of Inconel 
tubing with '/; in. OD and of #/, in. ID. There is also an inner 
tubular shield of the same material and respective diameters 
of '/, and #/;, in. At high burner pressures there is sufficient 
pressure differential above the atmosphere to produee gas flow 
over the thermojunction at adequate velocities, but at lower 
pressures this high-velocity flow is produced by an air aspirator 
in the exhaust line leading from the thermocouple. By closing 
a gate valve in this exhaust line, the aspirating air can be made 
to flow back through the radiation shield into the gas stream. 
This serves to cool the junction and prevent unburned fuel from 
entering the shield when lighting up, or at all times except whet 
temperature measurements are being made. It was found that 
this simple expedient increased the life of the thermocouples 
manyfold, since it prevented unburned fuel from collecting 0" 
and then burning off of the junction. Two of these thermo 
couples are located at 90 deg to one another at a section 5 0. 
downstream from the end of the combustor. By means of § 
simple linkage they can be shifted to a series of positions actos 
two diameters at right angles. 

One static pressure tap was located at the same section 4s the 

by 


* ‘Temperature Measurements in High-Velocity Air Streams, 
H. C. Hottel and A. Kalitinsky, Journal of Applied Mechanics, Trans. 
A.S.M.E., vol. 67, 1945, p. A-25. 
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inlet total-temperature probe, and another at the section where 
the exploring thermocouples were placed. From the static- 
essure fF pressure difference between these two taps and the corresponding 
amber calculated dynamic heads, the drop in total pressure across the 
combustor could be determined. : 
bution | (c) Test Operating Conditions. From a consideration of the 
hates, F preliminary design calculations for the unit, it was concluded 
that representative test operating conditions would be those 
imum i corresponding to starting, idling, part- and full-load operation, 


B and _ respectively, and the important calculated data for these condi- 
_ tions are listed in Table 2. After fairly satisfactory operation at 


Com: all of these conditions had been realized, a regular sequence of 
es lo "test conditions was selected, with the advice of the engineers at 
— ; the South Philadelphia Works. This sequence consisted of 10 
milar : min operation at condition (29), 60 minutes at condition (20), 
cated | and either 25 or 55 min each at condition (5) and condition (10), 
d oat _ respectively. Changes from one test condition to another were 
lumel _ made as rapidly as the air and fuel controls could be manipulated, 
‘TM fF in order to determine flame-stability characteristics under 


maneuvering conditions. Later, during the investigation of 
ginal flame-tube modifications to reduce coke formation in the tube, 
ons tests consisting of 60 min operation at condition (20) alone were 
owed ___ found to be useful, since this proved to be the most severe operat- 
time § _ingcondition for the formation of coke. 


head ComsBustor DEVELOPMENT Fie. 4 AspiraTinc THERMOCOUPLE AND TorTaL-TEMPERATURB 

oe es Following tests on eight different experimental flame tubes, on 

etter 

ature ¢ TABLE 2 COMBUSTOR TEST OPERATING CONDITIONS . 

uring Compressor Compressor Turbine Fuel% 

ream F Compressor outlet outlet inlet flow, flow 
Test operating Load pressure pressure, temp, temp, lb per lb per 

heat conditien no. condition ratio psig deg F deg F sec sec 

wens Emergency load 5.5 66.2 515 1500 2.7 0.039 
pe (5) ......... Full-load 0 


ation Half-load 4. 
ees Idling 3.0 29.4 310 750 
1 


f the B* (29) ........ Starting 


own- @ Calculated for 1 of 12 combustors. 
f the 6 Calculated for complete combustion with —AA° equal to 17,800 Btu per |b. 
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Fic. 5 Sectiona, Drawine or ComBustor Passace SHow1nG Flamer Tuse, Nozzies, anp IGNITER 


most of which numerous modifications were tried, the final design 
shown in the section drawing Fig. 5 and in Fig. 6 was evolved. 
When the first set of tubes for the unit was fabricated, an extra 
tube was made for additional combustion testing, during which a 
number of modifications of the end plate were tried. 

The various problems in this development program were 
attacked in much the same order as that in which they are listed 
under the heading of desirable burner characteristics. Of course 
the first three characteristics, namely, positive ignition, flame 
stability, and completeness of combustion, were of such immediate 
importance in the early stages of the development, that they were 
attacked more or less simultaneously. However, the emphasis 
was shifted from one to the other as partial solutions or slight im- 
provements made one or another relatively less serious. It is 
proposed therefore to discuss development of the combustor 
under these same headings and in the order given previously. 

(a) Ignition. While the exact mechanism of ignition of a 
gaseous or volatile liquid fuel is still a controversial question, 
there can be little doubt but that ignition of an atomized heavy 
fuel oil requires not only a high energy density, but a relatively 
large ignition zone, throughout which this energy density is 
maintained: Thus while a few attempts were made to ignite 
the No. 6 oil directly with a spark, the results were so uniformly 
unsuccessful that this method was never seriously considered. In 
some of the early testing, provisions were made to supply both 
No. 3 and No. 6 oil to the same fuel nozzle. Spark ignition with 
the No. 3 oil could be accomplished with reasonable regularity 
at very low rates of air flow and, once the light oil was burning, 
it was possible to switch to the heavy oil without loss of ignition. 
Close control of the pressure of both fuels was required, but the 
greatest difficulty encountered was the shorting of the spark 
plug caused by carbon deposits. These deposits usually occurred 
at idling or part-load conditions, and extending the electrode, so 
that the porcelain was in a more protected positicn, resulted in 
burning off a portion of the electrode. 

A temporary solution to this difficulty was the substitution of a 
heater, or glow plug, for the spark plug. With a suitable loca- 
tion, ignition was regular and, since these heater plugs required 
either 6 or 12 v, no shorting due to carbon deposits occurred. 
However, the life of the heating element was very short, due ap- 
parently to fuel oil collecting on the wire when the plug was not 
operating, and then burning off in a reducing atmosphere when 
the wire was heated up for ignition. A number of schemes for 
shielding, draining, or ventilating the heater plugs were tried, 
but when effective in protecting the heater element, they in- 
variably interfered with the ignition of the fuel. 

An electrically heated pad, which formed part of the wall of 
the burner tube near the fuel nozzle, was developed; and while 
_ this would ignite drops of oil outside the burner, the fuel spray 
inside the burner cooled the pad below the ignition temperature 
of the oil before any fuel could be vaporized and ignited. It was 


Fie. 6 Views or Compustor PassaGe AND FLAME TuBE 


concluded therefore that a flame was the most convenient 
ignition source possessing the required high energy density. 

The satisfactory operation of a flame igniter was found to de- 
pend upon providing an air supply to the igniter which was inde- 
pendent of the rate of air flow and pressure in the combustor. 
No. 3 fuel oil was used at first, being sprayed into the igniter by 
means of a swirl-type fuel nozzle and ignited with a heater plug. 
The fuel nozzle was the source of most of the difficulty with this 
igniter, for it was of the lowest available capacity. In spite of 
the most elaborate precautions for filtering the oil, clogging in- 
variably occurred, frequently after only very limited operation. 

A few slight modifications were sufficient to adapt this first 
flame-igniter design to the use of a gaseous fuel such as propane 
or acetylene instead of the light fuel oil, the major change being 
the substitution of a spark plug for the heater plug. The final 
design, which was used satisfactorily on the turbine unit, is 
shown on the line drawing of the combustor in Fig. 5. This 
igniter operated with gas and air pressures 5 to 7 psi above the 
pressure in the burner, and sufficient flame length was obtained 
for positive ignition at air rates through the combustor as high 
as 2 lb per sec. With such rates of flow the igniter could be 
started readily and could not be blown out. The gas and ai 
consumption under these conditions was 0.15 standard cfm and 
1.0 standard cfm, respectively. 

(b) Flame Stability. A number of defects in a gas-turbine 
combustor can contribute to its lack of desired flame stability. 
At the lower limit of air-fuel ratios, slightly less than one half 
the total air flow through the combustor passage is required for 
combustion of the fuel; while at the upper limit, the air for com 
bustion may be only 10 to 15 per cent of the total air flow. The 
function of the flame tube is to separate the combustion air from 
the main flow, and at least partially to isolate the combustio® 
until the cooling air can be introduced without quenching the 
flame. 
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Therefore, with liquid-fuel injection, a stable flame depends 
upon the formation of an air-fuel mixture, with a fuel concen- 
tration well within the limits of inflammability, in a region where 
sufficient heat is available to vaporize and ignite a portion of the 
fuel. This requires piloting by means of the flame from some 
previously injected fuel which is still burning, and this in turn 
requires a sufficiently low flow rate, or some means of reverse 
flow in the ignition zone so that the flame is not swept away before 
it can ignite the following portion of the combustible mixture. 
Failure to realize any one of these requirements results in blow- 
out or instability. The problem is further complicated by 
changes in temperature and pressure of the air supplied by the 
compressor at various operating conditions, which produce a 
change in air density in the ratio of 2.3:1. 

Thus a combustor may have poor flame stability due to in- 
correct combustion air-fuel ratio control at either high or low 
total air-fuel ratios; it may have such instability at low total 
air-fuel ratios with very high fuel rates, because of quenching by 
the cooling air; or it may have instability because of mcorrect 
piloting due to high velocity or poor flame anchoring in the igni- 
tion zone, which will be aggravated by high flow rates accom- 
panying low inlet-air densities. In so far as operation in the 
unit is concerned, the two critical regions for flame stability were 
very high air-fuel ratios with intermediate air velocities, such as 
those which occur during Maneuvering when the fuel rate is 
suddenly reduced, and very low air-fuel ratios with low air 
velocities, which occur during acceleration when starting or 
when going from idling to load conditions. 

Although no determinations of the maximum air-fuel ratio at 
which burning could be maintained in the final design flame 
tube were made, it was possible to light up with the igniter at 
conditions corresponding to the starting operation for the unit, 
and run through a sequence of test conditions corresponding to 
idling, full-, and part-load operation with the igniter extinguished. 
Such changes in burner operating conditions can be made more 
rapidly in the test passage than they occur in the unit, thus 
producing more severe stability conditions during testing than 
will ever be encountered in the unit itself. In numerous tests 
of this sort no flame blowout occurred. The maximum air- 
fuel ratio measured during steady-state operation was 192 to 

Flame stability at the low air-fuel ratio limit is of sufficient 
importance at starting to warrant exact measurement. There- 
fore tests were made with increasing fuel rates at starting air 
flow to determine the maximum fuel rate which could be main- 
tained. Three times the normal fuel rate was attained without 
evidence of instability, the limiting factor being the temperature 
of the exhaust piping. The results of such a test are shown by 
the curves in Fig. 7. Here the observed temperature rise of the 
gases passing through the combustor are plotted against the 
measured air-fuel ratio. The calculated temperature rise, as- 
suming complete combustion, and the completeness of com- 
bustion, are also shown in this figure. The decrease in complete- 
hess of combustion, which appears at air-fuel ratios less than 
70 to 1, is usually the first indication of the onset of a stability 
limit, but since the curve is relatively flat, and the burner-outlet 
temperatures already are approaching the safe operating limit 
for the turbine, the design appeared to have satisfactory flame 
stability at minimum air-fuel ratios. 

(c) Completeness of Combustion. Several definitions of the 
completeness of combustion in gas-turbine combustors . have 
been proposed, and, during the progress of this development, 
most of these have been tried. The one which was finally se- 
lected was that given by the Navy Bureau of Ships.‘ The 


‘Gas Turbine Gas Charts,” U. 8. Bureau of Ships, Navy Depart- 
ment, Research Memorandum No. 6-44, December, 1944. 
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reasons for this choice were the fact that it is based upon an exact 
formulation of the flow-energy equation, and that it is well 
adapted to calculations for complex fuels having no definite 
chemical formula but for which the carbon-hydrogen ratio is 
known. 

If m, represents the completeness of combustion (sometimes 
called the combustion efficiency), and W, is the weight of fuel 
per unit time which would be burned in a perfect combustor 
when heating W, pounds of air per unit time from the inlet 
temperature to the outlet temperature observed with the actual 
combustor, while it is being supplied with fuel at the rate of 
W,’ pounds per unit time, then 


In the Appendix, it is shown that this expression may be trans- 
formed into 
W, 


2 
W,'(—Ah° + h, — 2H,) (21 


where AA]j is the change in enthalpy of 1 lb of air between the 
entering and leaving temperatures, —Ah° is the constant pres- 
sure heat of combustion in Btu per lb, A, is the specific enthalpy 
of the liquid fuel and 2H, is a correction for the presence of CO, 
and H,O in the gases leaving the combustor. This is found in 
turn by evaluating the expression 


Hco2 — Hoz + n/2 (Ha2o — 1/2 Hoe) 


12.003 + 1.008n 


at the observed outlet gas temperature. Here H, with suitable 
subscript, represents the molal enthalpy of CO, O2, or H:O, and 
n is the H-C ratio for the fuel. The reference temperature for 
these enthalpy values must be the same as that chosen for the 
heat of combustion — Ah° and the enthalpy of the fuel h,. For 
all of the calculations under discussion a reference temperature 
of 400 deg R has been used. 

It was found rather early in the development, that once a 
flame tube having air admission which would permit stable 
burning had been devised, the problem of obtaining reasonably 
complete combustion at any given fuel rate was reduced to the 
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selection of a fuel-atomizing nozzle which would produce a finely 
atomized and well-distributed fuel spray. Thus a nozzle having 
& nominal rating of 7.5 gph would function satisfactorily at half- 
load condition or at higher loads, while a similar nozzle with a 
rating of 2.5 gph was satisfactory for starting and idling opera- 
tion. These results are shown by the test data given in Table 3 
for tests Nos. 98 and 103. However, the use of a small-capacity 
nozzle for load conditions required an excessive fuel-supply pres- 
sure, while the fuel atomization with the larger-capacity nozzle 
at fuel rates for starting and idling was so poor that extremely 
incomplete combustion occurred, as indicated for the first two 
operating conditions for test No. 98. 

As a temporary expedient, using a 7.5-gph nozzle, the com- 
bustor was supplied with No. 3 fuel oil for test conditions (29) 
and (20), the change-over to No. 6 oil being made just before 
going to full-load operation at condition (5). The complete- 
ness of combustion under all operating conditions with this 
scheme was satisfactory (see tests No. 107, 127A, and 130AS), but 
changing from one fuel to another without blowout required 
careful manipulation. 

A satisfactory solution was found to be an air-atomizing fuel 
nozzle which was developed at the research laboratories. While 
there is nothing particularly new about the use of air to produce 
fine atomization of a liquid as it is being introduced into a gas 
stream, the feature of this device was the careful design to 
obtain the maximum degree of atomization by the usual method 
of liquid swirl slots and a swirl chamber, combined with 
the introduction of a swirling sheath of air through an annular 
slot surrounding the liquid-fuel orifice. Thus sufficient energy 
to atomize the fuel spray was supplied by the air at low fuel 
rates, while at higher fuel rates this energy was obtained from 
the kinetic energy of the fuel streams issuing from the swirl 
slots. 

The curves in Fig. 8 show the discharge rates for liquid and 
atomizing air when a nozzle was calibrated with water at moder- 
ate pressures. Under these conditions, changes in atomizing- 
air pressure affect the liquid discharge rate, but at liquid pressures 
above 200 psi, this effect becomes negligible. Usually this 
nozzle has been operated with a constant differential air pres- 
sure relative to the burner at all test conditions, and, under 
these circumstances, the complete range of fuel-discharge rates 
could be obtained simply by controlling the fuel-supply pressure. 

The curves in Fig. 9 show the variation in completeness of 
combustion at four different test conditions when the atomizing- 
air pressure differential was changed from 10 to 40 psi. Except 
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at starting and idling conditions, the completeness of combustion 
was found to be independent of air-pressure differential over this 
range. Also at low fuel rates, air-pressure differentials above 
20 psi gave uniformly good results. The atomizing-air flow for 
this type nozzle at different fuel rates is shown by the curves ip 
Fig. 10, and since good atomization could be secured with pres. 
sure differentials between 25 and 35 psi, the maximum air rate 
required is about 1 cfm at standard density. 

A comparison of the results from different tests, given in 
Table 3, indicates that, burning No. 6 fuel oil, the completeness 
of combustion at starting and idling conditions with the air. 
atomizing fuel nozzle should fall within the range 80 to 90 per cent, 


TEST CONDITION 5 
(FULL LOAD) 


| | 


TEST CONDITION 10 
OA0) 


(HALF 


TEST CONDITION 20 
(OLING) 


| 


| 
TEST CONDITION 29 
(STARTING) 


50 
ATOMIZING PRESSURE DIFFERENTIAL LB/IN.2 


COMPLETENESS OF COMBUSTION - % 


Fic. 9 CoMPLETENESS OF ComBUSTION AT Four Test ConpiTIONS 
With Dirrerent DirFERENTIAL Pressures WHEN 
BurnNinG No. 6 Fue 


NOZZLE 4007) 
OP =50L8 
U 


XN 
b 


a 


NOZ2LE 4007 
OP =35LB./iINS 


FIRST EXPERIMENTAL 
NOZZLE 
AP = 25 LB /IN2. 


° 
> 


ATOMIZING AIR FT.3/MIN. (STANDARD CONDITIONS) 


0.035 


Q005 0.010 0.020 0025 
FUEL FLOW -LB./SEC. 


Fie. 10 Discuarce Rares at Various Rate 
Wits Dirrerent DIFFERENTIALS 


0030 


: 
4 
j 
Sas 
| 
i 
LE 
00st 


1947 


Stion 
this 
\bove 
W for 
es in 
pres- 

Tate 


n in 
cent, 


HERSHEY—DEVELOPMENT AND TESTING OF A GAS-TURBINE COMBUSTOR 


TABLE 3 COMBUSTOR TEST RESULTS 


Test Condition Air Flow Fuel Flow Air-Fuel Inlet Temp. Outlet Temp. Fuel Fuel Completeness 
N N d./se 1d./sec tio » °R. Nozzle. Oil. of Comb. 
98 29 0.741 0.00988 630 1097 
20 1.825 0.0117 156.0 686 gs M.S.-7.5 gal/hr. ro 55.2 
10 2.148 0.0226 95.05 841 1526 M.S.-7.5 gal/hr. #6 g4.4 
5 2.555 0.0329 77.55 872 1678 M.S.-7.5 gal/hr. « 92.2 
103 29 0.740 0.00559 132.4 784 1192 M.$.-2.5 gal/hr. % 75.6 
20 1.742 0.0102 170.8 755 1138 M.S.-2.5 gal/hr. #* 91.0 
107 29 0.754 0.00511 147.6 558 800 M.S.-7.5 gal/hr. #3 4g.4 
20 1.787 0.0111 161.0 801 1219 M.S.-7.5 gal/hr. #3 93.1 
10 2.135 0.0213 100.2 824 1490 M.S.-7.5 gal/hr. #6 96.4 
5 2.558 0.0330 77-5 923 1750 M.S.-7.5 gal/hr. wr 95.4 
121 29 0.731 0.00491 «18.8 613 1060 ASLS (2) 91.35 
20 1.790 0.0103 173.8 720 1087 ASLS > 94.2 
10 2.132 0.0216 98.7 825 1483 ASLS = 94.0 
5 2.537 0.0310 81.8 873 1655 ASLS = 04.0 
1274 29 0.734 0.00511 143.6 633 M.S.-7.5 gal/hr. 59.5 
20 1.808 0.0111 162.9 751 1193 M.S.-7.5 gal/hr. #3 93-2 
10 2.138 0.0226 94.6 &50 1540 M.S.-7.5 eal/hr. gu 
5 2.576 0.0315 81.75 878 1698 M.S.-7.5 gal/hr. a 99.1 
128A 29 0.745 0.00510 146.0 592 827 M.S.-7.5 gal/hr. +3 us,¢ 
2u 1.805 0.0111 162.6 723 1140 M.S.-7.5 gal/hr. #3 93.0 
10 2.150 0.0219 98.2 1505 M.S.-7.5 gal/hr. #0 
5 2.575 0.0336 76.6 876 1686 M.S.-7.5 gal/hr. * 91.5 
130AS 29 0.757 0.00511 148.1 594 $32 M.S.-7.5 gal/hr. - 47.0 
20 1.770 0.0111 159.5 770 1195 M.S.-7.5 gal/hr. 3 93-5 
10 0.022 87.8 872 1622 M.S.-7.5 gal/hr. 96.4 
5 2.54 0.0358 71.1 928 1853 M.S.-7.5 gal/hr. 75 Gg. 
133aS' 29 0.724 0.00604 119.8 724 1187 ASLS-LO as 77.5 
20 1.790 0.0101 177.2 746 1124 aSLS-40 * 92.7 
10 2.135 0.0218 97.9 829 1507 ASLS-40 re 95.7 
2.552 0.0318 80.3 869 1722 ASLS-40 99.8 
134as! 29 0.725 0.00586 123.6 650 1194 ASLS-30 # 93.7 
20 1.797 0.0101 177.9 754 1132 ASLS-30 % 93.2 
10 2.137 0.0219 97.5 838 1531 ASLS-20 * 98.9 
5 2.541 0.0314 80.95 875 1703 ASLS-30 * 99.2 
135as! 29 0.733 0.00755 97.1 66 1270 ASLS-29 * 82.4 
20 1.790 0.0111 161. 77 1204 ASLS=20 * 97.2 
10 2.137 0.0224 95. B24 1518 ASLS-20 #6 95.9 
5 2.561 0.0327 78. 871 1691 ASLS-29 #6 95.0 
136aS! 29 0.734 106.4 738 1355 ASLS-10 89.9 
20 1.792 0.011 157.2 772 1144 ASLS-10 #6 €1.9 
10 2.126 0.0222 95.7 833 1508 ASLS-10 #6 93.7 
5 2.560 0.9323 79.25 863 1678 ASLS-10 - 95.0 
L37AL! 29 0.734 0.00625 117. 740 1268 ASLS=25 # 87. 
20 1.80 0.0111 162. 777 1180 ASLS=25 #6 91. 
29 2.12 0.0218 97.5 8 1510 ASLS=25 #6 94.6 
5 2.561 0.0320 80.1 865 ° 1679 ASLS-25 as) 96.0 


: M.S. indicates mechanical swirl atomizing nozzle. 
ASLS air-atomizing nozzle; number indicates differential air pressure 


while at full- and half-load conditions the range should be from 
90 to 95 per cent. 

_Control of coke or carbon formation inside the flame tube with 
either type of fuel nozzle proved to be a question of admitting 
and distributing sufficient air around the outside of the nozzle 
to prevent fuel from striking the hot inner surface of the tube, 
Without interfering with the flame stability. Increasing the com- 
bustor-passage diameter from 4 to 4!/; in., with a corresponding 
increase in the flame-tube diameter, reduced coke formation on 
the side wall. When in addition, air admission at the upstream 
end was arranged so that all flow was with rather large axial 


velocity components, this part of the problem was brought under 
control. Coke deposits on the burner end plate have proved to 
be much more troublesome, because improving atomization or 
increasing flow reversal to achieve better combustion, sometimes 
caused an increase in the coke accumulation in this region. The 
formation of such deposits was found to be most rapid at idling 
conditions. 

(d) Durability. Although further increases in the durability 
of the flame tubes used in the combustors are still being sought, 
sufficient experience has been accumulated as the results of 
testing up to the present time, to indicate the trend for fur- 
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ther modifications and conditions which should obtain to give 
maximum tube life. The two principal requirements are:  suf- 
ficient side-wall cooling to keep any portion of the tube from 
reaching a temperature above 1000 F, and the prevention of coke 
formation at one load condition, which burns off at some other 
condition. These conclusions are based upon repeated cyclic 
tests, during which several flame tubes have been operated for 
from 50 to 75 hr. During such testing, the tubes were subjected 
to the extremes in operating conditions, with changes from one 
condition to another occurring much more rapidly than they do in 
the unit. 

When early tests showed that the flow of secondary air would 
not cool a plain flame tube sufficiently, a series of tube designs 
with various longitudinal cooling-fin arrangements was tested. 
While several of these showed slight improvements, as compared 
with an unfinned tube, distortion of fins and tube after from 5 to 
10 hr indicated that this method of cooling held little promise as a 
means of obtaining really adequate life for a flame tube. 

The arrangement of alternate sections, formed from smooth 
and corrugated strips, for the upstream third of the tube, as shown 
in Fig. 6, proved to be much superior to all configurations pre- 
viously tested. The first tube of this design operated under the 
most severe test conditions many times longer than any of the 
preceding designs without appreciable distortion. The prin- 
cipal problem in refining this design has been the fabrication and 
joining of the different sections so as to obtain symmetrical air 
flow around the perimeter of the tube. Many variations of this 
basic design have been considered which should give better cool- 
ing or be simpler to fabricate, but the limited time has prevented 
most of them from being mcorporated in test designs. An in- 
creased tube diameter, which would permit the distribution of 
such side-wall cooling over a greater length of the flame tube, 
should contribute much toward increased durability of the tube. 
Testing has shown that while distortion of this type of tube may 
result in nonuniform outlet-gas temperatures, no appreciable de- 
crease in completeness of combustion was to be observed, with 
even the most distorted tubes. 

Uniformity of temperature in the outlet gas stream and low 
total pressure drop are two additional characteristics which a gas- 
turbine combustor should possess. Since provision was made in 
the first flame-tube design for ample mixing length, under most 
operating conditions the outlet-temperature distribution was 
reasonably good. With the introduction of the corrugated-wall 
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cooling design, larger variations in outlet temperature were en- 
countered whenever the symmetry of the air flow was disturbed. 
The range of this variation is shown by the curves in Fig. 1! 
for three of the test operating conditions, Fig. 11(a) being for s 
new tube, and Fig. 11(b) for a tube after some 70 hr of testing. 

Confusion can easily arise in discussing combustor pressure 
drop, if terms are not precisely defined. Inlet and outlet flow 
velocities are usually large enough to make static pressure drops 
devoid of much significance, and the drop in total pressure, if 
used in comparing the performance of combustors differing con- 
siderably in design, should be expressed in a dimensionless form 
One such form which has been found to be very useful, is the ratio 
of the total pressure drop to the dynamic pressure which would 
exist if the air stream, at inlet conditions, completely filled the 
maximum cross section of the combustor passage. 

Although no detailed consideration of the causes of pressure 
loss in gas-turbine combustors can be included in this discussion. 
it should be understood that there are two principal sources of 
such loss. One of these is the momentum change, which must 
take place when the temperature of the gas stream is increased 8s 
it passes through the combustor, and the other is the frictional 
loss, associated with the flow around the flame tube and with the 
mixing of the cooling air. The former pressure drop would exist 
in a frictionless duct with no internal constrictions. When a liquid 
fuel is burned in such an ideal passage having uniform cross 
section throughout, the momentum equation leads to the rels- 
tion : 


(4! 


where — AP,’ is the drop in total pressure P; — P,, q, is the dy- 
namic head at entrance conditions, m is the ratio of the weight of 
gases flowing out of the burner to the weight of air entering the 
burner, and y; and 72 are the respective weight densities at inlet 
and outlet. If there is a drop in total pressure due to frictions! 
losses, it should be possible to express this as 
—AP,’ = F- 
29 

where F is a coefficient and w, is the average inlet velocity. The 
combined drop would then be 

— AP, 
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If the frictional loss is independent of the temperature rise of the 
gases passing through the combustor, it should be possible to 
determine this pressure drop from measurements made with 
flow through the combustor passage when no fuel was being 
burned. Such a result is shown by the curve in Fig. 12, where the 
ratio of the drop in total pressure to the inlet dynamic head is 
plotted against the ratio of inlet- to outlet-gas density. 

Complete test results on the actual performance of this com- 
bustor design in the unit are not available at. present, but the 
behavior with respect to ignition and flame stability has confirmed 
the laboratory combustion tests in a satisfactory manner. Ample 
justification for such laboratory testing is to be found in the ease 
and rapidity with which the effects of the many variables may be 
systematically and accurately studied. 


ACKNOWLEDGMENTS 


To Mr. T. J. Putz of the South Philadelphia Works much credit 
is due for co-ordinating the combustion-development program 
with the design and construction work on the turbine unit. The 
original conception and the development of the air-atomizing fuel 
nozzle was the work of Mr. K. V. Smith of the research labora- 
tories. Mr. G. W. Koffer was responsible for many of the major 
combustor improvements, in particular those connected with 
ignition problems, and he was also actively engaged in all of the 
combustion testing. 


Appendix 


Consider the combustion of m, mols of a hydrocarbon fuel 
having the chemical formula C,-Har with 1 mol of air (0.21 mol of 
Oz plus 0.79 mol of N:). The molecular weight of this fuel is 
r (12.003 + 1.008) and the air-fuel ratio by weight is 


28.96 
W, mr(12.003 + 1.008n) 


= 


r W, 


The reaction equation for 1 mol of air may be written 


We 


1 n 
(CrHar) + D (CO, — Oz) + (H:O — 1/20,) 


If —Ah° is the heat of combustion at constant pressure for the 
fuel in Btu per Ib, and h, is the specific enthalpy of the liquid 
fuel as supplied to the combustor in Btu per lb, then the energy 
equation for the combustion process, assuming no heat loss, no 
work being done, and neglecting the kinetic energy of the entering 
and leaving gas streams, may be written 


28.96 
D 


28.96 
D W, 


+ Hen o.| + *| ta — 1/2Ho: | 
3 3 


Here Ah, |} represents the change in specific enthalpy of air be- 
tween the entering and leaving states, while Hco2, Hoz, and Hao 
are, respectively, the molar enthalpies of CO., O., and H,O, the 
subscript 3 after the bracket indicating that they are to be evalu- 
ated for the state of the gases leaving the combustor. It should 
be noted that the reference state temperature for these molal 
enthalpies must be the same as that chosen for the heat of com- 
bustion —Ah° and the enthalpy of the fuel h,. Solving Equation 
{9] for the air-fuel ratio. . 


(—Ah° + hy) = Aha)? 


D n 
~Ah° | —j1/2 | 
Ah® + hy 28.96 Heo: — Hoz + (Huz0 —1/2Hoz) }, 


W, 


a relation which is strictly true only for a perfect combustor in 
which the fuel is completely burned to CO, and H,0, with no 
heat loss from the walls of the combustor passage. Therefore, 
if the completeness of combustion is defined by Equation [1], 
substitution of Equation [11] gives 


W, Ahgl2 
W,' (—ah° + h, — 2 H,) 


Nb 


where 


— + (Huzo — 1/2 Ho) 
12.003 + 1.008n 


2H, = 


Values for the net constant pressure heat of combustion for the 
fuel oils used in combustion testing are given in Table 1. The 
specific heat of the liquid fuel may be calculated by means of the 
relation 


c, = 0.398 + 0.00046¢ Btu per lb per deg F 
given by Cragoe.® 
5 “Thermal Properties of Petroleum Products,’’ by C. S. Cragoe, 


U. S. Bureau of Standards Miscellaneous Publications No. 97, Wash- 
ington Printing Office, 1929. 
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By A.. R. C. 


It has long been known that the increased flexibility 
of curved pipe, resulting from its ovalization under the 
influence of bending moments, is reflected in increased 
stresses which are customarily evaluated by applying 
intensification factors to the stresses evaluated by the 
common beam theory. No similar information has 
heretofore been published regarding mitre joints. On 
the basis of comparative full-scale fatigue tests, the pres- 
ent investigation shows that, for double-mitre bends of 
given proportions, the stress intensifications (at the cor- 
ners) are 20 per cent greater than for long-radius welding 
elbows when bending moments are applied tending to 
open or close the bend, and 70 per cent greater when 
bending is done sidewise, out of the plane of curvature. 
Expressed in terms of fatigue life under identical condi- 
tions of pipe-line expansion, this means that welding 
elbows will withstand 2!'/2 times as many stress reversals 
in bending in the plane, and 14 times as many cycles in 
bending transverse to the plane of curvature, as compared 
with mitre bends. Indications were obtained also that 
internal pressure has no marked effect on the magnitude 
of the stress intensifications encountered. Stress-reliev- 
ing and grinding the welds likewise produces no signifi- 
cant change in the endurance strength. 


REVIEW OF PRESENT-DAY KNOWLEDGE ON PIPING FLEXIBILITY 


HE imposing volume of literature on piping flexibility 

which has accumulated over the last 20 years bears witness 

to a tremendous growth in interest and understanding of 
this complex subject. In reviewing what has been accomplished 
and what yet remains to be done, three separate problems may be 
recognized, as follows: 


1 Development of a basic method of analysis. 
2 Research into significant properties of piping components. 
3 Establishment of a suitable failure criterion. 


1 The fundamentals of the problem of a spatial frame with 
fixed ends subjected to a uniform temperature change were 
understood long before piping in the modern sense came into exist- 
ence, The important task remained, however, to put the solu- 
ion into an organized form so that it could be utilized readily by 
engineers in working out their everyday piping problems. Great 
strides have been made in this direction, and today there is avail- 
able a wide choice of analytical, graphoanalytical, and graphical 
solutions of varying degrees of accuracy and ease of application; 
in addition, model-testing equipment has been developed which, 
in the hands of experienced operators, yields consistent results 
for the more complex problems with reduced expenditure of time. 

2 Any further progress, at least in the direction of a more 


_ 


‘Chief Research Engineer, Tube Turns, Incorporated, Louisville, 

y. 

Contributed by the Power Division and presented at the Spring 
Meeting, Tulsa, Okla., March 2-5, 1947, of Tae AMERICAN SocteTy 
OF MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Fatigue Tests of Welding Elbows and 
Comparable Double-Mitre Bends 


MARKL,! LOUISVILLE, KY. 


869 


faithful mathematical reproduction of what actually occurs in 
piping in service, is contingent upon basic research into the be- 
havior of components used in the run of the pipe (fittings, flanges, 
and valves) and equipment to which the pipe is attached (vessels, 
tanks, pumps, blowers, etc.) under imposed bending moments and 
direct forces in conjunction with the effects of internal pressure. 

To a certain extent, such information has already been made 
available on curved plain pipe; von K&rmf&n (1)? and Hovgaard 
(2) a long time ago gave theoretical developments of the flexi- 
bility and stress-intensification factors applicable to flexure in the 
plane of curvature of the bend axis; Vigness (3) later expanded 
Hlovgaard’s theory to include bending transverse to the plane, 
and Beskin (4) still more recently furnished a more refined 
analysis which assigns higher flexibility and stress-intensification 
factors to large-diameter thin-wall pipe bends than have here- 
tofore been considered proper. Corrugated pipe, both straight 
and curved, also has received a fair amount of attention; 
Donnell (5), and Hetényi (6) have offered theoretical analyses, 
and Dennison (7), and Rossheim and the writer (8) have pre- 
sented results of fatigue tests in comparison with plain pipe and, 
in the case of Dennison, also creased bends. 

No parallel data, however, have yet been published with regard 
to other important piping components, among which may be 
numbered the ubiquitous welded girth seam, mitre bends, fab- 
ricated right-angle intersections and laterals, welding tees, crosses 
and reducers, flanges of the diverse types in common use, valves, 
ete. 

Present-day practice is documented in the ‘Code for Pressure 
Piping,” which states,’ “calculations shall take into account the 
steady load stress concentration or intensification factors found 
by test to exist in pipe bends whether plain, creased, or corrugated, 
and in corrugated straight sections; credit may be taken for the 
extra flexibility of such members where flexibility factors have 
been determined from test data.” Obviously, the same require- 
ments should be applied to other stress-raising agencies. 

3 The failure criterion is established in this code* in the 
form of an “allowable stress range” which is given as three 
fourths of the sum of the normal allowable stresses at atmospheric 
and at operating temperature, with a further limitation based 
upon the tensile strength of the pipe material. Using the sum 
of the ‘‘cold’”’ and “hot” allowable stresses as a parameter, while 
at first sight a somewhat unusual procedure, appears logical if 
the theory is accepted (and there is service experience to back it 
up) that a piping system will to a certain measure -self-spring 
itself as a result of local yielding or creep. In this process, ex- 
cessive stress in the hot condition will tend to relax down to 
the order of the allowable stress normally considered applicable 
at the operating temperature, the released portion of the stress 
reappearing with reversed sign in the off-stream condition. 
In this cold condition, stresses related to room-temperature 
physical properties are permissible. 

The limitation just given is to be applied to combinations of 
eonstant stress with the only minor cyclic variable stresses asso- 
ciated with the normal operation of most plants. For conditions 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
3 A.S.A. B31.1, chapt. 3 of sec. 6. 
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where temperature changes are of a definitely cyclic nature or 
severe vibration is anticipated, which may result in failure by 
fatigue, the code’ specifies that the limit of the safe combined 
stress shall be divided by 2. 

In the author’s experience, application of these rules to the 
average piping system involving not too frequent swings in tem- 
perature or pressure has invariably resulted in safe design. How- 
ever, there have been recurring instances of vibration failure, and 
the author knows of at least one case where fatigue cracks were 
produced at numerous locations in a high-temperature line after 
relatively few cycles of major temperature change. In this con- 
text it might be pointed out that the present method does not 
distinguish between the steady and variable components of the 
combined stress (i.e., gives the same limit for mildly pulsating 
and completely reversed cycles, provided that they produce equal 
peak stresses), and that the decline of the fatigue strength (related 
to the tensile strength) with temperature is not reflected in the 
allowable stress range; also that the sudden step-down, without 
transition, from the stress limit for ‘normal plant” to “definitely 
cyclic’ conditions discourages the use of a reduced stress for all 
except the most severe services. 


OUTLINE OF RESEARCH PROGRAM 


In the foregoing, it has been pointed out that a considerable 
amount of additional information is still needed on‘the flexibility 
and stress-intensification factors inherent in the commonly used 
piping components. With the thought of contributing toward 
the elimination of at least part of the unknowns, the Tube Turns 
Research and Development Department has set itself the task of 
carrying through a comprehensive fatigue-testing program on full- 
scale fittings. 

The first test series (reported upon herein) was to provide a 
check of the Hovgaard stress-intensification factor as applied to 
welding elbows and, with this as a basis, to establish experimen- 
tally a comparable factor for application to double-mitre 90-deg 
elbows. For both types of fittings the following variants were to 
be explored: 

1 Bending in the plane versus bending transverse to the plane 
of curvature. 


2 Bending with and without the application of internal pres-— 


sure. 

3 Effect of grinding the attachment welds smooth and stress- 
relieving the assembly, as compared with the ‘‘as-welded”’ condi- 
tion. 


The primary purpose of these tests was to provide a comparison 
of fatigue properties of welding elbows with those of mitre bends. 
At the same time it was thought that the results obtained might 
lead to a reappraisal of the practice now established by the Code 
for Pressure Piping with regard to the setting of limitations upon 
the stresses, or more properly, stress ranges for piping-expansion 
problems. 


MATERIALS AND PREPARATION 


Two types of 90-deg elbow fittings were tested in the 4-in. 
schedule 40 size. One was a long-radius ‘“Tube-Turn’”’ welding 
elbow with a bend radius equal to 1'/2 nominal diam, made under 
standard production methods from identified heats of steel. The 
second was a double-mitre bend of optimum hydraulic properties, 
with an equivalent bend radius of about 1.9 nominal diam, and an 
axial distance between mitre welds of about 1.6 diam. Dimen- 
sioned sketches of the test assemblies, showing the two alternate 
forms of elbow, are given in Fig. 3. 

All pipe used was seamless, of carbon steel conforming to A.S. 
T.M. Specification A-106, Grade B, and the welding elbows were 
produced from the same material. The physical properties of 
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the different lots used in the tests are given in Table 1. They 
may be taken as representative of the variations encountered in 
pipe of this grade. 


TABLE 1 PHYSICAL PROPERTIES OF MATERIALS 
USED IN TESTS 


Ultimate 
tensile Yield 
strength, point, Elongation, 
psi psi per cent in 2 in 
Welding elbows......... 86350 56200 34.5 
66000 39000 38.0 
65700 40625 39.0 
63850 40950 42.0 


The specimens were prepared for welding using a machined or 
ground 37'/.-deg welding bevel with a '/is-in. land; they were 
accurately lined up and assembled without the use of welding 
rings, leaving a '/js-in. root gap. All welding was carefully 
carried out, applying three passes, the first with a '/s-in. electrode 
and the two following ones with a 5/3-in. rod. Good fusion and 
satisfactory root penetration were obtained throughout including 
at the mitres, which offer a more difficult welding problem; the 
above-average quality of the mitre welding is evidenced by the 
macrographs, Fig. 9, taken after failure of the specimens, and by 
the smooth almost flawless appearance of the ground welded 
joints, as shown in Fig. 8. 

Most of the specimens were left in the as-welded condition. 
Twelve assemblies were given special preparation; the welds 
were ground smooth on the inside and outside and a thorough 
stress relief was applied in an enclosed controlled furnace at 
1100 F. 

Test EquirpMeNT 


An over-all view of the specially designed fatigue-testing ma- 
chine is given in Fig. 1, and a close-up of one of the ends in Fig. 2. 
Space does not permit a detailed description of this equipment, 
and comments accordingly will be restricted to the minimum 
necessary to give an understanding of its operation. The ma- 
chine is of the specifie-strain repeated-bending type, capable 
of simultaneously subjecting up to six assemblies of 4-in. iron 
pipe size to reversed deflections of up to 1'/:-in. amplitude at 
anywhere between 75 and 1000 cycles per min speed. 

The tests are essentially cantilever tests, one end of the speci- 
men being anchored to the machine frame by means of a heavy 
flange and the other being hinged in a horizontal slide or cross- 
head, so that only vertical forces are imposed. Three alternate 
anchorages are provided, one coaxial with the hinge end for test- 
ing straight runs, and the other two off-center for testing elbow 
fittings in and transverse to the plane of the bend axis. Figs. | 
and 2 illustrate the mounting of welding elbows and mitre bends 
for transverse tests; the assemblies photographed were under 
internal pressure supplied by a pump visible in the background 
in Fig. 1. Fig. 2 gives a close-up view of the anchorage (note the 
flanges and provisions for keying them to the frame), and the 
hinge end (note the micrometer screw and slide block with set- 
screws for producing and maintaining the desired crank arm, and 
the crankpin projecting into the crosshead which moves in a brass 
bushing). 

The framework is extremely sturdy and well braced, with the 
result that anchor rotations are of negligible order and interaction 
between adjacent specimens is practically nil, as has been proved 
by accurate deflection measurements; also by the constancy of 
the sinusoidal time-strain wave form and amplitude revealed by 
records made by an oscillograph connected to SR4 dynamic strain 
gages mounted on one of the specimens in one of the tests. 


Test PRoceDURE 


In the present investigation, two parallel series of tests of three 


a 

ack 

A 
: 4 

: 


MARKL—FATIGUE TESTS OF WELDING ELBOWS AND COMPARABLE DOUBLE-MITRE BENDS 871 


Fic. 2. or ONE ENp or MACHINE 


specimens each, one using welding elbows and one with mitre 
bends, were run at one time. To assure that the results obtained 
would be directly comparable, alternate specimens were mounted 
in each bank (a bank being defined as two machine positions 
driven from opposite ends of the same crankshaft). Shims were 
used to produce accurate alignment (within +0.005 in.) of the 
hinge end with the neutral position of the slide. After several 
preparatory flexings to “iron out” the bend, followed by a re- 
tightening of the anchor bolts, load-deflection tests were con- 
ducted to serve for correlating the applied end deflection with the 
force necessary to produce it. After this, the crank arm was set 
at a predetermined figure by means of the micrometer screw 


actuating the slide and this locked in position with the setscrews 
provided. Substantially the same amount of displacement was 
applied to each bank or pair of specimens (one a welding elbow, 
and one a mitre bend); the three banks, however, were set at 
different amplitudes and machine speeds, the positions with 
higher displacements being operated at the lower speeds to even 
out the power requirements and the time to failure. 

In order to provide a means for determining accurately when 
failure through the entire wall had occurred, all specimens were 
filled with water, the water being under pressure only in the tests 
specifically made to determine the effect of internal pressure, and 
open to the atmosphere in the other tests. With this arrange- 
ment, cracks evidenced themselves promptly by beads of water 
squeezing out during each cycle. Their location and extent was 
immediately recorded and the revolution counter was read; how- 
ever, in order to obtain information on the direction of crack 
propagation, the test usually was continued for a number of cy- 
cles equal to 20 per cent of that which had produced the initial 
failure. The cracked specimens were then removed, the zone of 
failure subjected to magnaflux examination and photographed 
in the magnetized condition in order to portray clearly the out- 
line of the crack. 


EVALUATION OF RESULTS 


The forces obtained from the load-deflection tests in conjunc- 
tion with the measured lever arms to the points of initial failure 
served to establish the flexural and torsional moments from 
which combined stresses were derived on the basis of the Hencky- 
Mises theory of elastic failure, using the section modulus of the 
measured fitting cross section; no stress-intensification factors 
were included, nor were the pressure stresses taken into account 
(for the tests with internal pressure), and the combined stresses 
found accordingly are to be considered as “nominal” only. Desig- 
nating them by the symbol S’,, they can be evaluated in terms of 
the bending stress in the plane of curvature Sy, the bending 
stress transverse to this plane S3, and the torsional stress S,, as fol- 
lows 

For bending in the plane 


Su’ = 
For bending transverse to the plane 
Sea’ = 


By using these stresses as ordinates with the cycles-to-failure 
as abscissas, the points plotted in Figs. 4 to 7, inclusive, were ob- 
tained. Fig. 3 gives a key to the symbols used for the different 
test conditions, and also states how many specimens were tested 
under each condition. 

The first two charts refer to tests in which no internal pressure 
was applied, and each contains data secured on welding elbows 
and mitre bends in both the as-welded condition and with special 
preparation. As a first observation, grinding the welds smooth, 
and fully stress-relieving the assembly had relatively little effect 
on the endurance strength. Accordingly, it appeared proper to 
consider equally the points obtained from both conditions in 
drawing the median lines, of which one is given for each type of 
fitting on each of the two charts. 

The derivation of these median lines deserves brief mention. 
It will be noted that a dash-dot line labeled “straight pipe” ap- 
pears on both illustrations; in the absence of direct data, this 
line has been taken over from the paper by Rossheim and the 
writer (8) where it is identified as curve F. Disregarding the 
extreme right end of this curve, at which the endurance limit is 
substantially reached, the experimental points can be very closely 
represented by Equation [3], which gives the endurance strength 
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Sy in terms of the number N of cycles of complete reversal pro- 
ducing failure 


The data secured in the Tube Turns laboratories can be ex- 
pressed by parallel formulas, in which only the numerator is 
changed. For both the straight pipe and the elbow fittings, 
these formulas may be considered applicable at least between 
limits of 500 and 500,000 cycles. 

The numerators applicable to the four groups of tests plotted 
in Figs. 4 and 5, and the corresponding stress-intensification fac- 
tors (derived by division into the value 245,000 established for 
straight pipe) are listed in Table 2. 

Figs. 6 and 7 record information obtained in the tests where 
2200 psi internal pressure (corresponding to a circumferential 
stress of approximately 21,000 psi) was maintained in the as- 
sembly during cyclic bending tests. As has been stated already, 
the ordinates do not include the pressure stress. The straight 
lines shown on these charts present no attempt to average the 
test results; they are the median lines given in Figs. 4 and 5, 
and have been transferred purely for purposes of comparison. It 


TABLE 2) NUMERATORS FOR TESTS PLOTTED IN FIGS. 4 AND 5 
AND CORRESPONDING STRESS-INTENSIFICATION FACTORS 


Stress- 

Moment plane in intensi- 

relation to plane fication 

Type of fitting of curvature Numerator factor 


Welding elbow In plane 127000 1.93 
Transverse to plane 165000 1.48 


Mitre bend In plane 107000 2.30 
Transverse to plane 98000 2.50 


will be noted that the test points follow these lines in a general 
way, except that they trend down toward the right; this retlects 
the increased significance of the constant pressure stresses as the 
applied variable bending stresses are reduced. 


CHARACTER OF FAILURES 


Fig. 8 is a collection of representative views taken of failed 
specimens. These will be discussed group by group; for ease in 
reference, the test conditions are designated by letters, as follows: 

A Nointernal pressure, tested as welded. 


B No internal pressure, welds ground and stress-relieved. 
C With 2200 psi pressure, tested as welded. 


Welding Elbows in Bending in Plane of Curvature. Figs. 8(2) 
and (b) show typical cracks obtained for conditions A and B, re 
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. 6 Test Conpnition C, BENDING IN PLANE OF CURVATURB 


spectively; condition C gave closely similar results. Invariably, 
in every single specimen, failure started at the direct center of the 
side wall and progressed longitudinally toward both ends of 
the fitting with perfect regularity; in some specimens, cracks 
appeared nearly simultaneously on both faces. 

Welding Elbows in Bending Transverse to Plane. Figs. 8(c), 

), (e), (f), and (g) illustrate the various types of failure ob- 
served in this group of tests. The first two give one of the two types 
of failure for condition A; the initial crack again is longitu- 
dinal, but its location is shifted from the apex toward the inner 
arc by an angle of between 35 and 43'/, deg. In addition to the 
longitudinal crack, a transverse crack appears branching off from 
the center of the longitudinal crack in Fig. 8(c); from the end of 
the crack at the weld line in Fig. 8(d); and in other specimens of 
this group (not shown) only a transverse crack at the weld line 
occurred. Figs. 8(e) and (f) give two of the locations of trans- 
verse cracks found for test condition B. The third specimen (not 
shown) cracked along the weld; all cracks were on the side of the 
fitting, usually transposed a slight amount toward the inner arc. 
The weld crack visible in Fig. 8(g) is typical of all the specimens 
tested under condition C. 

Mitre Bends in Bending in Plane of Curvature. Figs. 8(h), (7), 
and (j) illustrate the type of failure obtained in conditions A, B, 
and C, respectively. In all cases, a transverse crack along the 
weld line on the inner arc of the fitting appeared. Fig. 8(7) merits 
special observation; the specimens with ground welds, of which 
this is typical, were run to complete failure and all show a definite 
Jog in the crack line at the neutral axis and fine longitudinal cracks 
tadiating to both sides. It is significant to note that these 
cracks are in the same location as in a welding elbow under 
bending in its plane. 

Mitre Bends in Bending ee to Plane. Figs. 8(k), (i), 
and (m) applicable to conditions A, B, and C, respectively, all 
show one or two transverse cracks following the weld line, on the 
side of the fitting, slightly shifted toward the inner arc. Close 
observation of the specimen shown in Fig. 8(k) indicated an ad- 
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ditional (longitudinal) crack across the welds, which was located 
approximately 37 deg from the apex toward the inside arc; this 
crack duplicates the type of crack found in the welding elbow in 
transverse bending, further substantiating the thought that a 
mitre joint to some extent acts like a very sharply curved pipe. 


Comparison WITH ExIsTING THEORY 


Since no theoretical development is available giving the stresses 
in mitre joints, comparisons with existing theory are of necessity 
limited to welding elbows. In Table 3 the stress-intensification 
factors obtained from the present tests are compared with those 
computed from existing formulas for a 4-in. schedule 40 welding 
elbow of 6-in. bend radius; at the same time the orientation of 
the point of maximum stress is given by reference to Fig. 10. 

Considering first the type of failure, longitudinal cracks are 
definitely predicted by theory for bending in the plane of curva- 
ture, while either longitudinal or circumferential cracks may be 
expected for bending out of the plane of curvature—at least to 
judge from Vigness’ development. The tests have proved these 
predictions to be correct. 

As concerns the location of failure, equally satisfactory agree- 
ment of the experimental results with theory has been obtained. 
For bending in the plane of curvature, every single failure oc- 
curred in the form of a longitudinal crack at the side of the fitting 
(@ = 0), the predicted location of maximum transverse stress. 
For transverse bending, where longitudinal cracks were encoun- 
tered, these occurred at locations defined by angles @ between 
35 deg and 43.5 deg, the former being close to the 32.5 deg 
predicted by Beskin, and the latter approaching the 45 deg, pre- 
dicted by Vigness, for the location of maximum transverse stress; 
where circumferential cracks were encountered, these occurred 
at the side of the fitting (@ = 0 deg), where both Beskin and Vig- 
ness lead one to expect the highest longitudinal stress. 

In so far as the magnitude of the stress-intensification factor is 
concerned, none of the theories appears to offer a satisfactory 
prediction of ultimate failure. To be sure, for bending in the 
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Experimental stress- 1.93 0 Present 1.48 
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factor 
Theoretical transverse 2.59 0 Hovgaard 2.59 
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plane, the longitudinal stress-intensification factors of 1.91 and 
1.93 obtained, respectively, from Hovgaard’s theory and the 
present tests, are in close agreement; however, as Hovgaard 
himself pointed out and the tests show, the maximum stress is 
circumferential, so that this agreement is not significant. For 
bending out of the plane of curvature, both the longitudinal 
and the transverse stress-intensification factors predicted by 
Vigness are 60 per cent greater than the factor found by test, 
which again discounts the usefulness of the theoretical values. 
No wholly satisfactory explanation can be offered why such wide 
discrepancies should exist, pending further investigation. ‘ 


CoMPARISON OF WELDING ELBows Wits Mitre BENpDs 


From the study of the failed specimens presented earlier, it 
is apparent that mitre joints at best behave somewhat like bends 
of very sharp curvature, but that usually the local stresses intro- 
duced by the sudden directional change overshadow this effect 
and lead to even earlier failure. 

From the charts, Figs. 4 to 7, inclusive, it can be concluded 
that, for an identical number of cycles-to-failure, a long-radius 
welding elbow can safely be stressed close to 20 per cent higher in 
bending in the plane, or 70 per cent higher in bending transverse 
to the plane, as compared with a double-mitre bend of the given 
Proportions. The comparison is even more forcible when ex- 


‘If a correlation is to be ventured, it might be stated that, in 
rough terms, the stress-intensification factors obtained by test corre- 
spond to two thirds of the critical (transverse) stress-intensification 
factors predicted by Hovgaard and Vigness, or one half those pre- 
dicted by Beskin. 
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35-43 .5 Present 
tests 
0 Vigness 
0 Beskin 
45 Vignes 
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pressed in terms of fatigue life under an identical bending mo- 
ment. The welding elbow is found to sustain about 2.4 times as 
many cycles of full stress reversal in bending in the plane, or 13.5 
times as many cycles in bending transverse to the plane, as the 
mitre bend. If it is considered, finally, that for any given end 
displacement or temperature change the bending moment will be 
lower for welding elbows than for mitre bends, for the reason that 
the former are more flexible, particularly in the plane of curvature, 
the comparison is further altered in favor of the welding elbows; 
using the test assemblies as an example, the life factors become 
4.5 and 15, respectively. 


FAILURE CRITERIA 


In predicting the failure of a part subjected to a constant stress 
with a superimposed periodically varying stréss, some form of 
Goodman diagram is employed to advantage. Fig. 11 presents a 
correlation of all the tests, in and transverse to the plane, with and 
without internal pressure, on the basis of a relation suggested by 
H. F. Moore and J. B. Kommers (9). This can be expressed by 


where S, denotes the endurance strength for complete reversal, 
S, the variable stress component computed by Equation [1] or 
[2], except that the stress-intensification factors obtained in the 
present tests are applied to the bending stresses Sy, and Si, and 
S, the constant longitudinal stress due to internal pressure. It 
will be noted that, using this form of correlation, all test points 
fall within +25 per cent of the median line applicable to straight 
pipe. 

As a final presentation, Fig. 12 has been prepared. This serves 
to interpret the results in the light of the rules set forth in the 
Code for Pressure Piping. For the purpose of applying these 
rules, the tests can be considered as duplicating an actual piping 
system under thermal expansion wherein the total vertical ex- 
pansion range between the two ends (one hinged and one fixed) 
equals twice the amplitude of the displacement applied by means 
of the micrometer screw, half of which acts in either direction as a 
result of cold spring having been applied. For this condition, 
paragraph 620(e) of the code permits taking a credit equal to one 
third of the expansion range, so that stress calculations are re- 
quired to be based on no more than two thirds of the total ex- 
pansion range or four thirds of the amplitude of the displacement. 
Using the notations defined earlier (with S, denoting the bending 
stress either in or transverse to the plane, as the case may be), the 
combined stresses in accordance with the Hencky-Mises theory 
can be calculated from the following expression® 


4 
’ By inserting a torsional (shear) stress f; = 3 S:, a longitudinal 


(bending + pressure) stress fi = = 8S + S., and a circumferential 
(pressure) stress f. = 2S, in equation 
S = V3ft + fi? + 
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Using these values as ordinates with the cycles-to-failure as ab- 
scissas, the plot shown in Fig. 12 is obtained. The correlation 
again is within + 25 per cent of the median line and accordingly 
is quite satisfactory considering that the specimens consisted of 
commercial pipe and fittings of widely varying physical proper- 
ties. 

As a last step, these calculated “combined stresses’ will be 
compared with the stress limitations specified in paragraphs 620 
(g) and (hk) of the Code for Pressure Piping.* For oil piping 
within refinery limits, the maximum allowable stress range for 
carbon steel to A.S.T.M. Specification A106, Grade B (which 
stress would be applicable for operating temperatures up to about 
800 F) is 24,000 psi for only mild cyclic conditions and one half 
that value for definitely cyclic or vibratory conditions. These 
limiting stress ranges appear in Fig. 12 as horizontal lines; the 
upper one intersects the line defining the lower limit of the test 
data at an abscissa representing a life equal to about 100,000 
cycles, while the lower line may be assumed to be near the en- 
durance limit (normally taken as the endurance strength obtained 
for at least 2,000,000, and preferably 10,000,000 cycles). Con- 
sidering the many imponderables in piping design (assumptions 
of end fixation, effect of intermediate supports, weight and wind 
stresses, corrosive influences,* etc.), and the fact that damage 
already occurs below the endurance strength, a safety factor of 
about 2 would appear indicated; even this probably is too low for 
definitely corrosive conditions. On this basis, the “normal” 
allowable stress range specified in the code* should apparently 
not be applied where more than 3000 cycles of major stress change 


6 Source (10) cites examples where the endurance strength of hot 
rolled S.A.E. 3140 steel was reduced to one half as a result of corro- 
sion fatigue (in as apparently innocuous a medium as fresh water). 


N= NUMBER OF CYCLES TO FAILURE 
Fig. 12 Corre.ation or Test Resuits By Cops ror Pressure Pipina! 


are anticipated; perhaps a cycle per week, for a 20-year life, 
would offer a better limit. 
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Discussion 


C. T. Grace.” Fatigue tests on straight pipe were used in 
plotting test data shown in Figs. 4 and 5 of the paper. The 
writer interprets the use of these data for straight pipe as a basis 
for comparison with results determined for the welding elbows 
and miter bends. Might it not be fairer to use test data for a 
section of pipe having the same dimensions as the welded elbow 
and miter bends but formed from one piece of pipe bent to the 
proper radius of curvature on a pipe-bending bench? It might 
be necessary to pack the pipe with some material to prevent 
flattening or creasing at the bend. 

Would not this give a better base for comparison and also would 
it not be of value to those concerned with piping design for 
cases where it is not desirable to have any type of joint at the 
bend? 


H. F. Moore. Mr. Markl’s fatigue tests are a valuable con- 
tribution to the study of fatigue strength of parts under finite 
numbers of cycles of stress. This matter has assumed increased 
importance in recent years since the effect of repeated stress in 
structural parts has been recognized in cases where only a rela- 
tively few cyoles of high stress are applied to a structural part in 
itsnormal length of service. Examples of such parts are furnished 
by railroad rails, bridge members, riveted joints, boiler shells, 
some automobile and airplane parts, and of course in pipe bends, 
and piping in general. 

While the writer feels that the assumption of the same slope 
of S-N diagram for straight pipe, for the welding bends, and for 
the miter bends may not be quite exact, the test results seem to 
agree fairly well with this assumption. In the absence of more 
elaborate tests and stress analyses, they seem to furnish a valuable 
tentative guide for design. The value of the tests is decidedly 
increased by the fact that they were made on full-size elbows 
and miter bends. 

The tendency of failures, especially in specimens bent in the 
plane of curvature, to develop longitudinal cracks suggesting a 
dominant circumferential stress, is at first glance startling. How- 
ever, when the tendency toward flattening out of a thin-walled 
pipe under bending is considered, the shift from maximum longi- 
tudinal bending stress from the upper and lower fibers of the pipe 
to a circumferential stress at a location near the neutral axis for 
bending in the plane of curvature appears not improbable. Pos- 
sibly the horizontal shear in the vicinity of that neutral axis may 
increase slightly the effective circumferential stress. An experi- 
mental study of this circumferential stress by the use of electric 
strain gages or by measurements of change of form of the pipe 
cross section would seem to be worth while, as the author has 
doubtless noted. 

If an illustration could be shown of the fatigue-testing appara- 
tus setup for tests of bending in the plane of curvature, it might 
be of considerable aid to students of this paper; at least it would 
be to one of them. 


T. E. Parpue® anv I. Vianess.® As the author has pointed 
out in his introduction, there is considerable need for data con- 
cerning the fatigue characteristics of commercial piping designed 
for operation at high temperatures and pressures, especially under 
conditions where loads are high enough to produce failure at a 
telatively small number of stress cycles. Piping designers need 
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to know the fatigue characteristics of pipe bends, straight sec- 
tions, welded fittings, and other piping components under oper- 
ating conditions. It is recognized that exact duplication of opera- 
ting conditions is impractical in laboratory tests, and satisfac- 
tory methods must be devised to obtain suitable information 
that can be applied as design criteria with sufficient accuracy to 
prevent failure of installations. The work described in this 
paper is another step forward in obtaining the experimental data 
needed for setting up design criteria which insure economic and 
safe operation. 

Tests on elements such as those described in the present paper 
are considerably different from the usual fatigue tests on standard 
specimens in that the stress gradients and stress distributions 
are, in general, more complicated. At the present time the effects 
of stress gradients and multiaxial stresses on the failure of systems 
subjected to cyclic loads and temperature changes are not suffi- 
ciently understood so that the failure of the system may be pre- 
dicted from standard fatigue tests on the piping materials. Until 
further basic information concerning these properties of materials 
is obtained, the design criteria for piping components, such as 
welded elbows, subjected to stress and temperature variations, 
must be based upon empirical data such as is described in this 
paper. 

An understanding of the stresses and strains occurring in pipe 
bends, for any type of applied moment, is fairly well advanced. 
In the mathematical analysis, it is generally assumed that 
the constraints at the ends of the bend are negligible, and that the 
stress values at any cross section of tubing are proportional only to 
the moment acting at that cross section and not a function of the 
length of the bend. The results of this analysis are in good quan- 
titative agreement with the experimental results for bends having 
a bend radius about 10 or more times that of the tube radius. 
Recent tests at the Naval Research Laboratory have shown that 
bends of short bend radius, i.e., bends having a ratio of tube 
radius to bend radius of about 1 to 2 or 1 to 3, are greatly affected 
by the length of the bend and the rigidity of the end constraints; 
however, the agreement between the theory and experiment is 
fair when the mathematical assumptions are reasonably well] 
met by the experimentalist. 

The point that is desired to be made is that the theoretical 
stress-intensification factors and the statically determined 
experimental stress-intensification factors are in reasonable agree- 
ment for a bend of the type under consideration. As part of a 
larger program, the Naval Research Laboratory has determined 
these stress factors on a tube purchased from the Tube Turns 
Company which has the same nominal dimensions as those of 
the bends used in this paper. Strains were measured with bonded- 
wire strain gages in the axial and circumferential directions. 
Stresses at the outside surface were determined by the usual 
stress-strain relations.'° The longitudinal stress at the middle 
surface was determined by assuming the transverse stress to be 
zero at that location. Results of these measurements, given in 
Figs. 13 and 14 of this discussion, show the measured longitudinal 
stresses to be somewhat higher than predicted by the theory, while 
the transverse stresses are somewhat less. 

The author has assumed, in his comparison of “stress-intensi- 
fication factors,” as determined by fatigue methods and as cal- 
culated, that the failure by fatigue can be predicted for any 
combination of stress and stress gradient. This is not generally 
possible.!! The author’s stress-intensification factors are simply 
ratios of nominal bending stresses corresponding to fatigue failure 


10 “Strength of Materials,” Part 1, by S. Timoshenko, D. Van 
Nostrand Co., Inc., New York, N. Y., 1940. p. 52. . 

11 “Strength of Materials,” Part 2, by S. Timoshenko, D. Van 
Nostrand Co., Inc., New York, N. Y., 1941, pp. 446-449. 
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Fie. 13 Merasurep Stress-INTENSIFICATION Factors as FUNCTION 
OF PosiTION ON Pipe CIRCUMFERENCE FOR IN-PLANE BENDING 


(The same angle is used as that given by the author in Fig. 10. Curves A 
and B are factors measured on outside surface in longitudinal and transverse 
directions, respectively. Curve C gives factors for middle surface of pipe 
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Fig. 14 Merasurep Stress-INTENSIFICATION FactTors AS FUNCTION 
OF PosITION ON Pipe CIRCUMFERENCE FOR TRANSVERSE BENDING 


(The same angle is used as that given by the author in Fig. 10. Curves A 

and B are factors measured on outside surface, in longitudinal and transverse 

directions, respectively. Curve C = factors for middle surface of pipe 
wall. 


at a given number of cycles, and should not be compared directly 
with stress factors calculated theoretically or determined experi- 
mentally from strain measurements. The author’s work is valua- 
ble in that it shows how piping may fail under conditions of 
fatigue, and it emphasizes our lack of understanding of the 
strengths of materials under complex conditions of cyclic stress. 
The experimental data presented in the author’s Figs. 4 through 
7 should be of great value to piping designers, even though the 
precise relation between fatigue failure and stress-intensification 
factor cannot as yet be stated. 


D. C. Rouuns.'? There is some question in the writer’s mind 
regarding the reported similarity of results, regardless of whether 
the welds were stress-relieved or allowed to remain in the as- 
welded state. It is an established fact that surface stresses in 
welds not stress-relieved can equal, and in some cases exceed, the 
yield point of the material. The writer finds it difficult to rec- 
oncile this fact with the results of the paper which indicate that 
stress relief produces no significant change. 

Has the author speculated on the reasons tor these differing 
points of view? 


12 Carbide and Carbon Chemicals Corporation, South Charleston, 
West Va. Mem. A.S.M.E. 
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‘while Hovgaard’s theory would imply equal intensities. 
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AUTHOR'S CLOSURE 


The author wishes to acknowledge his indebtedness to all dis- 
cussers for their valuable comments and is particularly grateful 
to Messrs. T. E. Pardue and I. Vigness for their interesting dis- 
closures of results of their own research along parallel lines. An 
attempt will be made to answer all points raised as fully as limi- 
tations of space and the author’s knowledge permit. 

Professor Grace’s suggestion (of comparing the welded elbow 
and mitre assemblies with completely seamless assemblies of 
identical proportions) might be realizable for the curved bent 
assemblies and would no doubt be interesting. However, it must 
be remembered that, in tlie present state of knowledge, piping is 
designed around the properties of straight pipe and hence that 
type of information is most usable which relates the behavior of 
other piping components to that of straight pipe. Moreover, 
it is one of the findings of the tests that the presence of welds at 
the points of directional change does not alter appreciably the 
dominant stress concentrations introduced by the shape itself, 

Going on to Professor Moore’s comments, constancy of the 
slope of the S-N diagram was not assumed a priori by the author, 
but was introduced only after careful study of the test results, 
with the purpose of enabling the endurance strength of the 
fitting to be expressed in terms of that of straight pipe by means 
of a simple factor. Actually, all the test results were originally 
evaluated by the method of least squares, and the exponent 2 in an 
equation of the form 


by this procedure was found to vary between 0.142 and 0.236 
in the tests involving straight pipe, welding elbows, or mitre 
bends, and over a slightly wider range if all the cyclic test data 
(including runs on tees, various types of weld attached flanges, 
ete.), which have been completed to date are included; the value 
of 0.200, tentatively selected, represents a good average. 

The need for experimental confirmation of the magnitude of 
the circumferential stress has been suggested by the same dis- 
cusser. In the author’s opinion, this need has to a large extent 
been satisfied by published results of strain-gage and displace- 
ment measurements, such as were obtained by Professor Hov- 
gaard'’ among others. The results recorded by Messrs. Pardue 
and Vigness in Figs. 13 and 14, add further to our store of knowl- 
edge and are particularly pertinent since they deal with welding 
elbows of the identical proportions of those covered in the present 
paper. 

In this connection it should be recalled that all existing 
theoretical analyses refer strictly to large-radius bends for 
which the neutral axis may be considered to coincide with 
the bend axis; in other words, the difference in length of 
the fibers to the inside and the outside of the bend axis is ignored. 
The author has comparedthe stress curves plotted in Figs. 
13 and 14 with those predicted by Hovgaard’s theory and has 
noted a shift of the neutral axis of the elbow toward the inside 
are of the order of 5 to 15 deg; at the same time, the stresses 
toward the inside arc were observed to be relatively higher 
than those in corresponding locations toward the outside are, 
Fur- 
thermore, the peak transverse stresses for bending in the plane, 
which according to the simple theory are equal for the four 
cardinal points, are shown by Messrs. Pardue and Vigness to be 
a maximum at the neutral axis, which agrees with the crack loca- 
tions observed in the author’s tests. 

The same discussers have called attention to the effects of the 


138 “Bending of Curved Pipes,” by William Hovgaard, Proceedings 
of 3rd International Congress for Applied Mechanics, Stockholm. 
1930, vol. IT. 
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ing, and that for these cases the use of factors such as have been 
obtained in the present tests constitutes a vast improvement. 
Actually, the consistency of the results obtained in the present 
TK, investigation and their correlation with theory are quite satis- 
WW x factory. To illustrate this point, the results of the tests described 
YB in the paper and of. additional tests on light-wall tubing, also of 
4.500 in. OD, are correlated with the transverse stress-intensifica- 
tion factors derived from Beskin’s paper (4) in the following: 


4.500 in. OD 4.500 in. OD 
ORIENTATION SKETCH X 0.237 in. wall X 0.095 in. wall 
Tube size In In 
DIRECTION , CHANGE Moment applied plane Transverse plane Transverse 


aur: SHOWN ‘ Factor from test 1.93 1.48 4.38 3.27 
APPLIED asa Factor by calculation. 3.83 3.30 7.4 6.1 
0.49 0.45 0.59 0.54 
| OPEN x! 8-8 | A Be The author is aware that static strain-gage tests, with the 
9 Q | assembly maintained substantially within the elastic limit, have 
Shi reasonably well confirmed the stress-intensification factors ob- 
oz ? tained by theory. The fact that the ratios of nominal bending 
> or stresses, corresponding to fatigue failure at any given finite 
pens a number of cycles, or what might be called the “stress-intensifica- 
inovenane) tion factors under fatigue,” are lower than the “steady-state 
stress-intensification factors’’ is explainable on the assumption 
that, under cyclic loading, the peak stresses are relieved by 
plastic flow. As to whether the ratios are actually as low as shown, 
the author is not prepared to commit himself, pending the re- 
sults of tests on straight pipe which it is contemplated to run to 
supplement those obtained from previous work (8). 
It might be of interest at this point to complete the informa- 
tion on the light-wall tests by showing the factors obtained with 
Fic. 15 DiaAMeTRAL CHANGES OBSERVED IN 4'/2-IN-OLD X 0.095- segmental turns in the tests; parallel values obtained with 
In-Watt Pire welding elbows are repeated for convenience of comparison: 


ep INCREASE 


CLOSE | 


DECREASE 


DIAMETRAL CHANGE 


| 


BENDING OUT OF PLANE BENDING IN PLANE OF ELBOW 


end constraints. Their point is well taken. In an isolated test 4.500 in. OD 4.500 in. OD 
to explore the effect of the length of arc of the fitting, a 45-deg X 0.237 in. wall X 0.095 in. wall 
elbow was observed to outlive a 90-deg elbow subjected only to Tube size In In 
about three quarters the cyclic bending stress. Further proof Moment applied plane Transverse plane Teanewerns 
of the effects of length of are and near-by restraints can be de- ge a . re aoe 
duced from the data plotted in Fig. 15 of this closure. This patio............__ 1 1.69 155 2 14 
shows changes in diameter observed in 4.500-in-OD 0.095- 
in-thick pipe during cyclic bending both, “in’’ and “transverse This table shows that the difference between the two types 
to” the plane of curvature. It will be noted that flattening, of | of construction becomes even more apparent as the pipe-wall 
the order of 10 per cent of the maximum observed, was evident _ thickness decreases relative to the diameter. 
in the tangents, over 1'/,; diam away from the welded joint The author shares Mr. Rollins’ desire for a satisfactory ex- 
and that the presence of a stiffer element (heavy hub of a flange) _ planation of the fact, which has been reported by several investi- 
1 diam away acted as an appreciable restraint. Incidentally, gators, that residual stresses and treatments designed for their 
bending moments acting on miter bends caused flattening to a __ relief have little effect on the endurance strength. In the present 
similarextent. tests, the stress-relieved specimens, if anything, showed lower 
In granting that more or less remote end constraints, are strength, and this may be accounted for by the reduction in phy- 
length (for welding elbows) and miter spacing (for segmental _ sical properties associated with thermal stress relief. To explain 
turns) all exert some influence on the endurance strength of an why unstress-relieved specimens should perform as well as stress- 
assembly, the author tacitly concedes that failure by fatigue relieved, one may reason that cyclic stressing in itself operates as 
cannot be accurately predicted for any combination of stress a mechanical stress relief which would become effective as pro- 
and stress gradient. This predicament, however, is by no means — tection for the assembly after the danger point of the first few 
an uncommon one; in fact it is the rule rather than the exception. overstressings had been passed without cracks having been gen- 
The point is that there are many engineering problems for the erated. Thereafter, the two alternate specimens may be as- 
solution of which data are absolutely lacking or quite mislead- sumed to be operating under similar stress conditions. 
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This paper is concerned with the performance of the 
governor during the period of free fall of the car upon a 
failure of the hoisting ropes. In two examples, one in con- 
nection with a medium-speed and the other with a slow- 
speed elevator, the performance of the governor is deter- 
mined together with the inertia forces necessary for a 
sational design. For purposes of comparison, the same 
governor is used in both examples, adapted to the different 
car speeds by suitable gearing to the driving sheave. 


LEVATOR safety codes require some form of safety device 
EK “to stop and hold the car should the supporting member 

fail.” Most codes require such devices to be operated by a 
speed governor for passenger elevators and for all but a very 
limited group of low-rise slow-speed freights. 

Governor operation also permits such a device to be used to 
stop the car in case of overspeed in the down direction with the 
hoisting ropes intact. 

In elevator literature the statement may be found that the 
governor is so adjusted as to release its rope grips and thereby 
actuate the safety when the falling car reaches a definite pre- 
determined overspeed. In this statement, it is tacitly assumed 
that the falling car impresses its motion on the governor rope 
as well as on the governor sheave without slip between rope and 
sheave. To what extent this assumption is realized, and what 
happens if not realized, will be disclosed in the present analysis. 

The “definite predetermined overspeed,” just mentioned, gener- 
ally known as the “governor-tripping speed,” is understood to be 
from 15 to 40 per cent in excess of normal car speed. In the ad- 
justment for it the governor is slowly brought up to speed, thus 
substantially functioning under conditions of equilibrium, i.e., 
in the absence of acceleration. During free fall of the car, how- 
ever, there is no equilibrium, and, under such conditions, the per- 
formance of the governor will differ in more than one respect 
from that generally assumed. 

Fig. 1 is a schematic arrangement of the governor roping in 
relatioy to the elevator car. It shows a governor sheave g, 
arranged to drive a centrifugal governor through appropriate 
gearing; an endless rope adapted to drive the governor sheave 
by frictional contact with it, and a weighted tension sheave d. 
Connections between car and governor rope are provided in such 
amanner that the following will occur: 


1 The required force from car is so transmitted as to cause 
roping and governor to follow the motion of the car in normal 
service. 

2 The car safety will be applied in case of excessive accelera- 
tion or overspeed downward. 


FUNCTIONING OF CAR SAFETY 


Some types of safety employ a pilot to initiate the application 
of the safety, which then automatically builds up to full retard- 
ing force. In such case the connection between car and roping 
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Fig. 1 Scuematic DiacrRaM or GoveRNOR Ropine 
usually consists of a lever e, pivoted on the car and fastened to 
the governor rope at a. Under normal conditions, a suitable 
friction device holds the lever e on the car in the position shown | 
in Fig. 1. In an emergency, such as a failure of the hoisting 
ropes, the car falls at substantially gravity acéeleration, and 
lever e tends to impress, at a, gravity acceleration on the gover- 
nor rope, and the corresponding accelerations on the parts driven 
by it. To do so requires that lever e exert, at point a of the 
governor rope, a definite force F. Depending upon the adjust- 
ment of the friction device, associated with lever e, one of two 
things will happen, as follows: 


1 If, at any instant during the fall of the car, the force F is 
greater than the friction device can balance at a, lever e will 
rotate and initiate the application of the safety. This is what 
is known as inertia application of the safety. 

2 If the friction device is adjusted to resist a force greater 
than F, no rotation of lever e will take place. The governor 
then functions as a speed-responsive device driven by the falling 
car at increasing speed until its flyweights reach a position where 
they release rope grips f. These grip the rope and exert on it a 
frictional pull of 800 to 1200 lb. As the friction device on lever 
e is adjusted to resist less than one half this amount, rotation of 
lever e, and the application of the safety follows. 


In one instance, safety application is brought about by ex- 
cessive acceleration downward, immediately upon or shortly 
after the occurrence of the emergency. In the other case, 
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safety application is deferred until sufficient overspeed is de- 
veloped. 

Other types of safety are designed to derive their retarding 
force from the pull due to the governor rope grips f. With 
these types, the connection between car and governor roping is 
different and consists of a bracket rigidly attached to the car 
but in frictional contact with the governor rope at a. The intent 
is to allow the car to fall until the overspeed is attained, where- 
upon the governor drops its rope grips. The 800 to 1200-lb pull 
then exerted by them on the governor rope first frees the 
latter from its frictional contact with the car at a. Thereupon, 
this force is transmitted to the face of the safety drum under the 
car through a safety rope, shown dotted in Fig. 1. Rotation of 
this drum applies the safety. 

The inertia effect of governor, roping, and associated parts is 
of course also present with this type of safety, and may well 
suffice to break the frictional bond between the bracket on the 
car and point a of the governor rope. An application of the 
safety follows, but, in general, only a partial one, inasmuch as 
with these safeties the inertia effect seldom suffices to develop 
full retarding force. In case of a partial application of the 
safety, full-force application must wait until the necessary over- 
speed is reached to cause the governor to release its rope grips. 

Inertia application of the safety is a desirable feature, inasmuch 
as the controlling factor is excessive acceleration of the car down- 
ward before excessive speed develops. It is easily obtained 
with safeties employing a pilot with no other duty than to initiate 
the application of the safety. 

As to the force F, available for inertia application, it cannot 
be too strongly emphasized that the only coupling between 
governor sheave and rope is the tractive effort between them. 
No matter how great the inertia of the governor is, no greater 
torque can be impressed by the roping upon the governor sheave, 
nor can the force F at point a of the rope be greater than at im- 
pending slip of the rope relative to the sheave. Determination 
of maximum torque and maximum force F will be found in the 
Appendix. 


oF GOVERNOR 


The governor to be investigated is schematically shown in 
Fig. 2. It is of a type not thus far used with elevators, although 
well known in connection with prime movers. It is here chosen 
because its analysis happens to be the least involved of the vari- 
ous governor designs. Schematically, it consists of a vertical 
spindle, of which OZ is the axis, geared to the governor sheave 
and carrying two flyweights adapted to slide outward on a cross- 
bar OX against the reaction of a spring. The links connecting 
the weights and actuating the usual sliding sleeve of the spindle 
are omitted, as they are not.essential to the present analysis. 
The very small mechanical friction inherent in this design will 
be neglected in this analysis; The load on the governor, which 
in elevator service consists of no more than the actuating of two 
or three small contactors and the tripping of a latch, will also be 
neglected. 

The motion of the flyweights will be referred to a system of 
axes, as follows: OZ fixed and coinciding with the spindle axis; 
OX coinciding with the axis of the crossbar and rotating with it 
around OZ; and OY, in the horizontal plane, normal to XOZ 
and also rotating about OZ. The initial position of the flyweights 
against their stops is defined by 29; their position at time ¢t by 
z; and their position where the governor trips a latch and re- 
leases its rope clutches by z;. Linear dimensions will be in feet. 
The angular velocity of the governor spindle in radians per sec 
will be denoted by w at time t; by w at the instant the flyweights 
leave their stops; and by « at the instant they arrive in their 


tripping position. 
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Fig. 2. Schematic DiAGRAM OF GOVERNOR 


The two principal forces actually impressed on each of the 
tlyweights are as follows: 


1 The spring force k(z — b), where k is the spring constant 
in lb per ft deflection, and (2 — 6) is the deflection of the spring, 
associated with a displacement z of a flyweight. The meaning 
of b will be clear from an inspection of Fig. 2(c). 

2 The force Y, which is the pressure exerted by the cross- 
bar on a flyweight. 


In addition to the foregoing, there is impressed on the spindle 
the torque M, in ft-lb. To ascertain directly the relative motion 
of the weights along OX, rotating with angular velocity w around 
OZ, we have to add to the forces actually impressed on the 
weights as follows: 

(a) The centrifugal force mw*z, where m is the mass of one 
weight in slugs. 

(b) The Coriolis force 2mwv, where v in fps is the velocity along 
Oz. 

(c) The reversed effective tangential force of rotation around 
OZ, mxdw/dt. 

These forces are shown in their proper direction in the XOY- 
plane in Fig. 2(6). Accordingly the equations of motion are 
along OX 

md?x/dt? = —k(x — b) + mw*x 


or 


(k — 


and since the whole of the relative motion takes place along 
OX, d*y/dt? = 0 and thus along OY 
0 = Y — 2mwv — mrdw/dt............ {lal 


The reaction of the two weights on the crossarm is for each & 
foree equal but opposite to Y. Neglecting the inertia of the 


} 

= 
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spindle, their moment with respect to the spindle balances 
the spindle torque M, and, hence 


M, = = 2mz(2w + rdw/dt) 2] 


Since v = dz/dt the second member of this equation is a com- 
plete differential and can be written 


M,= (2mx?w)........ [2a] 
dt 

where 2mz? is the polar moment of inertia of two weights, each 
of mass m, concentrated in points at a distance x from the axis 
of rotation, and this quantity, multiplied by the instantaneous 
angular velocity w, is the angular momentum. Thus Equation 
{2} in the form [2a] is merely the verification of a well-known 
dynamical law, namely, time rate change of angular momentum 
equals torque. 


ConpDITIONS OF FREE or Car 


Consider now a free fall of the car under the assumption that 
the car, falling at gravity acceleration, impresses, through its 
connection with the governor rope, gravity acceleration on the 
latter as well as on the perimeter of the governor sheave without 
slip. The governor spindle will then be subjected to constant 
angular acceleration, corresponding to gravity acceleration of the 
car. Let the former be denoted by ¢ radians/sec?; let further 
time be counted from the instant the flyweights leave their 
stops, and we have for the angular spindle speed at time ¢ 


tet... [3] 


If w be eliminated between Equations [1] and [3], the result will 
be the equation of motion of a vibrating system of one degree of 
freedom, acted upon by a constant force kb and having an elas- 
ticity that is a function of the time. The mathematical solution 
of Equation [1] can be achieved, but, unfortunately, only as an 
infinite slowly converging series of ascending powers of the inde- 
pendent variable. The form of its terms and the great number 
of them that must be used for numerical computations make 
such calculations tedious and at best approximate. For that rea- 
son a simpler approximate solution is here proposed, also laborious 
if a high degree of accuracy is desired, but not nearly so laborious 
as the use of the series solution. It is, in fact, the only method 
possible for governors with pendulum suspension of the fly- 
weights, where the equations of motion are much more involved. 

The method referred to is the method of step-by-step integra- 
tion, which is particularly adapted to the present case, where the 
spindle acceleration is constant, and the spindle speed-time 
graph the straight line in Fig. 3. 

Let the time be divided in small increments Af, and let it be 


Spindle speed 


Angelar spindle speed 


Secs. 


at ot 


Fic. 3) Mernop or Step-By-StTep INTEGRATION 


assumed that for each step so obtained the spindle speed is 
constant and is the mean between the actual spindle speeds at the 
beginning and*end of the step. Let the steps be numbered 
Nos. 0, 1, 2, 3, ete., and consider step No. n, where the spindle 
speeds at beginning and end of the step are w, and w(n4+1), 
respectively. With the constant angular spindle acceleration 
c radians per sec?, we have w(n+:1) = w, + cAt, and for the 
average spindle speed w, for the step under consideration 


(w, + Wn + 1)/2 hs cAt/2 


Replacing w in Equation [1] by the constant w,, the differential 
equation of motion for step No. n, and for step No. n alone, be- 
comes 


d?x/dt? + (k — mw*,)r/m — bk/m = 0.........[5] 


of which the solution is 


mw,? k— 
r=Asint —— +Beot 
m 


v= (. cos t 
m 
2 2 
~Bsint \ met) me 
m m 


If, for each step, time is counted from the beginning of the step, 
then for ¢ = 0, we have r = x, and v = »v,, where z, is the dis- 
placement and », the velocity of the flyweights at the beginning 
of the step. With these the integration constants in Equations 
[5a] become 


bk 


k — k — mw,? 
m 


Substituting for A and B in Equations [5a] and At for t, we 
obtain with z,+, denoting the displacement of the flyweights 
along OX and v, +1 their velocity at the end of step No. n 


2 
— mw,” m 


It will be seen from the foregoing that the motion of the fly- 
weights for the step under consideration is sinusoidal as long as 
(k — mw,?)>0. It can of course happen that for one of the 
steps k — mw,’ is zero or nearly so, in which case it becomes 
negative for the next step. 

For these two cases we have the following 

Case 1 


k — mw,? = 0 


a. 
k Mw, : 
dx /dt = 
it 
1e 
e 
bk k — 
d + 2, } cos Al 
k — mw,* m 
+ 
k — mw,? 
k — mw,? bk 
= 0, cos At — | z, ———__] X 
k—mw,? . k — mw,? 
18 
eivi® & 
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- This is the criterion of initial unbalance of the governor, for it 
states that for any increment in the displacement of the fly- 
weights the increase in spring force just equals the increase in 
centrifugal force. The formulas for this case are readily de- 
rived from Equations [5b] by first assuming k — mw,* very small, 
so that the arc may be substituted for the sine and one minus 
half the square of the are for the cosine. Upon the execution 
of these substitutions in Equations [5b], k — mw,* may be equated 
to zero, which results in 


bk( At)? 


Tat+i = Ty + Atv, + 
2m 


bk At 
Un+1 = 
Accordingly, the motion of the flyweights during the step will be 
one of constant acceleration, bk/m. 

Case 2 
k — maw,?<0 


This is the condition of increasing unbalance of the governor, 
for it states that for any increment in displacement the centrifugal 
force increases faster than the spring force. Writing 


k — mw,? ; mw,” — k 
m m 


Equations [5b] may be transformed by means of the general 
formulas sin 70 = 7 sinh 6 and cos 7#@ = cosh @ which results in 


Vn } fre? —k ) 
Mg? — k m 
m 


) —k 
cosh At 
k m 

bk 


bk 
+ 
— 


mug? — 


— k bk 
= 0, cosh At + + 
m mw,? — k 


ma?—k 
m m 


ExampPLes OF GOVERNOR PERFORMANCES 


Two examples of governor performance will be given, employ- 
ing a governor of the type in Fig. 2 for which the pertinent de- 
tails are as follows: k = 1250; bk = 262.125; 2 = 0.233 ft; 
x, = 0.435 ft; m = 1.25 slugs, with the following properties: 

1 Spindle speed at which the flyweights are just about to 
leave their stops. At the instant considered the flyweights are 
at 2 = 0.233 ft from the spindle axis and are just ready to move 
outward along OX. There is then no acceleration along OX and 
hence with d*z/dt? = 0; z = x; w = wp in Equation [1], we 
find k(xp — b) = whence 


(29 — b) 0.2333 — 262.125 
1.25 X 0.233 
= 10 radians per sec 


2 The nominal spindle tripping speed. This is the spindle 
speed w, at which the weights have moved into the position 
where the governor releases its rope grips. It is ascertained by 
bringing the governor slowly up to speed, substantially under 
conditions of equilibrium. Thus d*z/dt* is again zero, and with 
x = 2, we obtain from Equation [1] 
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k(x, — b) 1250 X 0.435 — 262.125 
mx, 1.25 X 0.435 
= 22.76 radians per sec 


Example 1. The governor under consideration will be used in 
connection with an elevator having a normal car speed of 500 
fpm, and a nominal governor tripping speed of 700 fpm. The 
diameter of the governor sheave is 16'/:in. = 1.375 ft. 

To adapt the governor to the stated conditions, a gear ratio 
must be provided between sheave and governor spindle. Now 
the nominal spindle tripping speed was found to be 22.76 radians 
per sec, and if the gear ratio were 1:1 the corresponding car 
speed in feet per minute 


22.76 X 60 


9 X (circumference of governor sheave) 


ee X we X 1.375 = 938.8 fpm 
The desired nominal governor tripping speed is, however, 
700 fpm and hence the required gear ratio is 938.8/700, of which 
39/29 is a close approximation. Thus a 39-tooth gear will be 
placed on the governor-sheave shaft to mesh with a 29-tooth 
gear on the spindle. . 
Consider now a failure of the hoisting ropes and assume that, 
as already stated, the rope and governor follow the motion of the 
falling car without slip. Since gravity acceleration is impressed 
on the perimeter of the governor sheave, the constant angular 
spindle acceleration c is 


g 32.2 
= Gear ratio = ——— 
Radius of sheave 1.375/2 
X 39/29 = 63 radians per sec? 


c 


Inasmuch as the flyweights do not leave their stops until! the 
falling car produces the spindle speed w = 10 radians per sec 
(corresponding to a car speed of 306.7 fpm with the given gear 
ratio), it is immaterial in the performance of the governor whether 
failure of the hoisting ropes occurred while the car was at rest 
or while moving downward at any speed $306.7 fpm. With the 
foregoing, the calculation of the performance of the governor 
proceeds as follow 3: 

Let the duration of each step be At = 2/63 = 0.0317 sec. 
With a spindle acceleration of 63 radians per sec*, the increase in 
spindle speed in At sec will bec X At = 2 radians per sec. Thus 
at the end of each step the spindle speed will be 2 radians per 
sec higher and the mean spindle speed 1 radian per sec higher 
than at the beginning of the step. 

Herewith we have the following: 

Step No. 0, for which w = 10; w, = 11; w, = 12; 2 = 0.233; 
vo = 0. Thence with n + 0 in Equations (5b) 


where 
bk 


k— mo, 


(k — mw,g*)/m = (1250 — 1.25 X 114)/1.25 = 879 


2 


_ 262.125 _ 
879 X 1.25 


A, V (k — mw,?)/m = 0.0317 879 = 0.9412 radians 


= 53° 56’ 49’ 
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With these values in the foregoing equations, we obtain 2, = 
0.2353 ft, and », = 0.1335 fps for displacement and speed along 
OX at the end of step No. 0. These are the initial values of dis- 
placement and speed for the next step No. 1. 

Step No. 1, for which z, = 0.2353; v, = 0.1335; wo, = 12; we = 
13; w2 = 14, 

The equations for this step follow from Equations [5b] with 
n=1. They are 


k — mw,’ bk 
= », cos At + 
m k — mw,? 


where 


(k — mw,*)/m = 831; 


bk k — 
= (2524; At 


k — m 
= 0.9151 radians = 52° 26’ 24” 


With these values in the foregoing equations, we obtain 
a, = 0.2456 ft and v, = 0.4712 fps for displacement and velocity 
at the end of the present step. 

We proceed in this manner until the flyweights reach their 
tripping position. 

Graphically the performance of the governor under the given 
conditions is shown in Fig. 4. Therein the abscissas are the 
displacements of the flyweights along OX. The ordinates of the 
stepped line are the constant spindle speeds during each of 7 


steps employed in the calculations. The mid-points of the hori- 
zontal portions are connected by curve No. 1, which thus repre- 
sents, accurately enough, the true spindle speeds while the 
weights travel outward from their initial position z. Curve 3 
is the plot of the velocity of the flyweights along OX at the end 
of each step. At a displacement z, = 0.435 ft, the flyweights 
reach their tripping position. Drawing the ordinate at that 
point, we find that tripping actually occurs at a spindle speed of 
23.75 radians per sec (corresponding to a car speed of 728.5 fpm), 
while the weights have attained the not inconsiderable velocity 
of 1.9 fps along OX. 

Now the nominal spindle tripping speed was found earlier to 
be 22.76 radians per sec, and so the actual spindle tripping speed 
of 23.75 radians per sec differs only little from the nominal. For 
comparison, curve 2 gives for each position of the flyweights the 
spindle speed at equilibrium, and it will be noted that these differ 
little from the spindle speeds, curve 1, which obtain under gravity 
acceleration at the perimeter of the governor sheave. From the 
foregoing it follows that in the present case (and still more so 
for governors adapted to higher car speeds, where the gear ratio 
will be less) nominal and actual tripping speeds will be nearly 
the same. 

Inertia Forces Involved. Of even greater importance than 
knowing the actual tripping speed is an understanding of the 
inertia forces involved (all too easily overlooked) with the spindle 
acceleration and motion of the flyweights along OX. Their 
torque is given by Equation [2] which we write in the form 


M, = 2mr*dw/dt + [6] 


In the first item of the second member of this equation 2mz? is the 
moment of inertia of two flyweights, each of mass m concentrated 
in a point at a distance z from the axis of rotation, and 2mzr*dw/dt 
is the torque which produces the angular acceleration dw/dt 
which in the present problem is constant at 63 radians per sec?. 
This torque is thus a measure of the actual inertia of the fly- 
weights. The second term is the torque component due to the 
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Coriolis acceleration. It is also a measure of an inertia, but a 
hidden or complementary inertia, which becomes manifest only 
when there is motion of the flyweights along OX. 

Obtaining now the values of w and v for a given displacement 
zx from curves 1 and 3, Fig. 4, we calculate the two torque com- 
ponents mentioned by means of Equation [6] and record the re- 
sults in Table 1. Note that the Coriolis torque component 


TABLE 1 GOVERNOR FOR 500 


EE 


ay PER MIN NORMAL CAR 


(c = 63 radians per sec?; m = 1.25 slugs) 


lg Seindle Torque 3 

41% 
|S [es se 

~ S 
SX 
233) 9 | 7. | 3.55 / M49 | 36.49 
.6 | 45) 9.84 8.75 18.59 188 24.98 | 9. 
|4078| 18.0 | 14.18 29.03 57.07 83.07 
|492 | 204 | 19.29 66.4/ | 89.26 | 4.26 
.40 |460 | 25.20 Jeo 97-20 3.86 130.64 | /$5.64. 
#35 | /9o |2375| 29.80 GEIS | 127.95 429 (1.96 \196.96 


predominates soon after the flyweights leave their stops. The 
total spindle torque M, is given in column 6. Particular attention 
is called to column 7 which gives the ratio of the total spindle 
torque to the torque component of the angular acceleration. 
According to what has just been said, this is also the ratio of the 
effective inertia to the actual inertia of the flyweights with respect 
to the spindle. Thus while the flyweights travel along OX, 
their effective inertia increases to several times the amount 
associated with their position on OXY. 

Torque on Governor Sheave. The next item of interest is the 
torque on the governor sheave. This comprises first the torque 
on its shaft, which is the spindle torque multiplied by the 
gear ratio 39/29, and which will be found in column 8 of Table 1. 
To obtain the torque on the governor sheave, there should be 
added to the latter the torque necessary for its acceleration. This 
torque is given in column 9 and includes an allowance of 25 ft-lb 
for the acceleration of the governor sheave. Its graph is curve 
4 in Fig. 4. This is what theoretically happens at the free fall 
of the car under the assumption that the roping associated with 
the governor is such that gravity acceleration is impressed upon 
the rope and upon the perimeter of she governor sheave without 
slip. What actually does happen, however, cannot be deter- 
mined without consideration of the governor roping. 

Assume for the present elevator a rise of 200 ft. In the 
Appendix, the maximum force F at the junction of the governor 
rope to the car and the maximum torque the roping can transmit 
to the governor sheave, both at impending slip, will be found to 
be 351.45 lb and 108.25 ft-lb, respectiveiy. 

Thus if the safety is of a type suitable for inertia application 
and inertia application is desired, the friction device on lever 
e, Fig. 1, should be adjusted to balance a force somewhat less 
than 351.45 lb, say, 300 lb. With this adjustment, according to 
the Appendix, the torque the governor rope will transmit to the 
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governor sheave (without slip) is 72.9 ft-lb. If in Fig. 4 we 
draw a line at 72.9 parallel to the OX-axis, it intersects the 
torque curve 4 at point A. From the ordinate at A it will be 
found that the corresponding angular spindle speed is 17 radians 
per sec, which corresponds to a car speed of 521.4 fpm. Thus 
with the foregoing adjustment, initiation of the safety applica- 
tion will occur by inertia at a car speed of 521.4 fpm, i.e., at 
slightly over normal car speed. 

If, on the other hand, inertia tripping is not desired, the fric- 
tion device must be adjusted to balance a greater pull than 
351.45 lb. Slip of the governor rope relative to the sheave will 
then occur at a governor-sheave torque of 108.25 ft-lb. 

Drawing, in Fig. 4, the corresponding horizontal, it intersects 
torque curve 4 at B, and from the ordinate at B it is found that 
at the instant of slip the spindle speed was 20 radians per sec 
with the flyweights 0.34 ft from the spindle axis. The weights 
therefore must travel 0.4385 — 0.34 = 0.095 ft under conditions 
of slip to reach tripping position. While this is happening, the 
torque on the governor sheave remains constant at 108.25 ft- 
Ib and therefore the spindle torque also remains constant, say, 
at Q ft-lb. Instead of Equation [2a], we then have 


= const = = (2maz*w) 
at 


The subsequent motion of the flyweights is still controlled by 
Equation [1] but now subject to condition covered in Equation 
[7]. With Q constant, the integration of Equation [7] gives 


2mz*w = Qt+C 


If time is counted from the instant of slip, and if 2, and w, 
are displacement of weights and spindle speed, respectively, at 
that instant, the integration constant C in the foregoing equation 
is 

C = 2mz,*w, 
and we obtain 


To eliminate w between the Equation [8] and Equation {1} 
is now an easy matter, but, unfortunately, it results in a differ- 
ential equation which appears unsolvable. However, in the pres- 
ent case the nominal and actual spindle tripping speeds, even at 
no slip of the rope, are very nearly the same, namely, 22.76 
and 23.75 radians per sec, respectively. It is certain therefore 
that this will also be the case under conditions of slip, and only 
a negligible error will be introduced by assuming the spindle 
tripping speed to be 23 radians per sec. 

Now the sheave torque at and during slip is 108.25 ft-lb. 
Owing to the reduced acceleration because of slip of the gover- 
nor rope, 15 ft-lb is allowed for the acceleration of the governor 
sheave, and the remainder 93.25 ft-lb must be divided by the 
gear ratio 39/29 to obtain the spindle torque, hence 


Q = 93.25 X 29/39 = 69.34 ft-lb 


Thus with z, = 0.34; w, = 20; 2 = z, = 0.435; w = w, = 23; and 
Q = 69.34, we obtain from Equation [8], t = 0.0736 sec. 

At the instant of slip the spindle speed was 20 radians per sec 
corresponding to a car speed of 613.5fpm. It requires, according 
to the calculation, 0.0736 sec from that instant for the flyweights to 
reach tripping position. During that time the car continues 
to fall at gravity acceleration and the gain in speed is 142 fpm. 
Hence when the governor trips the car speed will be 613.5 + 
142 = 755.5 fpm, while without slip tripping occurs at 728.25 
fpm. In the present case then, slip causes only an inconsiderable 
delay. 

As to the design of the governor, its strength must be sufficient 
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not only for the centrifugal and spring forces but also for a 
governor-sheave torque of at least 108.25 ft-lb., which is the maxi- 
mum the roping, here considered, can transmit to the sheave. 

Example 2. In this example the normal car speed will be 
200 fpm, which is 1/2.5 (40 per cent) of the car speed of example 
1. In order to adapt the same governor to the present car speed 
the gear ratio between governor sheave and spindle must be 
made 39 X 2.5/29. Assuming again a failure of the hoisting 
ropes and no slip of the governor rope relative to the sheave, the 
spindle acceleration will now be 2.5 times as high as in example 
1, namely 


c = 2.5 X 63 = 157.5 radians per sec? 


which is surely a very considerable spindle acceleration and should 
in itself be a warning that things may not turn out as expected. 

The nominal governor tripping speed, 700 fpm in example 1, 
will now be 700/2.5 = 280 fpm. 

The calculations proceed in the same manner as in example 1 
with the duration of each step taken at 4/157.5 = 0.0254 sec, so 
that the actual spindle speed at the end of each step will be 4 
radians per sec higher than at the beginning. The mean spindle 
speed, taken constant for the duration of each step will then be 
2 radians per sec higher than at the beginning. 

A plot of the results is shown in Fig. 5. Ordinates of the 
stepped line are the constant spindle speeds during each of 5 
steps, each of 0.0254 duration. Curve 1 is the plot of the actual 
spindle speeds, obtained in the same manner from the stepped 
line as in example 1. Curve 3 is the plot of the velocities of the 
flyweights along OX at the end of each step. Drawing the ordi- 
nate at x, = 0.435 ft, it is found that the actual spindle speed at 
tripping is 27.8 radians per sec, which corresponds to a car speed 
of 341.1 fpm, or very nearly 22 per cent in excess of the nominal 
governor tripping speed of 280 fpm. Indeed, by comparing curve 


1 with curve 2, which is the graph of the spindle speeds at equilib- 
rium, it will be seen that, owing to the greater spindle accelera- 
tion, there is now considerably more of a difference between the 
two than in example 1. Even so, to the safety that will be fur- 
nished with the present elevator, it makes little difference 
whether the governor trips at the expected car speed or 22 per 
cent over it. Attention, however, is called to the fact that the 
velocity of the flyweights in their tripping position will have at- 
tained the considerable magnitude of 4.82 fps. 

Slip Between Rope and Governor Sheave. So far we have been 
going on the assumption that there is no slip between rope and 
the governor sheave. To investigate whether or not the as- 
sumption is justified, it will be necessary to calculate the spindle 
and sheave torques as required in the case of no slip. Thus as 
before we obtain from curves | and 3, Fig. 5, the corresponding 
w and v for a given z, and calculate by means of Equation [6] 
the spindle torque and its components. The results are given 
in Table 2, and it may again be noticed that soon after the 
weights leave their stops the Coriolis torque component pre- 
dominates. In column 7 there is again given the ratio between 
the total spindle torque and the torque component of the angular 
acceleration, which indicates the rapid rise of the apparent spindle 
inertia as the flyweights move away from their stops. The 
torque on the governor sheave is again obtained by multiplying 
the spindle torque by the gear ratio, 2.5 X 39/29 = 3.363, and 
adding to it 25 ft-lb for the acceleration of the governor sheave. 

A comparison of Tables 1 and 2 shows considerably greater 
torques in the present example, due solely to the much 
greater spindle accelerations. It will be noted particularly that 
spindle and governor-sheave torques become excessively large as 
the flyweights approach their tripping position and a heavy 
design of the governor would be indicated. 

However, no such torques will ever be exerted on the present 
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TABLE2 GOVERNOR FOR 200 FT PER MIN NORMAL CAR SPEED 
(c = 157.5 radians per sec?; m = 1.25 slugs) 
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governor, for there is no roping that even comes near to doing so. 
Indeed, if we assume for the present elevator a rise of as much as 
150 ft, the governor roping for it, according to the Appendix, 
can transmit at impending slip a maximum torque of only 
95.3 ft-lb to the governor sheave. 

Now the first line of Table 2 is the record of the values as they 
are when the flyweights are about to leave their stops and, ac- 
cording to it, the total spindle torque then is 21.38 ft-lb and the 
required governor-sheave torque 96.88 ft-lb. The latter is 
slightly higher than the 95.3 ft-lb, which is the maximum sheave 
torque the roping can furnish without slip. We may then con- 
clude that, in the present example, slip does occur, and that it 
occurs as early in the performance of the governor as the instant 
at which the flyweights leave their stops. It is well to note that 
this behavior is due to the fact that we have here a roping capa- 
ble of transmitting only a rather low maximum torque to the 
governor sheave in combination with a governor of excessive 
inertia, as evidenced by the figures in the last column of Table 2. 

In the present case the whole travel of the flyweights from 
xz = 0.233 to z, = 0.435 ft will take place under conditions of 
slip, while the spindle torque remains constant at 21.38 ft-lb. 
A close estimate of what happens can be had in the same manner 
as in the previous example. Under the present small spindle 
torque the spindle acceleration remains low enough to justify 
the assumption that the spindle speed when the weights arrive 
in their tripping position will be little higher than the nominal 
spindle tripping speed, i.e., here, as before, we can take w, = 23 
radians per sec. 

With reference to Equation [8], we have now z, = x = 0.233 
ft; w, = w = 10 radians per sec; z = z, = 0.435 ft; w = w, = 23 
radians per sec; m = 1.25, and Q = 21.38 and obtain 2.5(0.435? x 
23 — 0.233? x 10) = 21.38, whence ¢ = 0.445 sec which is the 
time, reckoned from the instant of slip, that the flyweights re- 
quire to arrive in their tripping position. In this time the car 
keeps falling at gravity acceleration and the gain in speed will 
be 859.74 fpm. The spindle speed at the instant of slip was 
10 radians per sec and with the gear ratio of 3.362:1 the speed 
of the car at that instant was 122.69 fpm. Hence the car speed 
when the weights arrive in their tripping position will be 122:69 + 
859.74 = 982.43 fpm, as compared with a nominal governor 
tripping speed of 280 fpm. This is certainly a considerable 
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difference and an argument in favor of safeties arranged for 
inertia tripping. In fact, in the present case it would be an easy 
matter to adjust the tension device of lever e, Fig. 1, so that the 
initiation of safety action follows practically immediately upon 
the occurrence of the emergency. For, according to the ap- 
pendix, Fmax for the roping considered is 292.65 lb, and all that 
is needed is to adjust the tension device for a force less than 
292.65 lb, say, 200 lb. 

On the other hand, if the tension device is adjusted for a force 
greater than 292.65 lb, no matter what the type of safety is, it 
will not be called into action until the governor releases its rope 
grips, which will be at a speed of 982.43 fpm. This example 
shows plainly and more so than example 1, that “governor per- 
formance” has no meaning except when based upon the given 
governor in combination with its roping. Surely the present 
combination does not appear to be satisfactory, even if the 
safety is arranged for inertia application. From the foregoing it 
should be clear that the proportioning of the governor parts is 
not quite the arbitrary matter it appears to be on the surface; 
therefore it may be of interest to discuss briefly the effect of 
changing either the weight of the flyweights or the spindle speed. 


EFrect oF CHANGING FLYWEIGHTS OR SPINDLE SPEED 


The spindle speed used in examples 1 and 2 is about the 
customary in elevator practic. However, in view of the light 
duty of the governor in elevator service it will suffice to make 
the flyweights about '/, as heavy as in the examples, and the 
spring of course to correspond. Calculations by the author 
show that under these conditions the motion of the flyweights 
outward will remain substantially as before, i.e., that the dis- 
placement and velocity graphs remain practically the same 
Therefore the result is that the torques in columns 4, 5, 6, and 8 
of Tables 1 and 2 will be reduced to about !/, of the values in 
the tables. The torque on the governor sheave in column 9 
will then be '/, of the values in column 8 plus 25 ft-lb, while the 
ratios between effective and actual inertia in column 7 remain the 
same. In the case of example 1 it will be found that there will 
be no slip of the governor rope with respect to the sheave upon a 
free fall of the car. In example 2, however, there still will be 
slip, but it will now occur at a higher spindle speed with the re- 
lease of the rope grips of the governor taking place at a lower 
car speed. 

Instead of reducing the weight of the flyweights, we can ac- 
complish the same effect by reducing the spindle speed to !/» the 
one used in examples 1 and 2, which leaves the centrifugal force 
the same as it would be if the flyweights were reduced to | 0! 
their former weight. The advantage, however, is that it per- 
mits the use of a gear ratio '/: of the values in examples 1 and 2 
which will have the effect of reducing the difference between 
nominal and the actual governor tripping speed at free fall of the 
car. 

Regardless of engineering methods used, the adaptation of one 
and the same governor to different car speeds by change of gear 
ratio, desirable as it is from the standpoint of commercial stand- 
ardization, must be approached with care. 


Appendix 


Maximum TorQuE TRANSMITTED TO SHEAVE BY RopiNnG 


Since the governor sheave and roping are coupled only by the 
tractive effort, no greater torque can be transmitted by the roping 
to the sheave than at impending slip. In order to determine this 
maximum of torque, refer to Fig. 1 and assume that at the 
instant considered the car is traveling downward with an ac 
celeration of a ft per sec?, that lever e exerts on the rope at poi! 


| | | 
| 
0\4¢.3 |26.7| 63.0 
mie 


a the force F to produce in it the same acceleration (a), and that 
the rope is on the verge of slipping with respect to the sheave in 
the direction of the arrow. Assume further that the roping be 
cut at 6 and c, and the tensions 7; and 7: applied at these 
points. 

Consider now the system, comprising tension sheave d and 
weight W, and the portions of rope from b and (c) to the lower 
sheave. The external forces acting on it are 7, 72, F, R, and 
W, where R is the weight of one side of the governor roping, and 
W the weight of tension sheave plus tension weight. These 
forces do not produce translation of the system in the vertical 
direction and hence 


+ Tp F — 2R— W [9] 


The forces 7), T:, F, and R, however, produce in the rope the 
acceleration (a) and an equal tangential acceleration in the ten- 
sion sheave. This is expressed by 


F + = (2R + I2/r*)a/g.......... [9a] 


where J; is the polar moment of inertia of the tension sheave 
in (Ib ft?) and /,/r? its weight reduced to radius (r). 
Further we have 


M = (T; — 
From Equations [9a] and [10], we derive 
F — M/r = (2R + 1:/r*)a/g.......... 


which permits the calculation of F, when M is given or vice 
versa as long as there is no slip. 

At impending slip, however, the relation between 7 and 7; is 
given by 


where a is the traction relation. 
Writing Mmex for M and Fmax for F at impending slip, we 
derive from Equations [9], [9a], and [12] 


Pax = (a —1)(R + W/2) + (R + I2/2r?)(a + l)a/g | 
r(a@ 1)(W/2 + 2R + I,/2r?)a/g \ 


R in the foregoing equations depends upon the given rise of 
the elevator. M and F, however, can be increased as follows: 


| By increasing @ by the use of an undercut groove instead of 
the usual half-round groove in the governor sheave. 

2 By increasing the tension weight. 

3 By increasing J, of course only up to the point where slip 
also occurs between rope and tension sheave. 


Ezample 1. Given the rise of the elevator 200 ft; the length 
of one side of the governor rope 220 ft, and its weight with the 
usual '/,-in. rope R = 220 X 0.4 = 88 lb; tension-sheave di- 
ameter 16'/, in., whence r = 0.6875 ft; weight of tension sheave 
plus tension weight 300 lb; J:/r? of the tension sheave 18 lb; 
and the traction relation a = 1.47. 

Upon a free fall of the car, a = g and Equations [13] become 


= 2aR + (a —1)W/2 + (@ + 1)l2/2r? [13a] 
Muax = r(a—1)(2R + W/2 + I2/2r*) 
Thus for the present example 


Poox = 2X 1.47 X 88 + 0.47 X 300/2 + 2.47 X 18/2 = 
351.45 lb 
and 


Musx = 0.6875 X 0.47(2 X 88 + 300/2 + 18/2) = 108.25 ft-lb 
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Suppose that the friction device on lever e, Fig. 1, is adjusted 
to balance a force of 300 lb; this is less than Fmax just given, and 
there is therefore no slip of the governor rope. The torque 
M, which the present roping with this adjustment will impress 
on the governor sheave may be obtained from Equation [11] 
and, for F = 300 anda = g, it gives 


M = (F —2R —1,/r*)r = (300 — 2 X 88 — 18)0.6875 
= 72.9 ft-lb 
Example 2. Same as example 1, except that the rise of the 
elevator is 150 ft. For this case, and again with a = g but R = 


68 lb, we find from Equations [13a], Fmax = 192.65 1b, and Mmas 
= 95.3 ft-lb. 


Discussion 


L. R. Rissuer.? Since one of the main purposes of an elevator 
governor is to actuate the safety under the free-fall condition, it is 
of prime importance to analyze this transient phase of governor 
operation. Mr. Hymans’ direct approach and presentation of 
the performance of a flyball-type governor is refreshing, and cer- 
tainly points out clearly the many wrong roads up which a de- 
signer can go if he does not have a clear understanding of the sub- 
ject. Unquestionably, if an elevator starts to fall with gravity 
acceleration, it is imperative that a retardation force be applied 
as soon as possible. 

Another type governor, which is used rather extensively on low- 
speed elevators, has its weights pivoted on the governor sheave. 
The angular velocity of the weights is the same as the governor 
sheave. The relatively small motion of these weights in a 
radial direction with respect to the center of the governor 
sheave makes it, for all practical purposes, directly subject to the 
analysis of Mr. Hymans. Using the same nomenclature as in his’ 
paper, this governor has the following characteristics: K = 366 
lb per ft, M = 0.559 slugs, b =0.4123 ft, X» = 0.437 ft, total ra- 
dial motion of the weights 0.01517 ft, X; = 0.437 + 0.0152 = 
0.4522 ft, 16'/,-in-diam governor sheave. For a 200-ft per min 
elevator with a governor tripping speed of 280 ft per min (Coriolis 
effect omitted). A spring which just balances the centrifugal 
force of the weights at an elevator speed of 200 ft per min. When 
the weights move to a position 0.4522 from the center of the gover- 
nor sheave, they actuate the tripping mechanism of the governor. 
The angular velocity of the governor sheave reaches a speed 
of 8.75 radians per sec, and the weights attain a velocity of 0.535 
ft per sec along the radius of the governor sheave, when the eleva- 
tor-car acceleration is gravity. 8.75 radians per see corresponds 
to a car speed of 361 ft per min. 

If we assume an elevator travel of 200 ft and the tension weight 
of 400 lb, the maximum torque the ropes can impart to the gover- 
nor sheave is 129.5 ft-lb as calculated by the method outlined in 
the appendix. The total torque required to actuate this governor 
under free fall is 29.6 ft-lb. Thus no slippage occurs and the gov- 
ernor can be expected to actuate the tripping mechanism when the 
car speed has reached 361 ft per min. The weights have not 
reached a velocity along the radius of the governor sheave that 
is excessive. 

If a governor of the design described is used, it does not appear 
from the treatment of the governor alone that inertia setting of the 
safety has appreciable benefits. However, inertia setting of 
the safety by this governor would eliminate the time from when the 
governor trips until the jaw has stopped the governor rope. If 
this time were 0.187 sec the elevator speed would be 720 ft per 
min before the governor rope begins to operate the safety. Re- 


2 Section Engineer, Machinery Section, Elevator Division, West- 
inghouse Corporation, Jersey City, N. J. 
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gardless of how fast the governor weights themselves respond toa _ preciable rise in elevator speed. Since inertia setting of the safety 
freely falling elevator, there is inherently a time lag before the eliminates most or all of the time lag of the governor irrespective 
governor rope actuates the safety. This time lag permits an ap- of where the lag occurs, the writer must agree that it is desirable, 
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This paper, the second in a series on cylindrical grind- 
ing,‘ presents some of the results of an investigation of 
the grinding process with particular reference to the in- 
fluence of certain variables, such as table-traverse feeds, 
depths of cut, wheel grain and grade, and type and con- 
centration of cutting fluid. 


CONDITIONS 


HE machine used in this investigation was a standard 
"| ‘cincinnati No. 2 cylindrical grinder powered with direct- 

current motors driving the wheel spindle, work spindle, 
and table-traverse mechanism. Each of the direct-current motors 
was controlled with field-type rheostats, so that conditions of 
machine operation might be kept constant. Details of the 
motors and their controls were given in the first paper.‘ 

All of the results given in this paper were obtained when 
grinding hardened S.A.E. 52100 steel. The specifications and 
heat-treatment of the standard specimens were also given in the 
first paper. 

In determining the influence of any variable of the grinding 
process, all details of operating conditions were kept constant for 
each of several values of the variable. The conditions of testing 
were described in the first paper, and are listed on each figure. 

All of the wheels used in this investigation were produced in 
the laboratory of the Carborundum Company with the exception 
of those specified. 


DEFINITION OF TERMS 


Volume Ratio. By volume ratio is meant the ratio of the 
amount of actual metal removed from the workpiece to 
the amount of wheel wear, both expressed in cubic inches. Volume 
ratio (V,) = volume of metal removed (V,,), divided by volume 
of wheel wear (V,,); thus 


Horsepower. Horsepower in this case represents the gross 
horsepower (hp,) minus the tare horsepower (hp,) or the 
net horsepower (hp,) at the wheel required to make an actual cut. 
This net power is a direct function of the tangential cutting force 
on the wheel face 


Hp, — hp, = hp, 


Characteristic. The grinding characteristic takes into con- 
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sideration the volume ratio and the net horsepower. Some 
wheels may create a certain volume ratio with a low net-horse- 
power requirement, while other wheels used under the same test 
conditions may create the same volume ratio with a higher horse- 
power requirement. As a result of these conditions, it is neces- 
sary to make a distinction in the two types of ratios; thus 


Characteristic = = — 
Nethorsepower hp, 

Horsepower per Cubic Inch per Minute. This term designates 
power consumption based upon a time element and the volume 
of metal removed. The horsepower is net power (hp,), the time 
element is actual cutting time ¢, and the volume is the actual 
cubic inches of metal removed from the workpiece. Thus 

Ve 
hp,/cu in. per min = hp, + 9 

Percentage Increase in Hp,/Cu In. per Min. This term indi- 
cates the increase in the (hp,/cu in. per min) factor from the be- 
ginning to the end of the test. It is computed by dividing the 
amount of increase in (hp,/cu in. per min) by the initial unit net 
power; thus 


hp,/cu in. per min (final) — hp,/eu in. per min (initial) 
hp,,/cu in. per min (initial) 


This term provides an index to the dulling of the grain in the 
wheel or the self-dressing action of the wheel. Theoretically, 
the dulling action of a grain in the wheel face as a result of abra- 
sion may present a wider cutting edge on a coarse grain than on 
a fine grain and thus require more input horsepower to remove a 
metal chip or to burnish the exposed metal surface. Hence 
this percentage increase in power aids in evaluating grinding 
wheels as to their dressing or dulling action. 


Errect or WHEEL WEAR ON SURFACE FINISH 


Fig. 1 indicates the effect of wheel wear on surface finish under 
actual cutting conditions with no allowance for spark-out. The 
wheels used in these tests were Carborundum Company wheels 
of the A-abrasive, 6-structure, and vitrified bond. The grit 
size and hardness specification of each wheel is indicated on each 
curve. 

Surface finish in microinches root-mean-square (rms) is plotted 
as the ordinate, and the number of table traverses is used as 
abscissa. The numbers at the bottom of the figure indicate the 
progression of surface finish measurements in a given test of 60 
table traverses. Measurements were made at the completion of 
the traverse indicated by the numbers. 

Each of the grinding wheels, indicated in this figure, was trued 
prior to the test with a sharp diamond at a uniform lead of helix 
and astandard depth of cut. 

The 46-J grinding wheel gave a surface finish that measured 
25 microinches rms, at the end of the first traverse, and by the 
end of the fifteenth traverse the surface finish measured 50 
microinches rms. Severe cyclic vibration developed at the end 
of approximately 15 traverses and continued throughout the 
rest of the test, which was discontinued after 45 traverses be- 
cause of the severity of the cutting action. 

The 60-J grinding wheel gave quite uniform surface quality 
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The rate of increase in (hp,) is represented by the 
slope of the line. It equals the angle formed between the 
line and the X-axis. 

The wheels used for these tests were Carborundum 
4 Company grinding wheels of type A-abrasive, 6- 
4 structure, and vitrified bond. The grain size and grade 
1 of each of the three wheels is shown in the key at the 
right of the graph. 

The readings of net horsepower plotted as ordinates 
on this graph were obtained from the record chart of an 
Esterline-Angus recording-type direct-current wattmeter. 
The number of table traverse shown as abscissa is ar- 
ranged in order from 1 to 60, i.e., from the beginning 
to the end of the test. 

The figure shows that the 46-J wheel produces a line 


= — which has the greatest rate of increase of (hp,) with a 


slope of 0.18; the 80-J wheel produces a line second high- 
est in rate of increase with a slope of 0.15, and the line for 
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during the entire test, with a range from 29 average at the start 
to 42 average at the end of the test. 

The surface finishes left by the 80-J and 150-J wheels are 
unique in that the 80-J wheel left a better finish after wheel-truing 
than did the 150-J wheel, but with successive table traverses the 
finishes became nearly identical to the expiration of the test. 

A figure of this type can aid in determining the amount of 
anticipated metal removal per unit of wheel wear with a pre- 
scribed surface finish. As an example, allow a 30-microinch sur- 
face finish as the determining factor. With this specification, the 
46-J wheel could be used for approximately 5 table traverses, 
the 60-J wheel for 26 traverses, and the 80-J and 150-J wheel might 
be used for a number greater than 60 traverses as shown in this 
figure. Under these conditions of cutting, the 46-J wheel would 
remove approximately 0.25 cu in. of metal befere truing is re- 
quired; the 60-J wheel would remove approximately 1.25 cu in. 
of metal before required truing; and the 80-J and 150-J wheels 
would remove at least 3 cu in. of metal before losing the re- 
quired surface finish. 


Net-HorseEPOWER REQUIREMENT 


Fig. 2 shows the net-horsepower requirement when plotted 
over the number of the table traverse producing that power. 
The standard grinding test involves making 60 passes or trans- 
verses of the work specimen of 8.A.E. 52100 steel past the grind- 
ing wheel. 
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the 150-J wheel has the lowest rate of increase with a slope 
of 0.060. 

If an equation of these curves is written, the following 
form is used 


hp, = C XT" 
where hp, = net horsepower (final) 
C = net horsepower (initial after diamond-truing) 
T = number of table traverses 
n = slope of the line on log-log paper 


Substituting the data obtained on the power requirement at the 
first table traverse for each of the several wheels, equations and 
values of (hp,) at the end of 10 traverses are obtained as follows 


150-J wheel hp, = 1.518 X 109% = 1.518 x 1.146 = 1.74 
80-J wheel hp, = 1.77 X 10% = 1.77 X 1.41 = 2.50 
46-J wheel hp, = 1.83 X 10%! = 1.83 1.513 = 2.77 


The net-horsepower requirement at any given number of 
table traverses may be determined if the power factor on the 
initial cut and the slope of the curve are known. 

The rate of increase in power can be determined on a per 
centage basis if the number of table traverses and the slope of the 
line are known. 

hp, —C 


= = (by sub 
C 


Percentage increase in (hp,) = 


stituting from previous equation) = (7 — 1) 
“. Percentage increase of (hp,) = 7” — 1 


For the 150-J wheel 


Percentage increase = 10°-%° — 1 = 1.146—1 = 0.146 = 


. 14.6 per cent 
For the 80-J wheel 
Percentage increase = 10°! — 1 = 1.412 —1 = 0.412 = 
41.2 per cent 
For the 46-J wheel 
Percentage increase = 10° —1 = 1.513 —1 = 0.513 = 


51.3 per cent 


The percentage increase in horsepower per cubic inch per minute 
will be approximately the same as the percentage increase for the 
net horsepower factor. Any significant difference may be e 
plained by the volume of metal removed per minute with a givel 
wheel. 

It becomes significant that the rate of increase in power col 
sumption on a unit or percentage basis may be used as one of the 
criteria in the evaluation of grinding wheels, grinding compounds. 
or other factors involved in the grinding process. 
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EFrect OF CHANGE IN GRAIN SIZE 


Fig. 3 shows the effect of change in grain size from 46 to 150 
grit, and the effect of change in grade for a given grain size with 
reference to the volume ratio of metal removed to wheel wear, 
V, = V/V, and the net-horsepower requirement (hp,), for 
each of the Carborundum grinding wheels shown as abscissa. 
Conditions of testing are shown in the title block and the length 
of test was 60 table traverses with a total wheel infeed of 0.060 in. 
on the radius or 0.120 in. on the diameter of the work specimen. 
In this series of tests the 80-J and 150-M wheels are particularly 
outstanding in terms of metal removal per unit of wheel wear, 
since each has a high volume ratio. Each of these wheels re- 
moved at least 85 times as much metal as wheel wear. The 46-J 
and 60-J wheels were lower in volume-ratio performance than the 
wheels listed. 

The net horsepower (hp,) for each of the tests indicates that 
more power is required to remove this hardened steel with a 
coarse-grain than with a fine-grain wheel. 


EFFECT OF CHANGE IN GRAIN SIZE AND 
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Fig. 4 shows the effect of wheel grain size and grade on the 
grinding characteristic (V,/hp,), and the (hp,/cu in. per min). 
A high grinding characteristic denotes a ratio of high metal re- 
moval, low wheel wear, and low power requirement. 

The 80-J and 150-M wheels show approximately the same 
Volume of metal removed per unit wheel wear in Fig. 2, but a 
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lower power requirement for the 150-M wheel. Thus in this 
figure the 150-M wheel is shown to have an exceptionally high 
characteristic of 49.5. As shown in Fig. 4, the 46-J and 60-J 
wheels fall far below the performance of the remainder of the 
wheels. 

The data on (hp,/cu in. per min) indicate that a decrease in 
(hp,) is coincident with a decrease in the grain size of the wheel 
and that this factor increases slightly as the wheel grade becomes 
harder. The range of (hp,) for the 150-grain wheels is consider- 
ably lower than that for the coarse-grain wheels. 

Fig. 5 shows the effect of change in grain size and grade of 
wheel on the surface finish of the hardened S.A.E. 52100 steel 
specimens. The surface-finish readings, plotted as ordinate, 
represent actual cut conditions with no allowance for spark-out 
at the end of the test. The trend shown on this graph indicates 
that under this set of conditions, surface finish is improved with 
the decrease in grain size and may be improved further by an 
increase in grade hardness. 


Errects oF Fiuips 


The relative effects of three types of cutting fluids on the sur- 
face-temperature increase as a result of the standard grinding 
tests on S.A.E. 52100 steel are shown in Fig. 6. These surface- 
temperature increases were measured with an Alnor Pyrocon 
thermocouple on the periphery of the work specimen by measur- 
ing the temperature at the beginning and end of each test. The 
cutting fluids shown on the graph were of the type and concen- 
tration given in Table 1. 


TABLE 1 TYPE AND CONCENTRATION OF CUTTING FLUIDS 


80 viscosity mineral oil with............ By volume 80 per cent paraffinic 
sulphurized fatty base mineral oil of 80 S.S.U. vis- 
cosity at 100 F, and 20 per 
cent of fatty-oil base contain- 
ing 10 per cent sulphur 

Resultant viscosity approxi- 

mately 150 S8.S.U. at 100 F 
per cent by volume concentra- 


tion, clear, water-soluble, fatty 
mineral oil 


to 


Soluble oil 2 per cent........... 


Grinding compound 5 per 


per cent by volume concentra- 
tion, clear, water-soluble syn- 
thetic grinding compound of 
emulsion type containing no 
mineral oil or fat 


Even though it is conceded that the type of grinding covered by 
this paper is too severe for a standard thread-cutting oil, mani- 
festations of increase in surface temperatures may become sig- 
nificant in relation to power consumption and resultant effects on 
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surface wearing properties and structural changes in the parent 
metal. 

Fig. 6 shows that it is possible to remove metal by grinding with 
no apparent increase in surface temperature. Both the soluble 
oil at 2 per cent by volume concentration and the synthetic 
grinding compound at 5 per cent by volume concentration ap- 
pear to retard the generation of heat to a greater extent with 
fine-grain wheels than they do with the coarse-grain wheels. 
The superior cooling effect of the water-soluble liquids is clearly 
shown. 


There appears to be no significant explanation for the lower 


increase in surface temperature of the work specimen when 
ground with the 80-J and 150-M wheels in combination with the 
sulphurized fatty-base mineral oil. 
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Fic. 6 Test Resutts SHowinG Errect oF THREE DIFFERENT 
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GRINDING WITH SEVEN DIFFERENT WHEELS 


EFFECT OF CHANGE 
IN TYPE OF CUTTING FLUID 
GRINDING WHEEL 
SAE STEEL 02-64 ACH 
20 WHEEL VELOCITY @so00 
w | : WORK SPINDLE 320 
OF CUT 0.001 
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« 
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TSP 1602 /GaL 


| WATER 


VOLUME RATIO 

NET HORSEPOWER 


+300 400 
TABLE TRAVERSE FEEO—1PR WORK SPINDLE 


Fic. 7 Typrcat Set or Test Resutts PLotrep Over TaABLe- 
TRAVERSE FEED FOR THREE DIFFERENT TYPES OF GRINDING Com- 
POUNDS 


The influence of three types of cutting fluid on the volume 
ratio, net horsepower, characteristic (and horsepower cubic inch 
per minute) when the table-traverse feed rate is varied is shown 
in Fig. 7. The table feeds in inches per revolution of the work 
shown as abscissas are 0.081, 0.112, 0.162, 0.238, 0.337, and 
0.469, respectively. The grinding compounds tested in this 
series were (1) distilled water; (2) trisodium phosphate—1.6 oz. 
per gal of water; and (3) a water-soluble compound at a 5 per cent 
by volume concentration. These data were obtained from 
standard tests with a Norton Company 38A120 K8VBE grinding 
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wheel on the hardened 8.A.E. 52100 steel. Standard table feeds 
are used as abscissas and volume ratio, net horsepower, grinding 
characteristic, and (hp/cu in. per min) are used as ordinates. 

In all cases, except the net-horsepower requirement at the 
lowest rate of table feed in inches per revolution, the water- 
soluble compound at a 5 per cent by volume concentration is 
superior to either distilled water or the T.S.P. solution. In other 
words, the water-soluble compound aids in the removal of the 
maximum amount of metal per unit of wheel wear, requires the 
lowest net horsepower, and maintains the lowest energy per 
unit volume factor. 


CONCENTRATION OF GRINDING COMPOUND 


Shown in Fig. 8 is the effect of the concentration of a given 
grinding compound on such values as volume ratio, net horse- 
power, grinding characteristic, and (hp,/cu in. per min). There 
seems to be a definite break in the performance of a given cutting 
fluid as the per cent by volume concentration is varied. This 
figure shows that the 5 per cent by volume concentration gives 
the lowest net horsepower (hp,), highest volume ratio V,, highest 
characteristic V,/hp,, and lowest (hp,/cu in. per min). It be- 
comes significant that grinding compounds should be used at 
concentrations which give the greatest amount of metal removal 
per unit wheel wear and the lowest energy per unit volume of 
metal removal. 
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Fig. 9 indicates the effect of varying the cutting fluid concen- 
tration on the resulting surface finish as measured in micro- 
inches, root-mean-square. These data are the averages of three 
readings taken on the longitudinal axis of each specimen ground 
under the specifications shown on the graph. By variance of the 
concentration of this grinding compound from 2 per cent (1:49) 
to 162/; per cent (1:5), the surface-finish readings are lowered 
from 35 microinches rms for the former, to 24 microinches for the 
latter. These surface-finish readings represent actual cutting 
conditions on the periphery of the specimens with no allowance 
for spark-out at the end of the tests. 


Freep Rate AND Depru or Cur 
An indication of the effect of change in feed rate and depth of 


cut on the (hp,,/eu in. per min) requirement is shown in Fig. 10, 


EFFECT OF FEED ANO DEPTH OF CUT | 
HR INCH PER MINUTE 
we 


6 


SOLUBLE 3% 


+ + | 
is 


TARE TRAVERSE FEED OF CUT - INCH 
(DEPTH OF CUT CONSTANT NCH) (TABLE FEED CONSTANT 0.08) 


Fic. 10 Retation Between Unit Net Hp WHEN GrinpING Harp- 
ENED S.A.E. 52100 Street UNDER Speciric CONDITIONS SHOWN IN 
Figure AS A FuncTIoN OF TABLE-TRAVERSE FEED aT LEFT AND 
Depta or Curt at Ricut 
(Unit hpn X f%%d%97 = 0.382.) 


in which (hp, /cu in. per min) is used as the ordinate, and table- 
traverse feeds in inches per revolution and depths of cut in 
inches as abscissas. For a given set of conditions the slope of 
the line on log-log paper may be determined by computing the 
tangent of the angle formed by the line and the horizontal axis. 
This slope may then be used as the exponent of feed or depth of 
cut in the following type of formula 


(hp,/cu in. per min) X (feed)* X (depth)” = C 


In such a formula the feed exponent a, represents the slope of 
the curve of which feed is the variable. The depth exponent b, 
represents the slope of the depth curve, and C is a constant value 
for a given set of conditions. The following example serves to 
indicate the value of the constant C for this set of conditions 

(hp,/cu in. per min) X f* X d’ =C 
14.4 X 0.081935 x 0.001937 = C 
14.4 X 0.414 xX 0.064 = C 
C = 0.382 
“(hp,/cuin. per min) X x = 0.382 
For these grinding conditions the net unit (hp) can be computed 
for any combination of feed and depth. 

A series of values of the constant C may serve to indicate the 

Most satisfactory conditions of speed, feed, depth of cut, and 


other variable factors for a given grinding wheel or grinding com- 
pound. 


Fig. 11 gives an indication of the effect of depth of cut and 
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Fig.11 Typrcat Set or Test Resutts SHOWING Errect oF CHANGE 
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change in grain size on the net unit horsepower (hp/cu in. per 
min). Actual test data are not shown on this graph because of 
the complexity of the intersection of lines. Depths of cut of 
0.001, 0.002, and 0.004 in. are shown as abscissa, and the slopes 
of the lines were determined by the same means as used in con- 
nection with Fig. 10. It may be assumed that an increase in 
depth of cut will increase the production rate by means of an in- 
crease in the cubic inches per minute of metal removed. There- 
fore in terms of production it would seem that the coarse-grain 
wheel would be the most efficient, if used with heavy depths of 
cut. However, with this hardened steel, it is significant that 
with an increase in depth of cut, metal removal per unit of wheel 
wear is greatly reduced, surface finish is poor, and operating con- 
ditions become very severe. 

A series of exponents such as those shown in this figure might 
be used in determining the proper depth of cut for a given set of 
conditions. 


SUMMARY 


The results shown by the cylindrical grinding of hardened 
S.A.E. 52100 steel indicate certain definite trends which are as 
follows: 


1 An increase in table-traverse feed, in inches per revolution 
of the work spindle, decreases the volume of metal removed per 
unit of wheel wear, increases the net horsepower, decreases the 
net horsepower per cubic inch per minute, and decreases 
the grinding characteristic. 

2 Analysis of wheel wear in terms of surface finish will aid in 
determining the proper conditions of grinding. 

3 The slope of the curve obtained by plotting net horse- 
power over a number of table traverses is significant in computing 
either the percentage increase in horsepower requirement or the 
final power requirement to be expected at the end of a given 
number of table traverses. The amount of metal to be removed 
with a given increase in power may be determined, if the number 
of traverses and the slope of the power curve are known. 

4 Based upon the volume of metal removed per unit of 
wheel wear and the net horsepower requirement the A46-J6-V10 
and A60-J6-V10 grinding wheels are less effieient than the A80- 
J6-V 10 or the A150-6-V 10 wheels of H, J; K, or M grade hardness 
(new standard marking). 

5 Surface finish on the hardened-steel specimens may be im- 
proved by a decrease in grain size of an increase in grade hard- 
ness for a given grain size. 

6 Proper conditions of grinding should produce little or no 
increase in the temperature of the part being ground. 
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7 Under the conditions of grinding covered by this paper, 
distilled water, with or without trisodium phosphate, is not as 
satisfactory a cutting fluid as a special synthetic grinding com- 
pound. 

8 Variation in the concentration of grinding compounds may 
affect the surface finish on the spécimen, the volume of metal 
removed per unit of wheel wear, and the power requirement. 

9 By the use of exponents of table-traverse feeds and depths 
of cut, values of constants would aid in the determination of 
proper power requirements for given sets of operating conditions 
in cylindrical grinding. 

10 Curves obtained by plotting the (hp,/cu in. per min) for 
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several grinding wheels over the depths of cut in inches indi- 
cate that the coarse-grain wheels cause the greatest decrease jn 
unit power (hp,/cu in. per min) with an increase in depth of cut 
The limiting factor, in grinding a steel of 62 to 64 hardness on the 
Rockwell C scale, is the amount of penetration to be obtained by 
a given grain size in a wheel. 
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Torsional Stress Analysis of Twist-Drill 
Sections by Membrane Analogy 


By E. T. P. NEUBAUER! anv O. W. BOSTON? 


The purpose of the experiment was to find the nature of 
the stress distribution in different drill cross sections due 
toan applied torque. This paper describes the procedure 
used and the results obtained. 


N THE studies reported twenty-one different cross-sectional 

| shapes of 1-in-diam drills were analyzed. A set of ten drills 

had a constant web thickness and a varying body (sections 

A to J), and a set of eleven drills had a constant body land and 

varying web thickness (sections K to U). The moment of inertia 

of each drill was found experimentally, while only three of each 

set (the two extremes and one near the average) were investi- 
gated for stress concentrations. 

The contour lines mapped for the different sections serve to 
show at a glance the general stress picture and also served in 
calculating the volume displaced by the membrane, so that the 
torque function could be calculated. The angles measured for 
the determination of the stresses were measured at four points 
Vv, R, FE, and O as shown in Fig. 1. These points include all the 


Fic. 1 Section; Pornts or Maximum SHear STRESS 


points at which the stress is maximum, and the investigation of 
these points for the different drill sections gave a picture of the 
general trend of the maximum stresses as shown by the curves in 
Figs. 10(a) and (b). 


MEMBRANE ANALOGY 


The fundamental principle of membrane analogy in torsional- 
stress analysis is that the applied torque is proportional to the 
volume displaced by a film, and that the stress is proportional to 
the slope of that film when the film is under evenly distributed 
tension due to a pressure differential. The shape of the opening 
over which the film is drawn must be exactly proportional or 
similar to the cross section of the bar under torsional stress. 
The plane of this cross section must be at right angles to the 
torque axis. 

The early introduction to this method of stress analysis was 
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Fie. 2 Forces 


made by L. Prandtl,* and a further mathematical calculation of 
the fundamental theory has been written by Dr. S. Timoshenko.‘ 


INSTRUMENTS AND MATERIALS 


The “Soap” Solution. The solution used for making the 
“soap” films was a sodium oleate with the addition of some glyc- 
erine. The sodium-oleate concentration was 1 g per 2 liters of dis- 
tilled water.* After some experimentation with the films pro- 
duced, it was found that 6 ce of glycerine per liter of the solution 
gave the best results.® 

Instrument for Mapping Contours. This instrument is shown 
in Figs. 3 and 4 in this report, and Fig. 5 shows the setup in the 
laboratory. Fig. 3 gives an illustration of the instrument set up 
ready for use. The principal parts consist of a cast-iron box in 
two sections, U and V; an aluminum plate H (in which is a hole 
corresponding to the cross-sectional area of the part being in- 
vestigated, and a round hole of known diameter); a glass plate 
T’, with a micrometer depth gage G, in the center of the plate, the 
plate being large enough to permit the micrometer gage to be 
moved to any position in the box without uncovering any por- 
tion of it. The sheet of paper, on which the points for the con- 
tour lines are plotted, is tacked to the board F. This board is 
hinged to the base N, so that it can always be brought down in the 
same relative position to the film under investigation. 

The method of operating this instrument is as follows: A heavy 
grease is applied around the top edge of box section V, so as to 
form an airtight contact with plate H. Soap solution is poured 


3“Zur Torsion von Brismatischen Staben,’”’ by L. Prandtl, Physi- 
kalische Zeitschrift, vol. 4, 1903, pp. 558-559. 

‘‘Versuchsmethode zur Ermittlung der Spannungsverteilung bei 
Torsion Brismatischen Stabe,’’ by Hugo Anthes, Dinglers Polytech- 
nisches Journal, vol. 321, 1906, pp. 342-344. 

4“Theory of Elasticity,’’ by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, pp. 239-245, and 260-269. 

' This sodium-oleate concentration was recommended by Prof. 
Floyd E. Bartell of the Chemistry Department of the University of 
Michigan and the solution was prepared by L. A. Delp of the Engi- 
neering Research Department. 

¢ P. A. Cushman in his paper, ‘‘Shearing Stresses in Torsion and 
Bending by Membrane Analogy’’ reports the best results from a 
solution of 2 grams of sodium oleate per liter of distilled water with 
30 ce of glycerin. 
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into box V; and through valve J/ a connection is made by rubber 
hose to a leveling bottle (not shown in the drawing). Fresh 
solution is applied around the edges of the holes in plate H by 
pouring it through a glass tube and funnel K, Fig. 4. The film 
is then made by drawing a piece of celluloid J over the hole. A 
small piece of celluloid was fastened to the end of a wire rod /, 
Fig. 4, by two small steel cross-braces. The wire rod was put 
through a hole in the side of box section U, so that the film could 
be drawn without lifting the glass plate 7, Fig. 3. This method of 
drawing the film was used so that the film would not be exposed 
to the air after being drawn. 

Better results were obtained in this manner because very 
minute particles of impurities would cause damage to the film, 
such as carbon dioxide from the persons present, and the dust in 
the air. It was also necessary to rinse the glass tube and funnel 
K with distilled water each day, as impurities would be present 
when the remaining soap solution in the tube came in contact 
with the air. 

Other precautions needed to produce durable films were to 
thoroughly clean and wash the aluminum plate H, rinse with dis- 
tilled water, and dry with clean paper towels. Plate surfaces near 
the holes for film investigation should not be touched with bare 


Fig. 3 APPARATUS FOR MappiInG Contour LINES 


| 


Fic. 4 Fitm-DrawinG EQUIPMENT 


fingers as perspiration or skin-oil marks will affect the life of the 


After the film is drawn the differential pressure can be applied 
by holding the liquid in the leveling bottle above that of the 
liquid in box V, and, by opening valve J, the film can be brought 
up to any desired height. 

Contour lines can then be mapped at the desired elevations; 
and in this experiment the dimensional step for contour eleva- 
tions was taken as 0.025 in. This measurement was chosen be- 
cause the two points on the micrometer-gage bar were not ex- 
actly on the axis of rotation. The pitch of the micrometer screw 
was 0.025 in. Having the contour lines mapped at this same in- 
terval, no error was caused by the fact that the micrometer points 
were not on the axis of rotation. For the same reason it is also 
important not to rotate the glass plate more than a few degrees 
during any one experiment. 

The detailed analysis of the film over the round hole requires 
the determination of only three dimensions. The diameter of the 
hole, which is known from specifications; the elevation of the 
base (plate) of the hole, which can be determined when theinstru- 
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Fic. 5 View or tHe Lasoratory Setup 


Fic. 6 Forces ActinGc on Cuttrinc EpGe or Driti 


' ment is first set up; and the maximum elevation of the film at 


the time the test is performed. 

Extreme care must be exercised in keeping the bottom point of 
the gage moistened with clean soap solution so that the film 
will not be destroyed when measurements are made. To find the 
contour points very accurately, it is merely necessary to have 4 
light placed in such a position that the reflection can be seen in the 
soap film near the point where the gage is expected to come in 
contact with the film. The glass plate is then moved so as to 
bring the gage near the film, and it can be seen very accurately 
just as the point touches the film. With a sheet of paper tacked 
to board F, these points are all plotted by bringing down the 
hinged board and lightly touching it to the top point of the gage 
G. The contour lines are drawn by connecting the respective 
points. 

The greatest difficulties encountered in this part of the experi- 
ment are those caused by changes in temperature of the air en- 
closed in box V. Not only is this temperature variation due to 
the change of temperature in the room but mostly by the change of 
temperature caused from the radiant energy of the light. The best 
resulis were obtained when working in the evening so that the 
drop in temperature of the room would practically counterbal- 
ance the rise in temperature caused by the light. To hold the re- 
sults within small error, the pressure was checked at frequent 
intervals by measuring the top point of the circular film. If the 
pressure had changed it could be brought back to the original 
value by allowing solution to flow from the leveling bottle into 
box V, or vice versa. With some care the circular film can be 
brought to within 0.001 in. of the desired height. The use of 8 
modern air-conditioned laboratory, in which both the temper 
ture and humidity are accurately controlled, should be of great 
value in reducing the difficulties encountered. 
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INSTRUMENT USED FoR MEASURING ANGLES OF FILMS 


Only the maximum inclinations of the films were measured, 
as these indicated the points of maximum stress; there being in 
our particular cross sections eight points of interest, but due 
to symmetry, it was necessary to measure only four points, Fig. 
1. 
The instrument illustrated in Fig. 7 was decided upon after 
some preliminary work in attempting to measure the slope of the 
film. The first method tried and discarded was that of focusing 
a microscope on a particular point of the film, which required one 
focal adjustment and then placement of a small beam of light so 
that the reflection could be found in the microscope. However, 
this required another focal adjustment, making the method slow 
and difficult. 

The method finally adopted required the construction of an 
instrument as shown in Fig. 7. This instrument consists of a 
meter stick W fastened to a stand, which in turn had a set of 
four leveling screws. A plumb-line P was suspended from the 
top of the meter stick, making it a simple operation to adjust the 
meter stick in a vertical position. When the instrument was 
built, a point C was located on the stand directly under the 
pointer of the plumb bob P when the meter stick W was in a 
vertical position. A small socket with a flashlight bulb was 
fastened to a slide holder so that 
the light L could be brought to any 
elevation on the meter stick. A 
bar B, with a similar sliding clamp, 
was placed on the meter stick below 
the light. The films were drawn in 
the same box section as that used 
for mapping contours. 

The maximum angle of the film 
was measured by locating the in- 
w strument so that the reflection of 

the film would be near or at the 
point where it was expected to be 
maximum. This required judgment 
on the part of the operator, be- 
cause to make this determination 

STAND on the basis of exact scientific data 
is difficult, and a reasonable error 
in choice of location (except a very 
abrupt change in section) will not 
make a serious difference in the re- 
sults. After leveling the meter 
stick, the light L is brought to an elevation such that the re- 
flection of the film at the point of maximum stress is just be- 
low the light, and the last instrument recording is made by ad- 
justing the bar B to the point where it is brought in line with the 
point of reflection and the eye. Then both the observer's eye 
and the bar B are moved downward until the spot of light seen in 
the film just disappears. This is the very edge of the film (point 
of maximum slope for the plane chosen). In this setup four 
readings were necessary for the complete measurement. The 
four readings were the distance from the point on the film to 
the meter stick; the elevation of the light; the elevation of the 
bar; and the elevation of the film. 

As shown in Fig. 8, angles X and Z could be calculated from 
the readings taken. The maximum angle of the film C is the 
mean of angles X and Z. Whenever a measurement was made 
the drill section, a reading of the height of the center of the 
circular film was made with the micrometer gage, thus enabling 
the maximum angle of the circular film to be calculated directly. 

was considered satisfactory after it was found that the 
error by measuring the angle of the circular film by the light-ray 
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| REFERENCE PLANE 


Fig. 8 Metuop or MEASURING F1ILM ANGLE BY REFLECTION OF 
Licut BEAM 


method and by calculating was less than 1.5 per cent. Several 
trials were made in measuring the angle of the circular film before 
final data were taken. This was again checked in the setup for 
each drill section with the check results recorded. In every case 
the error was less than the 1.5 per cent mentioned and is recorded 
for the film-angle measurement of the circular film in Table 2. 

The determination of the maximum film angle by plotting con- 
tour points was made and found to be highly variable. The 
consistent results found by the light-beam method, just explained, 
were the reasons for its choice. There is still strong opinion that 
the light-beam method introduces errors and gives a consistently 
small angle reading. Therefore this point warrants careful 
checking by any future investigator. 


MANUFACTURE OF PLATES WitH HoLes CoRRESPONDING TO 
SEcTIONS 


The manufacture of the plates with the drill-section holes at 
four times the actual size of the drill required considerable 
skill. The process was as follows: ; 


1 Photograph flat-ground drill sections actual size. 

2 Enlarge (blow-up) photographs to desired size; in this case 
4 times normal size. 

3 Carefully trim a set of photographs to the exact shape of 
the drill. 

4 Use these photographic templates to make a plate corre- 
sponding to the exact shape of the enlarged drill section. Alumi- 
num plate 0.025 in. thick was used. 

5 Use these positive aluminum-plate templates to mark out 
and cut corresponding holes in another large aluminum plate so 
the template will just fit the hole. 

6 Properly bevel the bottom edge of the hole in the plate. 


The following suggestion is made for future workers in this 
field: With the improvements of modern photography it is pos- 
sible, by photographic means, to make a negative of the section 
to the size desired. Then, by the photoetching process, an exact 
duplicate of the desired shape can be etched into a thin metal 
sheet. 


REsuLtTs OF EXPERIMENT 


Tables 1 to 3, inclusive, and Figs. 9 to 16, inclusive, give a 
comprehensive idea of the results obtained in this experiment. 
Table 1 gives the stress and torque factors for the points of the 
drill section at which the measurements were taken for analysis of 
stress characteristics. The different points are shown in Fig. 1, 
as points R, FE, M, and O. 
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The tables accompanying Figs. 11 to 16, inclusive, give a 
record of the contour lines and the volume displaced by the film. 
The terms used in these tables are as follows: Column 1 is the 
contour line as numbered on the map; column 2, ‘‘Elevation, in.,” 
is the actual reading of the gage for that respective contour line; 
column 3, ‘‘Area, sq in.,’”’ is the area bounded by each contour 
line, as measured with a planimeter and then multiplied by 2 to 
take into account the area of the other half of the section for 
which no contour lines were mapped due to symmetry; and 
column 4, ‘‘Volume,” is the average volume bounded by the two 
adjacent contour planes and the film. 


TABLE 1 AVERAGE STRESS AND TORQUE FACTORS 


ORILL SECTION 


(CONSTANT ANGLE 


TORQUE of J 


STRESS 


(CONSTANT 
ANGLE OF 
TwisT) 


STRESS 


(CONSTANT 
TORQUE) 


TABLE 2 COMPARISON OF FILM ANGLE BY LIGHT BEAM (Cz) 
AND GEOMETRY 


Ce % ERROR 
25°-24' | 25° - 6' 
27°-52 | 27° 
26°-35' | 26°-42' 
3' 2/°- 18' 
26°- 16' | 25°- + 
25°- 21' | 25°- 6' | + |. 

- 55'| 24°-49'| + 


AT TEST OF 
DRILL SECTION 


TABLE 3 VOLUME DISPLACEMENT 


TOP OF CIRCULAR | VOLUME 
CIRCULAR 


BEFORE | ASTER BEFORE | AFTER 
DISPLACE MEWT \DISPLACE MENT 


/08 | .1809 |,3779 
432 | | 

.O8F | .1876 | .4040 
130 | .1809 | .3534 
437 | .1781 | .3458 
156 | .1809| .3469 
-/40 | .1809 | .3234 
-/50 | .1809 | .33/6 


: Check on volume-displacement method. B f cire 
Drill seetion 4 wee weed. 
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In Fig. 9 are given the resisting torques for the different dril} 
sections for a constant angle of twist. The torque for section 
Q was found,to be low and, after checking this section, it was 
found that it was about '/,.in. smallin diameter. It is indicated 
on this same figure that the moment of inertia is also low. 

Fig. 10 is a set of curves showing the stresses, at points R, 
E, M, and O at which the maximum stresses occur, for all the 
sections for constant angle of twist and for constant torque. 
These curves were plotted from the values given in Table 1. 

On the set of curves for constant torque, Fig. 10(b), the stress 
valyes for section J were plotted over at section Q, and the light 
curves drawn in. These curves show a more uniform trend for 
the stresses and are considered of value because section J is 
equal to section Q or very nearly so. This similarity resulted 
from the manner in which the dimensional variations were 
planned. In the actual torque-deflection tests, it was found that 
section J came nearest being equal to section Q. From Fig. 9. 
we see that section Q has a low moment of inertia and conse- 
quently a low torque resistance; this accounts for the high points 


_ANCLE OF Twist 


+ 


MOMENT OF INERTIA --- 


TORQUE FACTOR 


GHIJ KLMNOPQRSTU 


Fie. 9 Resistinc Torques FOR DIFFERENT DRILL SEcTIONS FOR 
ConsTANT ANGLE OF TWIST 


= 


STRESS FACTOR 


(a) ConStant angle of twist 


CONSTANT TORQUE 


STRESS FACTOR 


~ 


COEF GH 


(b) Constant torque 


Fic.10 Curves SHow1ne Stresses aT Points or MaximuM STRESS 


4 


1616 | 2622 | 3.914 | 2.726 |3227 | 5.149 
| R | 1.362 | 1545 1.516 | 1.699 
| 
1195 |1.306 | 1500] 1.325 | 1.505 |1.679 
| o |0731 0.875 | 1.004 0.416 | 1.022 | 1.459 5 
| R |0.672 | 0.520 |0.395 0.470 |0.330 
| |o740 | 0.498 0.486 |0.466 |0.326 tte | 
| 0432 [036 [0.455 | 0.406 | | | 
| |aasz2 | 0.334 | 0.257 | 0/53 |03/7 |0283 | |_| 
1, 
| CONSTANT ANGLE OF Twist 
ABCDEFGHI J KLUMNOPQARSTU 
“1749 | .993 | ae 
: | .293 [| | 1.154 | 
a2 
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in the curves of Fig. 10(6) for constant torque, as shown by the 
heavy-line curves. 

This discrepancy made very little difference in the stress curves 
because of the proportionality factors involved. 

Table 3 gives the results obtained from measurement of vol- 
umes by the cover-plate method, which shows the values to vary 
widely. The volumes found by this method for the drill sections 
are much less than the volumes found by graphical integration, 
which confirms the conclusions regarding this method. 


CONCLUSIONS 


The volumes displaced by the film of the drill sections were 
calculated by graphical integration. Another method (volume 
displacement) of measuring these volumes was tried but found 
unsatisfactory. This method consisted of drawing the films in the 
usual manner, measuring the height of the circular film with the 
gage, then carefully placing an aluminum plate, moistened with 
the solution, over the film of the drill section without breaking 
the film; thus displacing all of the air of the drill section into the 
film of the circular section. The second measurement of the 
height of the circular film was then taken. From these values 
the two volumes were calculated, the difference being the volume 
of the film of the drill section. 

This method failed for possibly two reasons: (1) Due to the 
edges of the hole cut in the plate, the base of the film would be 
about 0.005 to 0.007 in. below the top surface of the plate, thus 
preventing an appreciable portion of the volume from being 
displaced by the cover plate. (2) When the plate is placed over 
the sample hole to displace the air, thus increasing the height of 
the circular film, it is necessary to change the pressure slightly in 
the lower box section V. The volume of air in this box section 
is about 2000 to 3000 times the volume of the sample film; there- 
fore an extremely small pressure change will cause a large error. 
This will give a volume reading which is low and this is in agree- 
ment with the results found. Taking both into consideration the 
error was accumulative and appreciable (see Table 3). 

According to the mathematical theory, the resisting torque 
is proportional to the volume with the constant angle of twist, 
provided the differential pressures are exactly the same for 
the two films. Therefore the ratio of the torques of the two bars 
is equal to the ratio of the volumes, because with the two films in 
the same plate it is known that the differential pressures are 
equal. The resisting torques of the different sections are then 
calculated on the basis of the torque of the circular bar. The 
same method was employed in comparing stresses. The ratio of 
the sines of the angles was used in obtaining the stress propor- 
tionality because the results are shown to be more accurate in the 
report by Griffith and Taylor.” 

The formulas for these calculations are as follows: 


Assume 


7 This report is given in Technical Reports of the Advisory Com- 
mittee for Aeronautics, vol. 3, 1917-1918. 
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where 

= polar moment of inertia of circular section 

= radius of circular section 

= torque factor for circular bar | 

= torque factor for section under investigation 

= volume displaced by film over circular hole 

= volume displaced by film over hole conforming to 

section under investigation 

= stress factor for circular bar 

= stress factor for section under investigation 

= constant determined by the units chosen. (In these 
calculations K = 1 was used as we were interested 
only in ratios of torque and stress) 


Thus’a common basis (circular bar) was established for all sec- 
tions investigated; summary of values is given in Table 1. 
Curves were then plotted for the stress proportionalities with 
constant angle of twist, Fig. 10(a), and also another set of curves 
for constant torque, Fig. 10(6). In the sections from A to ,/, it 
is found that the stresses at the points in which we are inter- 
ested, such as the maximum points R, EF, M, and O, have some- 
what the same general trend, while in the sections from K to U, 
the stresses at the points R, FE, and M have somewhat the same 
general trend, but point O has a much more rapid increase in 
stress when the angle of twist is constant as we go to greater web 
thickness. The general picture, given by Fig. 10(b), indicates 
that the most efficient drill-section design is section U7. Consid- 
ering the correction to section Q to be similar to section ./, the 
conclusion can be drawn that sections Q, R, S, and 7’ are also 
good designs. 

The investigation of point O, particularly in section A, brings 
out an interesting fact because, in the stress analysis, it is shown 
that this point is under low stress while in actual tests this par- 
ticular type of drill failed at this point. The conclusions drawn 
regarding this point are that the failure is not due to the stresses 
as analyzed by the membrane analogy but due to end conditions 
or shear stress. At the top of the helix very high shear-stress 
concentrations may result at this point due to the restriction of 
warping, and as soon as failure does result near the shank of the 
drill, the failure will continue from end to end of the drill. An- 
other cause of failure may be the initial stresses and unequal 
heat-treatment; because of the lightness of this particular section 
the cooling is much more rapid. Still another cause of failfre 
may be right at the chisel point where a shearing stress exists 
due to the resistance of the metal being cut, as indicated in 
Fig. 6. 
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Some Effects of Pressure Loss on the 
Open-Cycle Gas-Turbine Power Plant 


By J. I. YELLOTT! anv E. F. LYPE? 


The open-cycle gas turbine has been analyzed in many 
recent publications, of which some of the more important 
are listed in the Bibliography (3-7)... Most of these 
analyses, while they utilize probable values of turbine and 
compressor efficiencies, omit the effects of the pressure 
drops which occur in the actual components. In the ac- 
tual gas-turbine plant, the pressure loss which occurs be- 
tween the compressor and the turbine can seriously af- 
fect the performance of the cycle. This pressure loss will 
be particularly important when bituminous coal is used 
as the fuel, because of the necessity of interposing ash- 
removal equipment between the combustor and the tur- 
bine. The present study was undertaken in order to de- 
termine how much pressure loss can be tolerated in the 
ash eliminator, and how seriously the cycle efficiency would 
be affected by the presence of such equipment. The 
mathematical method outlined in the paper was chosen 
because a general solution was desired which would be ap- 
plicable to higher values of turbine temperatures and re- 
generator effectiveness, when such values can be attained. 
The results are presented both in tabular form and in a 
series of graphs. A sample calculation performed with 
the Keenan and Kaye air tables (1) showed very close 
agreement with the results obtained by using the equation 
derived in the paper. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


mechanical work done during compression (in com- 
pressor), Btu per lb air 
mechanical work done during expansion (in turbine), 
Btu per lb air 
= heat supplied by fuel in the combustor, Btu per |b air 
heat transferred in regenerator, Btu per hr 
enthalpy of air entering compressor, Btu per lb 
= enthalpy of combustion products entering turbine, 
Btu per lb 
mean specific heat of air in compressor, Btu/(lb deg F) 
mean specific heat of ‘“gas’’ in turbine, Btu/(lb deg F) 
= gas constant for air, Btu/(lb deg F) 
pressure ratio in compressor, p2/pi 
= absolute temperature, deg R 
absolute pressure, psf 
air rate, lb per hp-hr 
= amount of air circulating through cycle, lb per hr 


i Director of Research, Locomotive Development Committee, 
Bituminous Coal Research, Inc., Baltimore, Md. Mem. A.S.M.E. 
* Research Engineer, Armour Research Foundation of Illinois 


Institute of Technology, Chicago, Ill. Mem. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
Tae American SocteTy OF MECHANICAL ENGINEERS. The authors 
were awarded the A.S.M.E. Oil and Gas Power Division Scroll for 
this Paper at the National Oil and Gas Power Conference in Cleve- 
land on May 22, 1947. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 


= amount of “gas” circulating through cycle, Ib per br 
heating surface of heat exchanger, sq ft 
over-all heat-transfer coefficient, Btu/(sq ft hr deg F) 
pressure ratio, from compressor to turbine (p2)’/p» 
thermal efficiency of compression (in compressor) 
thermal efficiency of expansion (in turbine) 
effectiveness of heat regeneration (in heat exchanger) 
thermal efficiency of the cycle 


CycLe ASSUMPTIONS 


This paper is limited to the simple form of the open cycle, in 
which a single compressor is used, without intercooling or water 
injection, followed by a regenerator of reasonable effectiveness. 
The cycle is shown in Fig. 1, with the essential points designated 
by arbitrary symbols. Although Fig. 1 shows that the compres- 


TEMPERATURE 


Fig. 1 T-S Dracram or Gas-TuRBINE CycLe WITH SINGLE Com- 


PRESSOR AND REGENERATOR 


sor intake and the turbine exhaust are both at atmospheric pres- 
sure, the effects of pressure loss in the intake air filter and the gas 
side of the regenerator can be considered by using the actual 
values of the expansion and compression pressure ratios. The 
calculations in the paper have been made for dry air as the work- 
ing medium, no allowance having been made for the effect of 
humidity or of the combustion products. In the numerical 
computations, the turbine efficiency, n7, has been taken as 0.88, 
and the compressor efficiency, 7,, as 0.84. Failure of the com- 
bustor to achieve perfection in the burning of the fuel has been 
neglected. 

The pressure loss which is of principal importance occurs be- 
tween the compressor outlet and the turbine inlet. Passage of 
the air through the regenerator, combustor, and fly-ash elimina- 
tor is attended by a pressure loss as high as 5 to 8 per cent of the 
compressor discharge pressure. The distribution of the pressure 
loss has no particular effect upon the cycle behavior, although, 
as a practical matter, it is obviously preferable to utilize pressure 
loss for some useful purpose such as producing turbulence in the 
combustor rather than in passing around excessively sharp 
bends, etc. 
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TRANSACTIONS 


Evo.utTIon or EQUATION 


By expressing cycle efficiency in terms of compressor- and 
turbine-inlet temperatures, efficiencies and pressure ratios of 
these two components, and regenerator effectiveness, it is possible 
to apply the simple process of differentiation in order to find the 
optimum value of the compression ratio, the maximum value of 
the cycle efficiency, and the cycle air rate at this pressure ratio. 
Hence the first step in this analysis is to establish the cycle-ef- 
ficiency equation. 

The efficiency of the gas-turbine cycle may be expressed as 


97 = 


For the cycle in Fig. 1, the work, W,, done on the air by the com- 


pressor is 
w, = 2D) (2 Btu per Ib 
—1|Btu perlb......... [2] 


The gas constant for dry air is R = 0.06854 Btu/(lb deg F). 
The specific heat of dry air, c,,, varies with temperature as shown 
in Fig. 2. In the operating range of the compressor, 0 F to 


TEMPERATURE F 


Fic. 2. Speciric Heat or Ark IN Perrect Gas STATB 
[See Keenan and Kaye, reference (1).] 


150 F, c,, varies from 0.239 to 0.246. By using the mean value 
Cpe = 0.240 Btu/(Ib deg F) 


an insignificant discrepancy is introduced. For constant specific 
heats, the exponent of the pressure ratio can be transformed to its 
more customary form; since, for perfect gases, R = Cyg — Cee, 
it follows, with k = c,4/¢yq, that 

R Cpe _ Cve 1 


as k k 
The temperature rise during compression can either be calculated 
from Equation [2], or obtained from the Keenan and Kaye air 
tables. Fig. 4 shows values of the compressor-outlet temperature 
as a function of compression ratio and compressor efficiency, ob- 
tained from the Keenan and Kaye tables. 
The work done by the air in expanding through the turbine is 


R 


[n Equation [3], cy, is the mean specific heat during the isentropic 
expansion, defined as 


Cpa Cpa 


hy — hs’ 
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0.270}— 


BTU. 
DEG F 


(Cr), 


0 260}- 


TEMPERATURE AT OF EXPANSION DEG. F 


'200 1300 400 1500 
‘Fie. AveRAGE VALUE OF Cpm Durinc Expansion TO ATMOs- 
PHERIC PRESSURE 
(From enthalpy-entropy chart for air, prepared by Allis-Chalmers Manu- 
facturing Company from spectroscopic specific-heat data.) 


Fie. 4 TEMPERATURE AT END oF COMPRESSION FOR VARIOUS Com- 
PRESSOR EFFICIENCIES 
(From Keenan-Kaye tables for 70 F inlet temperature; reference (1). 


For the range of temperatures and pressures under consideration 
here, c,, depends only upon the inlet temperature 7. The 
variation of c,, with the inlet temperature is shown in Fig. 3. 

The heat supplied in the combustor per pound of air by the 
burning of the fuel is 


Qp = hy —he = hg —hy....... [5] 


For use in the further analysis of the cycle, the heat supplied 
must be expressed in terms of the following cycle characteristics: 


Compressor- and turbine-inlet temperatures and enthalpies. 
Compressor and turbine efficiencies. 

Pressure ratio. 

Regenerator effectiveness. 

Pressure loss. 


This transformation is shown in Appendix 1. The result is 


R 
Qs = (1 — np) hi) — 
Ne Pr 


R 
+ | Btu per Ib... ..[6) 
(p2) 


By replacing the various quantities in Equation [1] by their pre 
cise expressions according to Equations (2, 3, 6], the cycle 
efficiency equation is obtained as 
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R/cpg R/cpa 
657 


Ne (p2) 


The pressure loss in this cycle is 
Ap = pz — (p.)’ 


and the pressure loss ratio, referred to the compressor outlet 
pressure, is 


Ap (p2)’ 


Introducing the notations 


( pz) 
a= r= {8} 
Pi 


the pressure ratio in the turbine is 


( pr)’ 


= af 

Pi 
For any given set of compressor, regenerator, combustor, and 
turbine conditions, each term in Equation [7], except the pres- 
P2 
— must be regarded as constant. Also, for each 
set of these constants, there is always one value of r for which 
the cycle efficiency 7 becomes a maximum. In order to design 
the entire gas-turbine plant for maximum efficiency, it is of par- 
ticular interest to know for;which pressure ratio the maximum ef- 
ficiency is obtained and what the value of this optimum efficiency 
is. This can easily be found by differentiating Equation {7| 
and taking the differential quotient as zero 


sure ratio r = 


The value of r which satisfies this equation is that pressure ratio 

which gives maximum efficiency. Substituting this value r in 

Equation [7] gives the optimum efficiency for the selected set of 

constants. ‘ 

The differentiation is shown in Appendix 2. The result is 
1—nre R/cpe 
1— 2nr 


+1 


Ne 


1— 
a — — ore = + Coy... (9 


When all constants in Equation [9] are given, this equation can 
be solved graphically for r. For ne = /2, Equation [9] cannot 
be used. The equation for r in this particular case is given in 
Appendix 2. From Equation [7], in conjunction with Equation 
(9h are then obtained maximum cycle efficiency and pressure 
ratio at maximum cycle efficiency for prescribed values of turbine- 
inlet temperature, regenerator effectiveness, and pressure loss. 


Tue Arr Rate 


Since 1 lb of air produces W — W, Btu net work, the air rate 
(amount of air per unit of work) is 


1 2544 
G = 
Ib per Btu Ib per hp-hr 


Substituting W. from Equation [2], and Wy, from Equation [3] 
and using the Notation [8] for the pressure ratios gives for the 
air rate the equation 


— (rR/eve — 1) 


Ne 
Ib per hp-hr........ {10} 


The air rate at maximum cycle efficiency can be obtained from 
Equation [10] if the value for r is taken from the graphical solu- 
tion of Equation [9] for a given set of constants. Then, Equa- 
tion [10] gives the air rate for prescribed values of turbine-inlet 
temperature, regenerator effectiveness, and pressure loss. 


REGENERATOR EFFECTIVENESS 


In order to design a regenerator of a desired effectiveness, 
nr, & relation must be established between the regenerator ef- 
fectiveness and the design constants of the regenerator; these 
are as follows: 


Amount and specific heat of air flowing through the regen- 
erator. 

Heating surface of regenerator, A. 

Over-all heat-transfer coefficient, U’. 


The regenerator effectiveness is defined as the ratio of the heat 
actually extracted from the air leaving the turbine to the heat 
which could be extracted if this air were to be cooled down to the 
compressor-outlet temperature. According to Fig. 1 this ratio 
is 

h;’ — he 


[11] 


The transformation to the design constants is shown in Appendix 
3. The result is 


It can be shown that for various flow rates G,, the ratio G,/U 
remains practically constant. The value of G,/U for chosen 
values of tube diameter, spacing, free cross-sectional area, and 
temperature can be taken from the charts by Lype (2). The 
value of c,, depends upon the temperature range in which the 
regenerator operates. Thus Equation [12] shows how large 
the heating surface A must be in order to obtain a desired regen- 
erator effectiveness for operation in a given temperature range. 


AssuMED CoNnDITIONS AND RESULTS 


In the present analysis nr = 0.88; 7, = 0.84; 4 = 70 F 
(530 R); for the pressure loss Ap (expressed as a fraction of pz), 
the regenerator efficiency, and the turbine-inlet temperature ¢, 
three different values are taken. These values are as follows: 


Turbine inlet temperature, t&, deg F....... 1200 1350 1500 
Pressure loss, (Ap/p:) X 100, per cent..... 0 5 8 
Regenerator effectiveness, per cent........ 50 60 75 


[7] 
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TABLE 1 RESULTS OF CALCULATIONS 


Tempera- | ————Regenerator effectiveness———— Per cent 
ture, I pressure 
deg F | loss 


0 


oro | BHO] 


ust 


| warty 


Sac| & 


NOTE: 
First row: Maximum cycle efficiency. 
Second row: Pressure ratio at maximum cycle efficiency. 
Third row: Air rate at maximum cycle efficiency. 


The results of the calculations for the assumed conditions are 
given in Table 1, and in Figs. 5, 6, 7, 8, and 9. Fig. 5 is com- 
parable to many of the analyses published previously, in that, 
actual values of nz and n, have been used, but Ap has been neg- 
lected. These curves show the familiar reduction of the opti- 
mum pressure ratio with increasing regenerator effectiveness. 
For a 60 per cent regenerator at 1350 F turbine-inlet tempera- 
ture, the maximum cycle efficiency of 30.6 per cent would be at- 
tained with a pressure ratio of 4.84, and an air rate of 46.1 lb 
per net hp-hr. 

Fig. 8 shows clearly that lost pressure is costly in terms of 
maximum attainable efficiency for, at 44 = 1350 F, and ng = 
60 per cent, we have the results given in Table 2. 


TABLE 2 PRESSURE LOSS IN TERMS OF EFFICIENCY 


Pressure 
oss, 
per cent 


0 
5 
8 


Any number of methods of describing the effect of pressure loss 
might be adopted, but it can be seen from Table 2, or a similar 
tabulation of the other results, that the maximum efficiency drops 
off by 5.5 per cent (1.7 points in 30.6) for a 5 per cent loss in pres- 
sure and 9.5 per cent (2.9 points in 30.6) for an 8 per cent loss. 
Thus for estimating purposes, 1 per cent is lost in maximum at- 
tainable cycle efficiency for each 1 per cent of pressure loss. The 
air rate increases by almost 1.5 per cent for each per cent loss in 
pressure. 

As a practical application of this analysis, consider the intro- 
duction of a fly-ash eliminator into an open-cycle gas-turbine 
system, for the purpose of making possible the use of bituminous 
coal as the fuel. For a 1300 F turbine-inlet temperature and a 
50 per cent regenerator, a pressure ratio of about 5.3 is indi- 
cated, or a pressure of 78 psia, and a maximum cycle efficiency 
of 28.5 per cent might be attained. If each per cent reduction in 
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PRESSURE RATIO 


Fie. 5 Maximum Cycie Erricitency 


(Turbine efficiency 0.88; compressor efficiency 0.84; no pressure loss in 
regenerator and combustion chamber.) 


Fic. 6 Maximum Cycie Erricrency 


(Turbine efficiency 0.88; compressor efficiency 0.84; 5 per cent pressure 
loss in regenerator and combustion chamber.) 
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Fie. 7 Maximum Cycie Erriciency 


(Turbine efficiency 0.88; compressor efficiency 0.84; 8 per cent pressure 
oss in regenerator and combustion chamber.) 
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turbine-inlet pressure below that of the compressor outlet is ac- 
companied by a 1 per cent reduction in cycle efficiency, a loss of 
2 psi, or 2.5 per cent, in the combustor and regenerator, would 
result in lowering the cycle efficiency to 0.975 X 28.5 per cent or 
to 27.8 per cent. A further loss of 3 psi in the ash eliminator 
would result in a cycle efficiency of 27 per cent. 

In conclusion, it can be stated that pressure loss is costly both 
in fuel consumption and in unit size. The higher pressure ratios 
needed to achieve optimum efficiency also require higher rotative 
speeds and hence higher stresses in the turbine. 
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Appendix 1 
DeRIVATION OF Equation [6] 


Equation [5] can be transformed as follows 


hy hs = (hy — he) — (h3 — he) 
= (hy — hi) — (he — hy) — (hz — he) 


where h, — h, is the compressor work W,. Since the amount of 
gas and the mean specific heat are very nearly the same on either 
side of the heating surface of the regenerator, it is, according to 
Fig. 1 

hs hy = h;’ he 
or, introducing the regenerator effectiveness from Equation [11] 
hy hy = nr(hs’ hz) 


But hs’ — hy = (hs’ — ha) — (Rg — i) + Chg — hy) 


and therefore 


hs -hz = (hy — hi) — (he — hy) a 
[(hs’ — hy) (hy — hy) + (hy — hi) ] 
= (1 — nr) [(hs— hi) — — + — hs’) 


where hy — h;’ = hy’ 


5 Conse- 
quently 


-h;’ is the turbine work Wy. 


hy = (1 — NR) — hy) W,] nrWr 


Substituting W, from Equation [2] and Wy, from Equation [3] 
vields the expression given in Equation [6]. For prescribed 
compressor- and turbine-inlet temperatures, and hy are known. 


Appendix 2 
DeRIVATION OF EQquaTIon [9] 


In order to facilitate the differentiation of Equation [7], the 
following abbreviations are introduced, in addition to Equations 


R R 1 3 
=m — = 
pe Cpa a” 
Cont 1 
a, = bh = = bz = (1 


= + 7 qz: = (1 — np) | — + 
c 


+ 
Substituting these symbols together with those in Equations [8] 
into Equation [7] gives 
bir” — q 
+ bor” my q2 


Differentiating and taking the differential quotient as zero gives, 
after a; and b. have again been substituted by a; and }; 


m n 
b, (q2 — neq)r—" — —[q2 — (1 — neg) qilr™ 
1 a, 


= (m + n)(1 — [13] 
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For neg = '/2 is immediately obtained 
m 1 ) n 
atte 
q2 2 


— 


and, expressed by the original constants 
R R R 
Ti \(p2’) 


For ng + '/2, further algebraic transformation of Equation [13] 
and substitution of the original constants yields Equation [9]. 


Appendix 3 


DERIVATION OF EQuaATION [12] 


The heat exchanged through the heating surface of the regen- 

erator is 
Qe = UAAT 

where AT is the logarithmic-mean temperature difference, i.e., 
according to Fig. 1 
(T. — T2) — (T;’ — 
n Ts T: 


AT 


whence, after rearranging 

(T; — T2) — (T;’ — Ts) 
(T;’ — T:) — (T;' — 
(T.’ — T:) — (T, — 


Qe = UA 
In 


The heat exchanged is identical with the heat lost by the ex- 
haust gas, and it is also identical with the heat gained by the air. 
Therefore, from Fig. 1 


Qr (T,’ — T's) 
Qe = (Ts — 12) 


in the general case where the amounts and the specific heats of 
gas and air are not equal to each other. By substituting Equa- 
tions [15] and [16] into [14], the outlet temperatures 7; and 1’; 
can be eliminated. This yields, 


n 
Qr 
T;’ —T. 
( 2) 


Using the abbreviations 


this equation becomes 


=¢; = 
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For the heat regenerator in a gas-turbine plant, the amounts 
and the specific heats of gas and air are very nearly equal. Then 
¢ & land 1 — ¢is very small. That means 


Qe ] 
GaCpa 
In 
R 


Qe 


Solving for Qpz and substituting for 3 its original value gives 


T,’ — Th 
Qe = UA 


whence 


Substituting Q, from Equation [15] gives, after rearranging 


UA UA 
But, from Equation [11], for gas flow G, and air flow G, 


— he) (Ts’ — Ts) 


T , 
5 


Substituting Equation [18] in Equation [17] gives Equation |12). 


‘Discussion 


F. O. ELLenwoop.‘ The authors are to be commended for 
presenting the general solution of an important and complex 
problem pertaining to the gas-turbine power plant. The pressure 
losses involved by the flow of the gases through various pieces o! 
equipment are very real and cannot be ignored by any engineer 
who desires to make a careful study of the probable performance 
of any gas-turbine plant. The consideration of the pressure drop 
becomes of increasing importance when the study pertains to 
the use of coal in such a plant. 

All engineers who are interested in the design of gas-turbine 
plants will be pleased to have the generalized results presented in 
graphical form as they are in Fig. 8 of the paper. It seems un- 
fortunate, however, that the authors of the paper did not label 
each family of the curves in this figure with its proper name. It 
would seem as though the figure is large enough to have sufficient 
space on each family of curves to present clearly what it repre- 
sents. As the material now stands, one finds it necessary to ob- 
serve the three preceding figures in order to get the significance 
of the numerical values presented in Fig. 8. As a general propos! 
tion, it seems to the writer that all authors should endeavor to 
make each figure complete within itself so that reference to any 
additional figures will not be necessary to get the significance of 
each curve. 


‘Professor of Heat Power Engineering, Cornell University, 
Ithaca, N.Y. Mem.A.S.M.E. Deceased September 7, 1947. 
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B. J. Conta.® This paper, by including pressure losses in the 
analysis of the open-cycle gas-turbine power plant, constitutes a 
definite contribution to the literature on the subject. The authors 
show very adequately the loss in cycle efficiency which results 
from given pressure drops between the compressor and turbine. 
The loss of work in the turbine which results from this pressure 
drop is partly recovered as additional heat supplied in the regen- 
erator. Since the temperature is lower in the regenerator, there 
is of course a loss of availability and consequently a net loss in 
the cycle. 

In this analysis the authors have assumed that the effective- 
ness of the regenerator is unaffected by the pressure drop. This 
is partly justified in Appendix 3, in which it is shown that the 
weight rate of flow of the working substances increases. Then, 
if the over-all coefficient of heat transfer increases in the same 
proportion, the effectiveness of the regenerator is unaffected and 
becomes essentially a design constant whose magnitude depends 
upon the extent of heat-transfer surface. Since this assumption 
is necessary in order to arrive at the conclusions as given, the 
analysis could be strengthened considerably if this assumption 
could be proved or at least more fully justified. 


W. M. Rousenow.® The effect of pressure drop on the gas- 
turbine evele is very well portrayed in the authors’ curves, but 
their results are of even more generality than one deduces from 
Fig. 1. In this figure the pressure drop is shown to occur at the 
turbine inlet alone. Their results are applicable when the pres- 
sure drop occurs at any point in the cycle, provided the pressure 
drop is expressed as per cent of the absolute pressure existing in 
the region in which the pressure drop occurs. 

For example, a pressure drop in the turbine-exhaust ducting of 
1 per cent of the exhaust pressure has to a first approximation 
the same effect on cycle efficiency as does a pressure drop in the 
turbine-inlet ducting of 1 per cent of the turbine-inlet pressure. 
This can be readily proved by writing the thermodynamic equa- 
tions for expansion through the turbine. Then the per cent 
pressure-drop figures given in the paper may be considered as 
being computed from the equation 


AP; 


4P AP, AP, 
3 


where the subscripts refer to pressure drops at various points in 
the cycle such as regenerator, combustion chamber, inlet, and 
exhaust ducting to compressors and turbines, intercoolers, ete. 


B. G. A. Skrotzk1.’? To students of gas-turbine-cycle per- 
formance, this paper is a welcome addition to the literature of 
the field. 

In arriving at optimum thermal-efficiency points, the paper 
utilizes the fundamental thermodynamic relations which results 
in rather complicated equations. The authors point out that 
their methods agree closely with calculations based upon the 
Keenan and Kaye air tables. Since these tables seem to have 
wide acceptance in the field, it is desirable to have a method of 
determining optimum performance points based upon them. 

Such a method was developed by the writer in calculating gas- 
turbine performance charts.’ In Fig. 10 of this discussion are 
shown the fundamental gas-turbine cycle and derivation of the 
equations defining the conditions for optimum performance. 


‘Associate Professor of Heat Power Engineering, Cornell Uni- 
versity, Ithaca, N. Y. 

‘Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. A.S.M.E. 

” Associate Editor, Power, New York, N. Y. Mem. A.S.M.E. 
* See authors’ Bibliography (3). 


YELLOTT, LYPE—SOME EFFECTS OF PRESSURE LOSS ON OPEN-CYCLE GAS-TURBINE POWER PLANT 


6 e 
(VV \ 
5 
& 
7urb 
Pe 
When e is a maximum 
then 
dw dQa 
[21] 
[22] 
Ne 
where and We are isentropic processes. 
Ww 
Qa = hs (al nr) + nr(he —ntW (23] 
Substituting in Equation [21] 
dw: 1 dWe 
(a nr) (he hi) me aR 
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In Equation [19] herewith, for thermal efficiency, e, the net 
work output is W in Btu per pound of air, and Q, is the heat 
added to the cycle in the furnace also in Btu per pound of air. 
To find maximum efficiency, differentiate e in respect to the pres- 
sure ratio 2 and equate to zero as in Equation [20]. Performing 
the operation and clearing we have Equation [21], defining the 
conditions for maximum efficiency, e. 

Now W is defined by Equation [22] where n, and n, are ma- 
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chine efficiencies of turbine and compressor and W, and W, are 
the ideal isentropic works of these components. In Equation 
[23], evaluating Q,, n, is the regenerator effectiveness, and the 
enthalpies can be identified from the circuit diagram in Fig. 10. 
Substituting Equations [22] and [23] in Equation [21], and 
clearing, we have Equation [24] as the fundamental relationship 
satisfying conditions of maximum thermal efficiency. We can 
designate the left-hand and right-hand quantities as A and B. 
This equation, asin the present paper, must be solved graphically. 
All of these terms are constants for any given conditions except 
the works and their differentials. 

These latter quantities are obtained from the curves in Fig. 11 
of this discussion. The two left-hand graphs are plotted directly 
from the Keenan and Kaye air tables and give the isentropic 
works for turbine and compressor for given inlet temperatures 
over a range of pressure ratios. The right-hand graphs contain 
curves which are the first derivatives in respect to R of the curves 
in the left-hand graphs. They were simply obtained, by the usual 
graphical method, from the left-hand curves. 

Since all the exponential terms are taken care of in the air 
tables, this method is not quite as formidable mathematically as 
the authors’ method in determining optimum pressure ratios. 


AvuTHoRsS’ CLOSURE 


The authors are highly gratified by the interest in their paper 
shown by the various discussers, and particularly by the recogni- 
tion given by their fellow engineers in awarding them the A.S.M.E. 
Oil and Gas Power Division Scroll. 

In Mr. Conta’s discussion, a justification is requested of our 
statement that the ratio of air flow to over-all heat-transfer co- 
efficient in the regenerator remains practically constant for vari- 
ous flow rates. That this is true for the kind of variation of the 
flow rate encountered in gas-turbine operation can be shown in the 
following way: 

Comparing two operating conditions of the same regenerator 
under approximately equal temperatures, one with flow rate G, 
and heat-transfer rate U, and the other with flow rate G,’ and 
heat-transfer rate U’, the effectiveness in either case is, according 
to Equation [12] 


Equation [12a] can be written 

1 
G,'/U' 
G,/U UA 


= 


i+ 
From Equation [12] is obtained 


Substituting this in Equation [26] gives 
1 


It must now be shown that for the ranges of variables in ques» 
tion 


+00 [27] 
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For gas to gas heat transfer, where the resistance through the 
heat-transfer surface can be neglected, the over-all heat-transfer 
rate is given by the relation 


. [29] 


where subscript ¢ = inside, subscript 0 = outside of the heating 
surface. The film coefficients h; and h, for air are given by the 
following relations. 

Flow inside tubes® 


(Nu); = 0.02 (Re),"*.. 
Flow outside tubes'® 
(Nu), = 0.40 (Re),"”?. 
(for staggered tube banks, transverse spacing 2.00, longitudinal 


spacing 1.25) where 


AD | 
Nu = - (32); Re 


Substituting Equation [32] in Equation [29] 
1 D D 
Substituting Equations [30] and [31] 


50D 2.5D 
= (Re), + 


1 
Substituting Equations [33] and [34] 


1 50D 2.5D (u,A,\"" 
Uk, k, \G.D 
As an approximation, viscosity 4» and.conductivity & may be 
evaluated for the inside and outside air flow at the same average 
temperature. ; 
Then 
ig 90 / 2.5 


2.5 
= A.u)‘/* (G,'D)'/* + — (A.u)‘/7 (G,’D)*" 
iL (Ayu) /* (G,'D)/* + (A,u) (G,'D) 


whence 


Ms Agu 
G,'/U’ so ( wt) + 2.5 


(Aw \" (42 
so G,”* +.2.5 D 


or, from Equation [33] and [34] 


*“Heat Transmission,’”’ by W. H. MacAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1942, p- 170, 
equation [4f]. 

10 [bid., p. 226, Equation [7]; and p. 228, table 5. 
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(Re’),*/* 
(Re’),‘/7 
(Re),;‘/8 


20 + 


20 + 


The numerical value of the right-hand term in Equation [35] 
must now be ascertained. This may be done for the following ex- 
ample: The change in operating conditions may consist in a drop 
of the outside temperature from 70 F to0 F. The amount of air 
drawn in by the compressor increases by the ratio 

G,’ 530 
— = — = 1.152 
G, 460 


According to Equation [33], Re increases by the same ratio. 
With the abbreviation 


(Re 


= (Re ? 


Equation [35] can be written for this particular example 


20 1.033. 
= 1.029 — = _ 
20 + NX 


4 


a 1.029 | 1 + 0.033 — 


Without knowledge of Re and, consequently, of X, it is obvious 
that for XY < 20 
0" 
— a 1.029 
G,/l 
for X > 20 
Ga 1.029 X 1.033 = 1.063 
G,/U 026 P 


Substituting these values into Equation [27], it is found that np’ 
lies between the two limits 
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1 1 


1 
1 + 1.063 (— — 1) 1 + 1.029 (— 1) 
"R "R 


[37] 


If, for example, ng = 0.60, then the present example yields for 
nr’, from Equation [37] 


0.585 < np’ < 0.593 


The example shows that a 15 per cent increase in flow causes an 
Ga a between 2.9 and 6.3 per cent and 
G,/L 
decreases the regenerator effectiveness by only 1.2 to 2.5 per cent. 
This corroborates the authors’ statement that the regenerator 
effectiveness is practically independent of the ratio G,/U. This 
calculation was omitted in the paper in the interest of brevity. 
Mr. Rohsenow calls attention to the fact that the relative pres- 
sure loss can be composed of any number of individual pressure 
losses, at least as a first-order approximation. In this case the 


pressure ratio a in Equation [8] would be given by the relation 


increase of the quantity 


Mr. Skrotzki proposes a method in which the results of the pres- 
ent paper would be obtained by evaluating the work functions 
and their differentials from the curves in his Fig. 11. This 
method is correct and essentially identical with that presented in 
the paper. However, the authors believe that it is practically 
impossible to obtain from the graphs results sufficiently accurate 
in order to establish from them the authors’ Figs. 8 and 9. For 
this purpose it will be necessary to resort to analytical methods. 
Moreover, developing by graphical methods the curves for the 
differentials in the discusser’s Fig. 11 is no small job either. 

Mr. Ellenwood raises a point upon which the authors heartily 
agree with him. It is the policy of the Society’s publications to 
present illustrations to a reduced scale, as the discusser will notice 
by reading this paper in printed form. For this reason it seems 
inadvisable to include more lettering on the graphs. 
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Internal-Shoe Clutches and Brakes 


By O. VON MEHREN,' LORAIN, OHIO 


Too often the design of internal-shoe clutches is treated 
inadequately, in some cases even, dependence being placed 
upon empirical formulas which fail to provide complete 
utilization of the potential capacities of this type of unit. 
The author discusses these shortcomings of current prac- 
tice and presents the problems in connection with this 
type of clutch or brake which require classification. An 
exact method with relative formulas is provided for the 
necessary design calculations. The text is supplemented 
by appendixes in which the derivation of the formulas is 
given, as well as a mathematical analysis of the entire de- 
sign problem. 


INTRODUCTION 


HE various types of friction clutches or brakes can be 
broadly classified under the following: 


1 The wrapping or expanding-band type. 
2 The disk or cone type. 
3 The internal-shoe type. 


The first two classifications are quite well covered by existing 
literature and no further mention will be made of them here. 

Type 3, however, which in the last few years has become more 
and more favorably considered by designing engineers and 
manufacturers, has been treated inadequately, in spite of its 
proved superiority. 

Beyond the narrow circle of a few specialists, it is now quite 
difficult for an engineer to attack the problem of designing one of 
these units. Scant or no information concerning them is availa- 
ble, even in the best of engineering textbooks or handbooks, 
and the derivation of the proper design formulas requires a some- 
what involved mathematical analysis of the entire problem. 
This, in turn, needs to be based upon a thorough understanding of 
the manner in which the basic physical laws manifest themselves 
in this application. 

In fact, from a survey of the various internal-shoe clutches or 
brakes now being manufactured, it would appear that in some 
cases, their design has been based upon empirical formulas which 
fail to provide a complete utilization of the potential capacities of 
these units. 

It is the purpose of the author to discuss here the problems 
connected with this type of clutch or brake, and to provide an 
exact method, with relative formulas, for the necessary design 
calculations. The derivation of the formulas will appear in a 
mathematical analysis of the entire problem in the Appendixes. 

It will be well to start with the premise that a clutch and brake 
are substantially the same unit. The unit is a clutch when it is 
used first to accelerate and then to sustain the motion of a body 
originally at rest; it is a brake when it is used first to decelerate 
and then to stop a body originally in motion. 

The only difference between the two applications is presented 
by the problem of heat dissipation. In both cases the acceler- 


' Assistant Chief Engineer, Thew Shovel Company. 

Cc ontributed by the Machine Design Division and presented at the 
Semi-Annual Meeting, Chicago, Ill., June 16-19, 1947, of Tue 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


ation or deceleration of the body implies a certain amount of 
slippage between two rubbing surfaces, with consequent heat 
generation. The amount of heat generated in a given time 
period is a function of the operating cycle for any particular 
application. In the case of a clutch, this can be controlled, to a 
certain extent, by providing members of sufficiently large 
capacity to keep the amount of slipping down to a proportion 
merely compatible with a smooth performance of the machine to 
which the clutch is applied. In the case of a brake, instead, the 
operating cycle and the kinetic energy of the members to be de- 
celerated or stopped are the only, and unalterable factors which 
determine the amount of heat generated and to be dissipated in a 
given time period. 

Sometimes the same unit is used alternately for both purposes, 
as in its application in the type of machine to the development of 
which the author is at present contributing. In such cases the 
problem of heat. dissipation becomes acute, as the efficiency of 
the whole machine depends upon the ability of the same unit to 
accelerate a mass immediately after it has been used to stop it, or 
vice versa. We shall return later to this problem of heat dissipa- 
tion. 

Let us now consider the unit from its functional standpoint. 
In its essentials, the unit consists mainly of the concentric assem- 
bly of a drum free to rotate on a shaft, the latter being rigidly 
attached to a spider which carries a set of shoes (usually two), so 
arranged that they can be forced against the inner cylindrical face 
of the drum to co-operate with it through a frictional engagement 
between them. Two distinct types must be considered: (1) 
The type in which the shoe is pivoted on a pin rigidly attached to 
the spider, which we shall call an “‘internal-shoe clutch with fixed 
anchor.” (2) The type in which the shoe is pivoted on a pin 
carried by one end of a link, the other end of which is, in turn, 
pivoted on a pin rigidly attached to the spider. This we shall 
call an “internal-shoe clutch with floating anchor.” 


INTERNAL-SHOE Ciutcu Fixep ANCHOR? 


Referring to Fig. 1, we see the vital elements of the unit in their 
relation to each other. A drum M is concentrically adapted to 
rotate on a shaft O to which a spider N is rigidly attached. A pin 
A rigidly attached to this spider serves as a pivot for the shoe Q, 
which is adapted to contact the inner cylindrical face of the drum 
M through a lining LZ having a high coefficient of friction. The 
force G is applied against the toe of the shoe in order to establish 
this contact. 

Assuming that spider and shoe are rotating in the direction of 
arrow V, and with the force G applied to the shoe, the reaction of 
the drum on the shoe will manifest itself through a set of radial 
forces F and a corresponding set of tangential forces FE, acting 
upon the contact surface of the shoe lining. 

These two sets of forces tend to rotate the shoe in opposite 
directions around its pivot A. It is evident that if the moments 
of these two sets of forces about A equal each other, no force G 
will be necessary to hold the shoe in-contact with the drum, and 
if the moment due to the forces EZ is larger than the one due to the 
forces F, a negative force G will actually be needed to disengage 
the shoe from the drum. In either of these cases the shoe is self- 
locking because of an excess of self-energizing caused by forces E. 


2 For the derivation of the formulas given in this section, see 
Appendix 1. 
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The forces E are nothing but the forces F multiplied by the 
coefficient of friction of the lining material. The forces F, in turn 
are a function of the torque the unit has to transmit. Hence for 
a given torque, size of drum, coefficient of friction and angular 
extent of the contact surface, the only factor which can be 
varied, in order to obtain the proper proportion between the two 
moments will be the distance of the pin A from the center of the 
unit, namely, the distance a. 

Therefore the first step in designing such a clutch will be to 
locate A. 

Point A is located in such manner that the shoe will become 
self-locking, i.e., the two moments about A are equal, for a co- 
efficient of friction f; about 20 per cent larger than the normal 
coefficient of friction f, quoted'’by the lining manufacturer. This 
will provide a sufficiently large safety factor to insure against the 
shoe ever becoming self-locking, without affecting too greatly 
the self-energizing quality of the design which helps to reduce the 
magnitude of the required operating force G. 

On this basis, the distance a is given by Equation [7] in Appen- 
dix 1, where r is the drum radius, and a, 8, y are the angles shown 
in Fig. i. 

The choice of the angles a, 8, and is guided by the desirability 
of a symmetrical distribution of the pressure exerted by the 
forces F on the whole extent of the lining L. 

For any angle ¢, this pressure P is given by Equation [13] in 
Appendix 1, where 7 is the torque to be transmitted by the shoe, 
w is the width of the lining, and f is the design coefficient of fric- 
tion. As for this design coefficient of friction, a value is usually 
chosen about 25 per cent smaller than the normal value f, quoted 
by the lining manufacturer. This is the value used in all the 
design formulas, except in the one giving the location of the pin 
A where, as we have already seen, a value f; = 1.2 f, is used. 

The expression giving us P clearly indicates that the maximum 
pressure will be at ¢ = 90deg. Hence if we make 6'= 180 deg— 
y, the pressure will be symmetrically distributed. It is seldom 
advantageous to make a@ larger than 120 deg, i.e., y = 30 deg, 
B = 150 deg. 

With the pin A properly located, we can now determine the 
moments of the forces F and E about A. 

If we indicate the moments of the forces F and EZ by M, and 
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My, respectively, their value is given by Equations [14] and [15] 
in Appendix 1. 

Then, for a chosen arm length 6, the required force G will be as 
indicated by Equation [9]. 

The forces acting on the pin A will be the sum of all the forces 
acting on the shoe. These forces are as follows: 


“1 The sum of all the components of the forces F and £, 
normal to the line OA, which we shall eall R). 
2 The sum of all the components of the forces F and E, parallel 
to the line OA, which we shall call Rs. 
3 The force G transferred to A. 


The forces Ri, R:, and their resultant R are given by Equations 
[28], [29], and [30] in Appendix 1. 

The resultant R will make with R; an angle ¢ as given by Equa- 
tion [31]. 

To this resultant R we must now add G. If we denote by ¢ 
the angle b makes with O.1, the total force H on the pin A will be 
given, then, by Equation [32], and it will make with R an angle » 
as given by Equation [33], so that H will make with R; a total 
angle 6, as given by Equation [34]. 

With these calculations completed, we can proceed with a lay- 
out of the clutch, proper consideration being given to the strength 
of the various elements in relation to the forces acting upon them. 

What about the performance of such a clutch? 

It will be self-evident to anyone examining this problem that 
good performance of any such device requires complete contact 
between shoe and drum. 

As it can well be surmised, unavoidable manufacturing toler- 
ances make this requirement hard to attain. Even if shoe and 
drum are perfectly machined, a slight variation in the location of 
the anchor pin may destroy the possibility of full contact. This 
is usually remedied by using an adjustable eccentric pin or bush- 
ing so that, at assembly, proper contact can be secured. But even 
with the anchor pin properly located, a slight eccentricity of the 
drum may affect that completeness of contact sufficiently to 
lower appreciably the capacity of the unit. 

Consequently, while such a clutch is extremely simple in its 
construction, it is well to design it with ample margin in relation 
to its capacity. 

This cannot be obtained by simply widening the lining, for, as 
can be seen in the formulas mentioned, the term w which indi- 
cates the lining width appears only in the formula used to deter- 
mine the lining pressure. 

An increase in the length of the lining is also of small effect. 
The best thing to do is to increase the radius of the drum and 
calculate the clutch on the basis of a coefficient of friction much 
lower than the usual 0.75 fy. 

Such a clutch, if not designed with a sufficient capacity margin, 
will cause undue slippage with consequent excessive heat genera- 
tion and its harmful effects. 

The thought naturally occurs to try to remedy this weakness 
by having another force act on the heel of the shoe so that the shoe 
can fit itself against the inner face of the drum irrespective of any 
eccentricity. 

This is quite satisfactorily attained with the type of clutch dis- 
cussed in the next section. 


INTERNAL-SHOE CLUTCH WITH FLOATING ANCHOR? 


In Fig. 2 we have the same elements as in the fixed-anchor-type 
clutch discussed in the preceding section, i.e., a drum M, a spider 
N, a shoe Q, and its lining L. The only difference lies in the 
method of anchoring the shoe onto the spider. Here the pin 4 


8 For derivation of the formulas given in this section, see Appendix 
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is located within the active angular sector of the shoe and is 
carried by one end of a link which, in turn, is pivoted at its other 
end on a pin X, carried by the spider V. 

Several variations of this construction have been introduced, 
which attempt to duplicate its functional characteristics with 
somewhat different means. The general principle, however, re- 
mains, for all of them, founded upon utilizing the forces acting on 
the shoe in a general tangential direction to generate an outward 
force ‘along OA, so as to press the heel of the shoe against the 
drum. 

While the mathematical analysis of this type is more involved 
than in the case of the fixed-anchor type, as it can be seen by 
comparing Appendix 2 with Appendix 1, nevertheless, once the 
proper formulas have been derived, the task of calculating one of 
these clutches is not particularly complicated. 

Here, too, we depart from what we wish to accomplish, and 
gradually find our way to the means to be used. 

As in the case of the fixed-anchor-type clutch, we want the 
pressure on the lining to be symmetrically distributed about its 
center. In order to do so, the angle 8 in Fig. 2 must be made 
equal to 90 deg—a, in which @ is a negative angle, the radial line 
OA being considered as the zero, for any angle. As in the case of 
the fixed-anchor type again, it is considered good practice to 
make the shoe extend through an angle of 120 deg, in which case 
-15 deg, 8 = 105 deg. 

In any case, for a given drum radius r and a given lining width 
w, the lining pressure P for any angle ¢ will be given by Equation 
[41] in Appendix 2, where AK is a constant factor which, for a 
torque 7’ to be carried by the shoe and for a given design coeffi- 
cient of friction f, is given by Equation [48]. As for this design 
coefficient of friction f, it is well to choose a value equal to 0.75 the 
normal coefficient f, quoted by the lining manufacturer. 

This pressure is obtained by pressing the shoe against the drum, 
and the drum reaction on the shoe will be represented by a set of 
radial forces F. If now we assume that the shoe is rotating in the 
direction of arrow V, the friction forces will react on the shoe 
through a set of forces E, which are nothing but the radial forces F 
multiplied by the coefficient of friction f. 

If we assume the pin A to be fixed on the spider, these forces F 
and FE tend to rotate the shoe about A in opposite directions, so 
that if their moments about A were equal the shoe would lock 
itself against the drum. Such self-locking should be avoided. 
In order to provide against it, the pin A should be so located that 
the shoe can become self-locking only at or above a theoretical 
value of the coefficient of friction, which we are sure the lining 
material cannot give us. Then, having chosen a value f; = 1.2f,, 
we calculate the distance a according to Equation [51]. 

Having thus located the pin A, the moment M, of the forces F 
about A will be given by Equation [49] where fis again the design 
coefficient of friction equal to 0.75f,, and the moment M; of the 
forces E about A will be given by Equation [50]. 

Since M,, will be larger than My, a force G acting about A 
through a lever arm } will be needed to keep the shoe on the 
drum. However, in this case we cannot choose either quantity 
at our own discretion. We must not forget that the pin A is still 
floating, and we must provide a force along OA to keep it in place. 
We shall now find this force. 

In order to do so we find the forces acting on A as a consequence 
of the forces F and E acting on the shoe. These forces can be 
represented by two components, one normal to OA and repre- 
sented by Ri, which is the sum of all the components in the same 
normal direction of both sets of forces F and EF, the other one 
along OA and represented by R:, which is the sum of all the com- 
ponents in a direction parallel to OA of both sets of forces F and 
E. Force R, is given by Equation [66] and R, by Equation [65], 
respectively. 
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If we substitute the value f, for that of f in these equations 
then, since the shoe would be self-locking, no other force would 
come into play. In this case the resultant of R; and R2, both of 
them calculated with f; as a coefficient of friction, will make an 
angle 7 with OA as indicated by Equation [67]. Consequently, 
if we locate the link AX at this angle with OA, and if we have a 
coefficient of friction of a value f;, the shoe would be entirely self- 
locking, because the moment of R; about X would balance the 
moment of R2 about the same point. 

Having thus located AX at an angle y with OA, we apply the 
real R; and R:, calculated on the basis of the design coefficient of 
friction f instead of fi, and we find that while both values are 
larger, the rate of increase is such that the moment of R; about X 
no longer balances the moment of R2. An additional outward 
force along OA is needed to keep the heel of the shoe against the 
drum. Here we make use of the force G through the bearing 
reaction it engenders at A. The angle ¢ directing this force G 
must now be determined. For the sake of simplicity we 
assume first that ¢ = zero. In such a case, then, the force 
would be directed parallel to OA, its value would be given by 
Equation [68], and the length of the arm 6 by Equation [69]. 
The total force F,; along AX would be given by Equation [70]. 

An actual layout of the unit with these calculated dimensions, 
however, might prove that the location of the actual force @ at 
the end of the arm } might not be suitable to space availabilities. 
In such case a point of application for the force G would have to 
be chosen first, say, along OJ. It will be found, however, that if 
the distance g is shorter than the one previously obtained, the 
force G will make a positive angle ¢ with OA, as shown in Fig. 2; 
vice versa, a negative angle ¢ will be obtained if the chosen distance 
g is larger. 

In order to find this angle ¢, we first find h as in Equation [71] 
and then the angle e as in Equation [72]. The angle ¢ can now 
be found as in Equation [77] recalling what has already been 
mentioned concerning the sign of this angle. Then the length of 
the arm } will be found in Equation [73] and finally G will be 
given by Equation [46]. 

The new forces acting on A will be now Ry, and Ry, as given by 
Equations [78] and [79], where R,; and R; have been figured on 
the basis of the design coefficient of friction f, and G, and G; are 
given by Equations [74] and [75], respectively. The final total 
force F, along AX will be obtained through Equation [80]. 
Having thus provided an exact method for calculating this type 
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of clutch, it is not superfluous to call the reader’s attention to the 
importance of directing the force G properly. It is only with a 
properly directed operating force that such a clutch can give its 
best performance. This point needs to be stressed because, 
apparently, little attention has been paid to this phase of the 
design, in spite of the fact that it is one of the basic requirements 
to be fulfilled in order that all the excellent features of this type of 
clutch may be usefully exploited. 

The self-energizing quality of this clutch is excellent; the force 
R, changes in inverse relation to the coefficient of friction, so that, 
within certain limits, the lining pressure is also made to vary in 
inverse relation to the coefficient of friction, which is very desira- 
ble. 

Such a clutch is entirely self-seating and self-centering, in spite 
of any eccentricity of the drum. 

The length of the link AX does not enter into the calculations 
proper, but it should be made as large as possible to minimize the 
change in the original angle y due to lining wear. 


Heat DissipATION IN CLUTCHES AND BRAKES 


A most important problem in clutch or brake design, the solu- 
tion of which actually determines the ultimate capacity of the 
unit, is the one of dissipating the heat generated by the unavoida- 
ble slippages in clutch and brake operation. Improper or in- 
sufficient heat dissipation may ruin an otherwise well-designed 
unit. 

The ill effects of inadequate heat dissipation may be summa- 
rized as follows: 

Excessive Expansion and Possible Distortion of Drum and Shoe. 
Since the heat is generated at the drum-lining contact sur- 
face, one can assume that about 75 per cent of the heat so gener- 
ated is absorbed by the drum, and 25 per cent of it is transmitted 
onto the shoe proper through the lining, especially if the latter 
includes a certain amount of metallic conductor. If the unit has 
sufficient heat-dissipating capacity, this differential in heat dis- 
tribution can be kept, and shoe and drum can be designed to in- 
sure that their expansion takes place in compensatory propor- 
tions. Poor heat dissipation in the drum will cause the drum 
ring to reach such high temperatures that it may begin to radiate 
its own heat on the shoe itself through the backing plate, and the 
differential in heat distribution between drum and shoe may be- 
come so small that the shoe, originally designed to follow the drum 
expansion when at a lower temperature, will now expand more 
than the drum and will thus alter the extent of the contact surface 
to a point where the clutch is unable to transmit the torque im- 
pressed upon it. This causes additional slippage with consequent 
additional heat generation. In other words, the effects of poor 
heat dissipation are cumulative. 

In the design of the shoe proper, one must also keep in mind 
that for a given radiating ability of the shoe, the existing differ- 
ential in temperature between the outer rim of the shoe, and the 
inner edge of the shoe web may be exploited to insure the proper 
direction of expansion of the shoe asa whole. Again, however, if 
the shoe does not dissipate heat as fast as it receives it, after 
having reached a predetermined temperature, this differential be- 
tween rim and web may become so small that there is no more 
control upon the direction of its expansion. Also, excessive 
temperatures may cause permanent distortions on both shoe and 
drum which again become cumulative through repeated over- 
heating. 

Lowering Effectiveness of Lining. At excessive temperatures, 
all brake or clutch linings begin to sweat out some of the resinous 
oils which are used in the bonding compound. When this hap- 
pens we actually have a lubricating film between lining and 
drum with consequent lowering of the coefficient of friction, fur- 
ther slippage, and additional heat generation. 
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These considerations lead us to the following rules: 


1 Shoe and drum must be in complete contact with each other 
over the whole extent of the lining. In order to insure this, the 
shoe rim must be machined to the proper radius and, in the case 
of the fixed-anchor type of shoe, an adjustable eccentrie pin, or 
bushing, must be provided to center the shoe properly. In the 
case of the linked-anchor type of shoe, no adjustment is needed 
for this purpose, for the shoe is self-centering. 

2 An operating-temperature range having been selected 
(usually 300 to 350 F on the drum), drum and shoe must be so 
designed, the materials and outer surfaces so chosen, that the 
heat-dissipating ability of shoe and drum will so match the rat« 
of heat generation that the elements of the clutch or brake will be 
kept within the specified range of temperature. Also, proper 
consideration must be given to the temperature differential, so 
that shoe and drum will compensate their respective expansion 
and maintain the full original lining contact. A plain rusty or 
oxidized surface, as a rule, gives the best results in the way of 
heat-radiating properties, for the coefficient of radiation of such 
surfaces is the nearest to that of the perfect black body. Of 
course the ambient temperature must be taken into account, for 
the effectiveness of heat-dissipating surface is a function of the 
difference in temperature between the radiating body and the 
surrounding medium. 


CONCLUSION 


A well-designed clutch or brake, of the internal-shoe type, will 
have the following basic features: 


1 It will be based upon a relatively low pressure on the lining. 

2 It will insure at all times the proper full contact between 
shoe lining and drum. 

3 It will make full use of its self-energizing property, without 
ever becoming self-locking, through proper location of the anchor 
pin; and in the case of the floating-anchor type, also by position- 
ing properly the link and the operating force. 

4 It will have such extent and quality of radiating surface us 
to keep the unit within its operating-temperature range, through 
prompt dissipation of the heat generated during the operating 
eycle of its application. 

5 Its materials and contour, especially in the shoe, will be 
such that, in consideration of temperature differentials between 
the various parts of both drum and shoe, the expansion of drum 
and shoe will be so controlled that the original full lining contact 
is maintained through its operating-temperature range. 


Appendix 1 
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In Fig. 3 let the shoe be anchored at A, at a distance a from 
the center O of the drum, and let the lining of the shoe extend 
through an angle a = 8— y. We assume that the drum and the 
shoe are rigid, hence any deformation due to the pressing of the 
shoe against the drum will take place in the lining. The shoe and 
drum being rigid, the deformation of the lining at any point, and 


. in a direction normal to any radius c, will be then proportional to 


the radius c, because all the radii c to all the points of the lining 
contact surface will move by the same angle about A and will 
necessarily describe, at their extreme end, arcs of a length 
directly proportional to the length of the radius ¢ in question. 
The pressure normal to c at any point of the lining contact 
surface, causing such proportional deformation, must be caused 
then by a constant factor, and can be expressed by Ke. 

The corresponding radial pressure will be P = Ke sin 4, as 
can be seen from Fig. 3. Then, since c sin § = asin ¢, we have 
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Fic. 3) INTERNAL-SHOE CLUTCH; FIxep ANCHOR 
(fn = normal coefficient of friction.) 


The distance a having been determined by the method ex- 
plained hereafter, Equation [1] shows that the maximum unit 
pressure on the lining will be at a point where the drum radius 
makes an angle of 90 deg with OA. Then, for any allowable maxi- 
mum lining pressure P;, we have 


a 


K .[2] 


The substitution of this value of K in Equation [1] will enable 
us to determine the unit pressure at any point on the lining con- 
tact surface. 

The width of the lining being w, the total force exerted upon an 
elementary areadA = wds = wrd¢ of the lining will be 


F = PdA = Kwar sin ¢dg.............. [3] 
and the corresponding tangential force will be 

E = fF = fKwar sin gdy................ [4] 
where f is the design coefficient of friction. 


The forces in Equation [3] act about A through an arm (a sin 
¢), hence the total moment of these forces about A is 


8 
Mn = f (Kwar sin ¢gd¢) (a sin ¢) 
7 


Kwa?’r 


(2a + sin 2y — sin 28)... .[5] 


The forces in Equation [4] act about A through an arm (r — a 
cos ¢), hence the total moment of these forces about A is 
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B 
Mf = - (fKwar sin gdg)(r — a cos ¢) 


{Kwar 


[2r(cos y — cos 8B) — a(sin? 8 — sin? y)]}... .[6] 


These two moments being of opposite directions, it is evident 
that, if they equal each other, no other force will be required to 
keep the shoe in contact with the drum, and the clutch will be 
self-locking. 

A well-designed clutch will be based upon a design coefficient 
of friction f about 0.75 the normal coefficient fn of the lining ma- 
terial, and will become self-locking only for a value of the co- 
efficient of friction f; about 20 per cent above the said normal 
coefficient fn. Hence if we make M, = M, and we substitute f; 
for f, we can determine the proper length of the distance a which 
becomes 


4fir(eos y — cos 8) 


or, if a is given, the coefficient of friction f,, at which the clutch 


will become self-locking, will be expressed by 


_ a(2a + sin 2y — sin 28) 
2[(2r(cos y — cos 8) — a(sin? 8 — sin? y)] 


fi 


Since, then, under normal operating conditions the coefficient 
of friction is smaller than f,, M,, will be greater than M, and the 
unbalanced moment will have to be compensated by an opposing 
moment generated by a force G operating about A through an 
arm b; hence 


The torque capacity of the shoe will be expressed by the mo- 
ment of the tangential forces in Equation [4] about O through the 
arm r; hence 


B 
T= f fKwar? sin gdg = fKwar? (cosy — cos 8). .[10] 


from which we derive 


T 
K 


fwar?(cos y — cos 8) 


The torque capacity of the shoe can also be derived from the 
maximum allowable unit pressure on the lining and from the 
angular extent of the lining; in fact, by substituting for K, in 
Equation [10], its value as derived in Equation [2], we have 


T = P,fwr*(cos y — cos B)............. [12] 


By substituting the value of K derived in Equation [11] in 
Equations [1], [5], and [6], these become, respectively 


a T sin ¢ 13 

= [13] 

= Ta(2a + sin 27 — sin 28) 14 

[14] 
a 

M, = — (cos y + cos 8)].......... [15] 


We must now determine the reaction of pin A. This reaction 
will have to balance all the forces acting on pin A. To find the 
sum of all these forces, the radial and tangential forces Equations 
[3] and [4] are first resolved into their components normal and 
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parallel to OA; then the totals of these normal and parallel com- 
ponents are transferred to A, and their resultant is obtained. 
The total force acting on A will then be this resultant plus the 
force G transferred to A. 

The normal component of F is 


F, = F sin ¢ = Kwar sin? ¢deg 
and the summation of all these normal components is 
Kwar 
=F, = f Kwar sin? ¢dg = r (2a + sin 2y — sin 28) 
The parallel component of F is 
.F, = F cos ¢ = Kwar sin ¢ cos ¢gdg 


and the summation of all these parallel components is 


8 
=F. = i Kwar sin ¢ cos gdg = ° (sin? 8 — sin? y) 


The normal component of £ is 
E, = E cos ¢ = fKwar sin ¢ cos ¢dg 


and the summation of all these normal components is 


8 
K 
rE, = {Kwar sin ¢ cos gdg = (sin? 8 — sin? 


The parallel component of E is 
E, = E sin ¢ = fKwar sin? gdg 


and the summation of all these parallel components is 


B 
Kw 
= (2a + sin 2y — sin 28) 
7 
[23] 


By substituting the value of AK given by Equation [11], ex- 
pressions [17], [19], [21], and [23] become, respectively 
T(2a + sin 2y — sin 28) 


. 4fr(cos y — cos 8) 


T(sin? 8 — sin? y) 
7 2fr(cos y — cos B) 


T (sin? B — sin® 


pi 2r(cos y — cos 8) 


ES T(2a@ + sin 2y — sin 28) 
4r(cos y — cos 8) 


The total normal force at A will be 


T[2a + sin 2y — sin 28 + 2f(sin? 8 — sin? y)] 
4fr(cos y — cos B) 


R, = = 


The total parallel force at A, keeping in mind that =F; and ZF, 
may be of opposite direction, is 
= =F, DE, 


T(2(sin? 8 — sin? y) + f(2a + sin 2y — sin 28)] 
4fr(cos y — cos B) i 


. 
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The resultant force will be 


and it will make with R; an angle 


The angle b makes with OA being ¢, the total force at A will be 


H = VR? + G?— 2RG cos (e + ....... .[32] 
and it will make with FR an angle 


, @ sin (e + $) 


n = sin 


so that H will make with R; an angle 


It will be useful to note here that the forces acting on A are 
partly of internal source and partly of external origin. The latter 
are due to the torque applied on the shoe, while the former are 
due to the force G and the consequent drum reaction on the shoe. 
In fact, it can be shown that if in Equation [28] we make f = fi, 
i.e., if we make the shoe self-locking so that G = zero and no 
forces of internal source are in existence, then R; = T7'/a. 
When R;, is larger than 7'/a (it can never be smaller), the ad- 
ditional part of it is due to the force G and the resulting drum 
reaction on the shoe and consequently is of internal origin. 


Appendix 2 


ANALYSIS OF INTERNAL-SHOE CLuTCH WITH FLOATING ANCHOR 


In Fig. 4 let the shoe be engaged at a point A by a link AY 
pivotedly anchored at XY. Since the point A is free to move about 
X, let us assume, for the moment, that the shoe is absolutely free 
and that it is subjected to two equal radial forces, one along OB, 
which passes through A, and the other along OC at 90 deg from OB. 
In order to determine the radial pressure at any point on the 
lining due to these two forces, we consider them separately and 
assume that the shoe is pivoted at C in the case of the force along 
OB, and at B in the case of the force along OC, following the 
same procedure as if we were analyzing a shaft supported by a 
partial bearing in each instance. 

Let us consider first the effect of the force along OC. The shoe 
being considered as pivoted at B, and shoe and drum being con- 
sidered as being rigid, following the same reasoning as we did for 
the case of the shoe with fixed anchor in Appendix 1, the de- 
formation of the lining at any point will be proportionate to the 
radius c, hence the pressurt in a direction normal to this radius ¢ 
will be Ke. The corresponding radial pressure will be P, = Ke 
sin 6, and, since c sin 6 = rsin ¢, we have 

P, Krein g.................. 
and, for an elementary area dA = wrdg¢ of the lining, the corre- 
sponding radial force will be, if w is the width of the lining 


F, = Kur’ sin gde 


To this radial force, when torque is applied on the shoe, corre- 
sponds the tangential force 


E, = fKwr? sin ¢dg 


where f is the design coefficient of friction. 
If we consider now the force along OB, the shoe being col- 
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Fig. 4 INTERNAL-SHOE CLUTCH; LINKED ANCHOR 
(fn = normal coefficient of friction.) 


sidered as pivoted at C, we have, following the same reasoning as 
just given, a pressure normal to the radius c,; equal to Ayc; to 
which corresponds a radial pressure P, = Kyc; sin 6;, or, since 
sin 6) = rsin 


The corresponding radial force for an area wrdg; will be 


which, when torque is applied on the shoe, engenders a tangential 
force 


E, = fKiwr? sin [40] 


If we make ¢, = ¢, then, since the two radial forces along OB 
and OC have been assumed to be equal, it is evident that P, = Ps, 
F, = = Ey; hence K; = K. 

Then, for any value of ¢ and of ¢; = 90° — ¢, we will have, at 
any point of the lining contact surface, a total radial pressure 


P = Kr(sin ¢ + cos¢)...............[4l] 
and, for an elementary area wrd¢, a total radial force 
F = Kur*(sin ¢ + cos ¢)dg.............[42] 
and a corresponding total tangential force 
E = fKur*(sin ¢ + cos g)dg............ [43] 


Now let us consider the shoe as pivoted on the pin A. If we 
assume for the moment that the pin A is adapted to slide in a 
radial slot along OB, so that the force along OB can have full 
play, and if we assume that the pin A finds itself at a distance a 
from O, we must find the effect of the forces Equations [42] and 
[43] on the shoe when the latter is considered as pivoted at A. 
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In order to do so, we first determine the moment of the forces 
Equation [42] about A. These forces act about A through an 
arm (asin ¢), hence their moment about A will be 
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M,= Kwr*(a sin ¢)(sin ¢ + cos 
a 


Kwar? 


(28 — 2a — sin 28 + sin 2a + 2 sin? 8 — 2 sin? a) 


.. 


Then we determine the moment of the forces Equation [43], 


about A, and, since they act about A through an arm (r — a cos 
y), this moment will be 


M, = z fKur?(r — a cos ¢)(sin ¢ + cos ¢g)de 
a 


fKwr? 


[4r(cos a — cos 8 + sin 8 — sin a) 


+ a(2 sin? a — 2 sin? 8 — 28 + 2a — sin 28 + sin 2a)]...[45] 


It will be well to note here that @ is a negative angle. The 
force G which will have to be applied on the shoe through the 
arm b (b will have to be determined later) will be then 
M,—M, 


G = 


The torque capacity of the shoe will be represented by the 
moment about O of the forces Equation [43] through the arm r, 
hence 


T = ¢ + cos ¢)dy 
z = fKwr*(cos a — cos 8 + sin 8 — sin a)... .[47] 
from which we derive 


— 
fwr'(cos a — cos 8 + sin 8 — sin a) 


If we substitute this value of K in Equations [44] and [45], we 

have, respectively 

Ta(28 — 2a — sin 28 + sin 2a + 2 sin? 8 — 2sin? a) 
4fr(cos a — cos 8 + sin 8 — sin a) 


[50] 


M, = 


where 
a(2 sin? a — 2 sin? 8 — 28 + 2a — sif 28 + sin 2a) 
- 4r(cos a — cos B + sin 8 — sin a) 


A 


Equation [46] tells us that G is zero if M, = M,. Such a con- 
dition would indicate that the shoe is self-locking; this should not 
happen except for a theoretical maximum coefficient of friction f; 
about 20 per cent larger than the normal coefficient of friction f, 
of the lining material. Then if we make M, = M, and if we 
make f = fi, we can derive the minimum value of the distance a, 
which will be 


a= 
4rfi(cos a — cos 8 + sin 8 — sin a) 


(fi + 1)(28 — 2a + 2 sin? 8 — 2 sin? a) + (f; — 1)(sin 28 — sin 2a) 


or, if a is given, the value of f; at which the shoe becomes self- 
locking will be 
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where 


A = a(28 — 2a + 2 sin? B — 2 sin? a — sin 28 + sin 2a) 


B 4r(cos a — cos 8 + sin B — sin a) 


C = a(28 — 2a + 2 sin? 8 — 2 sin? a + sin 28 — sin 2a) 


Just as f; is made about 1.2f,, the design coefficient f is usually 
made about 

So far, we have assumed that we have the required force acting 
on the shoe along OB. We shall now determine this force. In 
order to do so we must find the resultants of all the forces acting 
on the shoe and transfer them to A. We do so by resolving the 
forces in Equations [42] and [43] in two components, one parallel 
to OB, the other normal to it. The parallel component of F will 
be 


hence the total of these components will be 


Kwr? 


4 
(2 sin? 8 — 2 sin? a + 28 — 2a + sin 28 — sin 2a)... 


f Kwur*(sin ¢ + cos ¢) cos gdg = 
a 


The normal component of F will be 


hence the total of these components will be 


Kwr? 


f Kur*(sin ¢ + cos ¢) sin gdg = r 
(28 — 2a + 2sin? 8 — 2 sin? a — sin 28 + sin 2a)... 


= 


The parallel component of F will be 
E, = £ sin ¢ 
hence the total of these components will be 


B 
K op? 
J fKur*(sin ¢ + cos ¢) sin gdg = = 


(28 — 2a + 2 sin? 6 — 2 sin? a — sin 28 + sin 2a)... 
The normal component of £ will be 
E, = E cos ¢ 
hence the total of these components will be 


fKur? 
4 


TE, 


8 
f {Kwr? (sin ¢ + cos ¢) cos gdg = 


(2 sin? 8 — 2 sin? a + 28 — 2a + sin 28 —- sin 2a).. .[60] 


If we substitute in Equations [54], [56], [58], and [60] the value 
of K as derived in Equation [48], they become, respectively 
-F, = T(2 sin? 8 — 2 sin? a + 28 — 2a + sin 28 — sin 2a) 
yee 4fr(cos a — cos 8 + sin 8 — sin a) 


T(28 — 2a + 2 sin? 8 — 2 sin? a — sin 28 + sin 2a) 
4fr(cos a — cos 8 + sin 8 — sin a) 


=F, = 


[62] 
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T(28 — 2a + 2 sin? 8 — 2 sin? a 


~ sin 28 + sin 2a) 


4r(cos a — cos 8 + sin 8B — sin a) 
7 (28 2 sin? 8 — 2 sin? sin 28 — sin 2a) 


4r(cos a — cos B + sin 8 — sin a ) 
.. [64] 
Then the total force along OA will be, noting that SF, and SF, 


are of opposite directions 


>» 


- DE, = 


T( (1 —f)(28 — 2a + 2 sin? 8 — 2 sin? a) + (f + 1)(sin 28 — sin 2a)] 


4fr(cos a — cos 8+ sin 8 —sin 


(65] 


and the total normal force at A will be 
R = SF, + TE = 
TI + 1)(28 — 2a + 2sin? 8 —2 sin? a) + (f— 1)(sin 28 


sin 
4fr(cos a — cos B + sin 8 


sin a) 


When the shoe is self-locking, i.e., in the absence of any force G 
and for f = fi, these are the only forces on the pin A; then it will 
be seen that, if in Equation [66] we make f = fi, it becomes Rk, = 
T/a, which is to be expected. In this case then, if the link AY 
is so located that, if we make f = f,; in both Equations [65] and 
[66], the force R, will engender about X a moment which will 
balance the moment about X engendered by R;. Then the shoe 
will be completely self-locking for f = f;. Hence the minimum 
angle AX may make with OA will be 


R 


2 


with f = f, in both R, and R». 


The link having thus been located, we find that, with a coeffi- 
cient of friction lower than fi, both R; and R: increase, but the 
rate of increase is such that the moment about A generated by R; 
is no longer sufficient to balance the moment generated by R:. 
Consequently, an additional outward force is required along OA 
in order to compensate for this lack of balance. Here we make 
use of the force G, by choosing its direction properly, so that, 
through the bearing reaction it engenders at A, the proper balance 


_ean be established. 


If we assume that the force G is directed in such manner as to 
make an angle ¢ with OA, for the sake of simplicity let us as- 
sume first that ¢ = zero. In this case the magnitude of G will be 


tan y 


where R, and R; have been figured with the design coefficient of 
friction f = 0.75f, instead of f; = 1.2fn. 

This will insure that the resultant of all the forces on the pin A 
will be directed along AX. Having thus found G, for ¢ = zero, 
the length of the lever arm 6 through which it has to operate will 
be given, with reference to Equation [46], by 


and in this case, the total force along AX will be 


F, = VR: + (R: — G)? 


A layout of the unit, however, may prove that the location of 


2a 


(66) 


| 
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the force G as just derived, with ¢ = zero, is unsatisfactory. In 
such case we must choose a point of application, let us say, along 
OJ. We must understand, however, that if the distance g is 
shorter than the one previously obtained, the force G will make 
with OA a positive angle ¢, as shown in Fig. 4; vice versa, if the 
distance g is longer than the one previously obtained for ¢ = zero, 
the angle ¢ will be a negative one. 

In order to find the value of this angle ¢, we proceed as follows: 

Having chosen the distance g, we find that 


h = + a? — 2ga cos B.............[71] 
The angle that A makes with OA will be 
sin 8 

= 


Then, the length of the arm 6 through which G operates will be 


Since G makes with OA an angle ¢, its component parallel to 
OA will be 


while its component normal to OA will be 
G, = Gsin 
Then, in order to maintain our requirements, we must have 


R, — 
° 


M | 
Recalling now that G = —* ; ~ as in Equation [46], and by 


substituting in Equation [76] the values of b, G:, G, derived in 
Equations [73], [74], and [75], we develop Equation [76], solve 
it for ¢, and we obtain 


where 
A = [tan y(R:A sin e — M, + M;) — Rh sin €]? 
B = cos — M, + M, — tan cos «)? 


Remembering that ¢ may be positive or negative as stated 

previously, we can now find b as in Equation [73]. Then we find 

G from Equation [46], G; and G, from Equations [74] and [75]. 
The net force along OA will be 


R, = R: —G; = [78] 
and the net force normal to OA willbe 


remembering that G, may be positive or negative. 
The total force along AX will then be 


Thus far in this analysis, we have not mentioned the length of 
the link AX. In fact, its length has no effect whatsoever in the 
derivation of the foregoing formulas. It must- be considered, 
however, if one analyzes the effects of lining wear, for, as the lining 
Wears off, the shoe moves outward, and the angle y becomes 
smaller. To minimize this effect, the link AX should be made as 
long as possible. 


In order to obtain a symmetrical distribution of the lining 
pressure, it will be well to make a = 90° — 8. 


Discussion 


T. Backus.‘ The author’s formulas are based upon the as- 
sumption that accurate information is available as to the coeffi- 
cient of friction of various types of brake linings. Such has not 
been the writer’s experience. As nearly as he can determine, the 
coefficient of friction varies with many different factors, not the 
least important of which are heat and moisture. It has* been 
truly stated that the capacity of a clutch is its thermal capacity 
or its ability to dissipate heat, and the same is unquestionably 
true of a brake. 

The writer also suspects that there is an optimum unit pressure 
for each different type of lining as regards coefficient of friction. 

We wish to compliment the author on a fine piece of work in 
the derivation of the formulas which he has presented. They will 
unquestionably be of material assistance to designers, and it is 
to be hoped that continued research to increase our knowledge 
of the factors affecting coefficient of friction will eventually re- 
duce the designing of clutches and brakes to an exact science. 


A.C. Rasmussen.® It is the writer’s opinion that the author’s 
equations are too complicated to be practical. Frankly, the 
problem is not that difficult. He bases his analysis on the same 
concepts which have been used by the writer.® 

(a) Both shoe and drum are assumed to be rigid, nonyielding 
members, 

(6) With compression of the lining under applied pressure, the 
deformation from compression is directly proportional to the 
pressure and, conversely, pressure is directly proportional to de- 
formation. 

(c) Unit normal pressure on a small area is directly propor- 
tional to the distance of the normal to the area from the pivot 
center of the shoe. 


The derivation of the maximum unit normal pressure as shown 
in the subject paper limits the applicability of the analysis to shoes 
having an angular length of 90 deg or more. Frequently, one 
has a shorter shoe to design. The writer’s article’ shows a 
general analysis for shoes between 0 and 180 deg of angular 
length. While these extreme lengths are never used, for obvious 
reasons, their theoretical consideration enables proofs of certain 
equations to be established by the method of limits. Although 
the center of the frictional force between the shoe and the drum 
does not coincide with the center of the distributed radial force 
between the shoe and the drum, they are both assumed to be 
located at the center of the distributed radial force. The author 
has criticized this paper* because of this assumption, which will 
now be explained. 

In actual friction devices of this kind, there seems to be a loss 
of coupling effect with shoes more than 90 deg of angular length, 
and the loss becomes greater in proportion as the length increases 
toward 180 deg. A number of reasons may be given for this loss. 
With a longer shoe, the free particles, though minute, resulting 
from wear, act as a separating medium which reduces the friction 
of engagement toward the heel of the shoe. Outside dust and 
dirt getting between the friction surfaces aggravates this condi- 
tion. Also, with a heated shoe and drum, hot air and hot vapors 
from the lining tend to hold the friction surfaces apart, reducing 


‘Chief Engineer, Fuller Manufacturing Company, Kalamazoo, 
Mich. 
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“Internal Friction Blocks and Shoes,’’ by A. C. Rasmussen, 
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the frictional coupling. Should a hot lining tend to bleed, the 
result is the same as lubrication of the surfaces. As a result of 
the reduction of frictional coupling, a greater actuating force is 
necessary to maintain the transmitted torque at a given value. 
With a greater actuating force, the distributed radial force is 
increased. For a given transmitted torque, the load on the 
hinge pin, due to the transmitted torque, does not change but 
the additional loads on the pin, consisting of internal stresses, do 
change as a result of the greater actuating force, the greater dis- 
tributed radial load, and a redistribution of the frictional force. 


Figs. 5 and 6 of this discussion show the difference between re- > 


sults obtained by theoretically correct equations and the results 
obtained by using the equations which have been modified as 
explained and for the reasons stated. 

Studying the author’s analysis of a shoe clutch with a floating 
anchor, it is apparent that it would take time to work out a spe- 
cific problem using his equations. Working equations should be 
simplified to enable a designer to rework his solution several 
times or more to enable the best arrangement to be obtained. 

With a floating-anchor design, the shoe is pressed against the 
drum by two widely separated forces, the reaction of the anchor 
link and the actuating force. The result is the same as that pro- 
duced by one single force, and that single force is the resultant 
of three forces which are the two forces just mentioned and a 
third force which is the frictional force between the shoe and the 
drum. 

With this picture of the force diagram in mind, a much simpler 
solution can be and has been developed. It is possible to deter- 
mine very easily the effect of making small changes in any of the 
independent factors. Also, the same solution can be used to de- 
termine the design stresses with reversed rotation. 

External shoes of either the fixed-anchor type or the floating- 
anchor type are frequently encountered. It would be difficult to 
solve these various types of problems using the author’s analysis, 
as his equations are so involved. 


AUTHOR’s CLOSURE 


The author is in full agreement with Mr. Backus’ statements 
concerning the variations in the lining coefficient of friction, as 
caused by various factors. An attempt has been made to take 
care of these variations by urging the use of a design coefficient of 
friction about 20 or 25 per cent lower than the one quoted by the 
lining manufacturer, and, in order to insure against self-locking 
of the shoe and drum, it has been suggested to locate the shoe pivot 
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on the basis of a coefficient of friction about 20 per cent larger 
than the manufacturer's value. 

As for the importance of the heat-dissipating capacity of a 
clutch or brake, Mr. Backus is referred to the section on “Heat 
Dissipation in Clutches and Brakes” of the paper. 

Mr. Backus is correct in his suggestion that there may be an 
optimum unit pressure for each different type of lining as regards 
the coefficient of friction, and the author hopes, with Mfr. Backus, 
that more complete and reliable information be made available 
through research on this subject, which will greatly help designers 
of all types of friction clutches and brakes. 

After careful study of Mr. Rasmussen's comments the author 
regrets to find that the only criticism he advances is admittedly 
derived from a comparison between the present study and his 
own work on this same subject. 

The aim of this paper was to try to clarify the confusion created 
by generally adopted fallacious analyses of the problem involved, 
these fallacies obstructing the path of progressive design to the 
point that the logical improvement of the floating pivot has been 
looked upon with distrust simply because units including this im- 
provement failed to perform according to expectations, as indi- 
cated by tle calculations. 

In order that Mr. Rasmussen’s contentions be fully understood, 
it will be well to refer the reader to Mr. Rasmussen’s article,® in 
which he gives his analysis of a fixed-pivot internal-shoe clutch. 

The article begins by giving the analysis of a flat block rubbing 
on a flat surface and held by an arm pivoted at a given point. 
Since all the normal forces exerting pressure on this block and the 
relative friction forces in thb contact plane act in the same nor- 
mal and parallel direction, respectively, it is logical that they can 
be reduced to single forces giving correspondingly equal moments 
about the pivot and at the same time expressing the resultants 
of these normal and parallel forces to which the pivot reacts. 

Mr. Rasmussen goes on to apply this analogy to the curved 
surface of a shoe pressed and rubbing against the inner periphery 
of a cylindrical drum. Briefly, his analysis proceeds as follows: 

1 Determine the moment about the pivot engendered by the 
radial drum reactions on the shoe. 

2 Find the total of these radial forces, this total R being the 
scalar sum of the magnitudes of these radial forces, as obtained 
by regular integration. 

3 Locate this total radial force R by finding the moment arm 
through which this total force would have to operate to engender 
the same moment about the pivot as that found in step 1. 


1.3 
| 
if | 
ica 1], 
et 
| 

— © -04 linae oc 
47 ~10 O Log 
Ay: 
| 
» 
= 
ae 
: 
f 
2 
3 
y 


4 Multiply the total radial force R by the coefficient of friction 
p of the lining in order to find the total uF of the tangential forces 
which act on the shoe. 

5 Apply this total tangential force wR at the point of appli- 
cation of the total radial force R and so determine the moment 
about the pivot engendered by the tangential forces as well as 
the direction of wR. 

6 Find the operating force 7’ to be applied at the toe of the 
shoe by dividing the difference between the radial and tangential 
moments by the chosen moment arm for this force 7’. 

7 Transfer to the pivot the normal and parallel components 
of the three forces 7’, R, and wR, and find their resultant. 

In a letter to the editor of the publication® in question, the 
author called attention to Mr. Rasmussen’s errors which were 
caused by the use of a scalar summation 7 of radial forces, located 
by means of moment equations, in order to determine the fric- 
tional moment of the shoe and the pivot reactions, so that, of the 
7 steps mentioned, only step 1 was totally correct. 

Mr. Rasmussen replied that he had modified the true analysis 
for the sake of simplicity and then gave what he claimed to be 
the true analysis which was different from his modified analy- 
sis in the following respect: 

Step 5 was modified by determining the moment about the 
pivot engendered by the distributed tangential forces, and then 
locating the total tangential force wR in such manner that it 
would engender an equal moment about the pivot. 

Mr. Rasmussen then gave his reasons for his first modification 
of the “true” analysis, and his explanation reappears in his com- 
ments on the present paper. 

By comparing the true and the ‘modified’ analyses, we note 
that in the true analysis the moment of the frictional forces 
about the pivot is now correctly derived, and hence step 6 in the 
original, or modified, analysis becomes correct because all the 
factors to be used in this step are now correct. But the pin reac- 
tions are still being determined by scalar summations of radial 
and tangential forces located through moment equations, which 
is fundamentally wrong on the basis of any elementary principle 
of analytical mechanics. 

Actually, the pin reactions can be obtained only by vectorial 
integration of the distributed forces acting on the shoe, which 
vectorial integration will automatically give resultants well de- 
fined in magnitude and direction without any need of locating 
them on any point of the shoe. 

As for the explanation given by Mr. Rasmussen for modifying 
the true analysis in his first article,’ he gives curves, Fig. 5 of 
his discussion, which show that the error begins to be felt at 
about 50 deg from the pivot radial line. The error thus is not 
great if the shoe is not made to extend beyond 90 deg from the 
pivot line. And so Mr. Rasmussen goes on advising us to limit 
the length of the shoe to 90 deg or thereabout. While the rea- 
sons given for the limitation in the extent of the shoe are emi- 
nently sound, he confuses the angular-contact extent with the 
extent of the shoe as a unit. In a short shoe, as advised by Mr. 
Rasmussen, the lining pressure, which is a function of the sine 
of the angle measured from the pivot radial line, will be at its 
greatest value at the toe of the shoe and will gradually decrease 
to zero as the lining approaches the pivot. , The torque capacity 
of such a shoe would be quite small in proportion to its lining 
area; the lining wear, also, would be very great at the toe and 
practically nil as the lining nears the pivot. 

The torque capacity could easily be increased by about 40 per 
cent by locating this same lining area symmetrically about the 
point of maximum pressure obtainable which is at 90 deg from 
the pivot line. This would also increase the self-energization of 

the shoe and correspondingly reduce the magnitude of the force 
to be applied at the toe. It will be seen then from Mr. Rasmus- 
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sen’s curves, that, for a normal shoe, the error for the determina- 
tion of the applied force 7’ is far from negligible. 

As for his contention that the formulas given in the paper apply 
only to shoes that extend beyond 90 deg the author fails to see 
from where such a conclusion has been derived. The mere state- 
ment that the lining pressure reaches its maximum obtainable 
value at a point at 90 deg from the pivot certainly does not de- 
prive us of the liberty of designing a poor clutch and limit the 
shoe extent to 90 deg, if we desire or are obliged to do so. The 
formulas derived in the paper are general case formulas and 
apply to all values of the angles involved. As a matter of fact, 
they may appear complicated because of this very feature. For 
instance, if the shoe-contact angle is made to extend symmetri- 
cally about the point of maximum pressure, as in any sound de- 
sign, these formulas are greatly simplified, because a number of 
factors in them become zero. In order to simplify the process of 
calculating these units, it is not necessary to alter the basic, 
correct formulas; a tabulation, or a graphic representation of 
the common factors in these formulas is indicated; but this was 
beyond the scope of the paper. 

The other set of curves, Fig. 6, given by Mr. Rasmussen refers 
to the pivot reactions. The error between the true or ‘“theo- 
retical’ and modified analyses appearing in these curves fol- 
lows more or less the same rate of increase as noted for the curves 
in Fig. 5. However, we must keep in mind that, even in his 
true analysis, Mr. Rasmussen still derives these reactions 
erroneously, as stated before. If these reactions were properly 
derived, the error would appear in all its enormity, both in the 
direction and in the magnitude of the resultant. 

The error in the pivot reaction is not so important in the case 
of a fixed-anchor shoe. A pin which is large enough can take 
care of any such error; although it would seem that if any reac- 
tion has to be determined we might just as well determine the 
correct one. 

In the case of a floating anchor, however, as stated in the 
paper, the proper determination of this pivot reaction, both in 
its magnitude and in its direction, is of paramount importance. 
As a matter of fact, the failure to determine properly this reaction 
can be considered as one of the main causes for the unsatisfactory 
performance of this type of shoe. 

Mr. Rasmussen claims to have simplified the entire analytical 
problem by reducing everything to three forces, namely, the 
applied force, the link reaction, and ‘the total friction force” 
acting on the shoe. At the time of the presentation of the paper, 
when Mr. Rasmussen’s comments were introduced, his new work? 
had not been published; consequently, no comment could be 
made on his claims as stated. 

In this new work Mr. Rasmussen, by making too many arbi- 
trary choices in order to simplify his analysis, ends by com- 
plicating the problem through the unavoidable introduction of 
compensating factors which reduce his method to a cut-and-try 
one. This, however, would be of no great importance if the 
results were correct. 

As suspected from Mr. Rasmussen’s first mention of the total 
friction force as one of the three forces to which he reduces the 
whole system, he repeats here, in part, the same error which 
appeared in his modified and true analysis of the fixed-anchor 
type of shoe. 

He is very careful, this time, to use only the sum of the active 
components of the radial forces (instead of the “total pressure” 
he used in the case of the fixed-anchor type), in order to deter- 
mine the reaction due to these forces. Nevertheless, after taking 
the right step in regard to the radial forces, he again uses the 


7 “Internal Floating Friction Shoes,’’ by A. C. Rasmussen, Product 
Engineering, July, 1947. 
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scalar sum of the tangential forces in order to determine the 
moment and the reactions due to these forces, 

In the case of distributed tangential forces, there is no possible 
single force, no matter how determined or where located, which 
can give us both the moment and the reactions due to these same 
distributed forces. 

As for his analytical process, for the sake of simplicity he 
arbitrarily locates the reacting link and then tries to compensate 
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the resulting action of this link through the applied force. The 
shoe pivot is not even mentioned. In other words, instead of 
designing a clutch so as to exploit its potentialities, he departs 
from an assumed design and then tells what to do in order to make 
it work. The fact that the shoe is pivotedly connected to the 
link does not seem to matter, in spite of the fact that the proper 
amount of self-energization can be obtained only through the 
correct location of this pivot, 
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Semiuniversal Toothed Couplings 


By ERNEST WILDHABER,' ROCHESTER, N. Y. 


The present analysis shows that tooth crowning is essen- 
tial to keep the geometrical tooth contact within the 
boundaries of the tooth surfaces. Crowning in the axial 
direction also makes the transmitted motion more nearly 
uniform and increases the number of teeth in simultane- 
ous contact. When properly designed, the coupling may 
transmit more nearly uniform motion than Hooke’s joint, 
but it does so in the manner of gears. Tooth contact is in 
two diametrically opposite zones of mesh. The theoretical 
departure from uniform motion increases with the square 
of the shaft angularity, and the number of simultaneously 
contacting teeth and the load capacity are correspond- 
ingly decreased. Semiuniversal toothed couplings give 
excellent results at small shaft angularities, where they 
combine simplicity and strength. 


two shafts so as to permit slight angularities between them 
and also slight axial relative displacements. Their contact- 
ing tooth surfaces differ slightly and are shaped to retain their 
geometrical contact. within the boundaries of their tooth surfaces. 

There are two main types, the external-internal coupling and 
the face coupling. The latter will be particularly investigated. 

Fig. 1 shows a face coupling of large diameter designed for a 
maximum angularity of the axes of '/. deg. The lower portion — —— 
shows the two coupling members in engagement, with the upper ayo es — 
member resting on the lower one. In operation the two mem- 


bers are mounted with clearance between the tooth tops and 
bottoms. 


Npscnsictininse’ toothed couplings serve for connecting 


Fig. 1 Face 


Another face coupling is illustrated in Figs. 2 and 3. Its 
axes intersect at O at a small angle AY. Fig. 2 is a view at right 
angles to the plane of the two axes, showing the two coupling 
members A and B. Fig. 3 is a section through O of member B, 
at right angles to its axis O,. - Se 

Member B contains tooth surfaces extending parallel to its * 
axis. Its tooth profiles are parallel straight lines, Fig. 2. Mem- aa 
ber A is crowned in the axial direction and has convex profiles. A 
It may be called the “crowned” member, while member B may be —~ kot 
referred to as the ‘“‘straight’’ member. 

Member B, Fig. 3, contains radial teeth, which are slightly 
concave lengthwise on both sides. Opposite sides S’, S” extend 
along the same circle to facilitate production. Member A 
contains tooth sides which are convex lengthwise. Couplings s' 
of this character are known as “curvic’”’ couplings. 

The analysis answers such questions as the following: & 


Oo 
| 


1 How nearly uniform is the motion transmitted? 

2 Are all the teeth in simultaneous contact? . 
3 Where do they contact? 
4 


How should the crowning be applied? je] ——_ 
_ 5 When is crowning required in the radial direction as well as Oo . =e 
in the axial direction? ™~g 


1 Mechanical Engineer, Gleason Works. Mem. A.S.M.E. 
Contributed by the Machine Design Group and presented at the 
Semi-Annual Meeting, Chicago, Ill:, June 16-19, 1947, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of s 
the Society. Fie. 3 
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Covup.Lines WITH STRAIGHT RADIAL PROFILES 


Before considering couplings with curved profiles in a plane 
of rotation, such as curvie couplings, it will be simpler first to 
investigate couplings with straight radial profiles. Straight 
member B then contains tooth sides which are parts of axial 
planes. One such tooth side extends along radius OP, Fig. 3, 
rather than along the are shown. The mating-tooth side of the 
crowned member A also extends along radius OP when 
the coupling axes are set in alignment. To obtain crowning in the 
axial direction, the tooth sides of this now considered member 
A are assumed as conical surfaces, whose axes are perpendicular 
to the axis of the member and intersect it at O. The axes of 
these assumed conical surfaces all lie in the plane of rotation 
through O; OC’, Fig. 3, is such an axis. It includes an angle 
a with its cone element OP. This angle controls the crowning of 
member A. PC’ is known to be the radius of curvature at P 
in a plane perpendicular to the cone element.* With the as- 
sumed conical surfaces, the radii of curvature of a tooth surface 
at various points of the cone element OP are proportional to the 
distances of these points from center O. 

Accordingly, the coupling first. considered in the analysis is 
composed of a straight member B whose tooth sides are axial 
planes, and of a crowned member with convex conical tooth 
sides. 

Next the motion transmitted from A to B by a single pair of 
continuously contacting teeth will be considered, as if all other 
teeth were nonexistent. 


Motion TRANSMITTED BY SINGLE Parr oF TEETH 


In this motion an element of the conical tooth side of the | 


crowned member A will always be in contact with the plane tooth 
side of the straight member B. Thus point C’ on the axis OC’ 
of the conical tooth side will have in all turning positions a con- 
stant distance from the plane tooth side OP equal to its distance 
PC’ from the conical tooth side. 

In the view, Fig. 4, along the axis O, of the straight member B, 


4 
T 
8 
Fia. 4 


the plane tooth surfaces appear as straight lines; and the posi- 
tion of the plane tooth side which contacts the conical tooth side 
centered at OC’ can be determined readily by drawing it at a 
distance PC’ from the instantaneous position (C”) of point C’ 
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The path of point C’ about the axis of its coupling member 4 
is a circle, which at zero shaft angularity also appears as a circle 
in the view Fig. 4. The angular position of A in its motion 
can be indicated by an angle 6 = angle C’OC). 

Since the coupling axes are angularly disposed, as shown in 
Fig. 2, the axis of the crowned member is projected as a line 
OC, in Fig. 4; and the path of point C’ then appears as an ellipse. 
While the angularity AY changes from zero to the angularity A> 
shown, point C’ moves to a position C” in an are of a circle which 
is projected as a horizontal straight line. Its projected length is 


C’C” = OC’ cos 6 (1 — cos AS) = = cos (1 — cos AZ). [1] 
COS 

In Fig. 4, distance C’C” is shown greatly exaggerated, 50 
times larger than corresponds to the dimensions and shaft angu- 
larity of 3 deg shown in Fig. 2. The ellipse is actually so close 
to the circle that it could not be separately drawn. 

Line OP, Fig. 4, shows the plane tooth side of the straight 
member at zero shaft angularity. The dotted straight line drawn 
through center O tangent to the dotted circle is its position at a 
shaft angularity AD and at the same turning angle of the crowned 
member. The dotted circle has the same radius C’P as the cir- 
cular arc shown in full lines, but is drawn about the new position 
C” of point C’. 

Angle Aa included between the dotted and full-line position of 
the plane tooth side of the straight member varies with turning 
angle @, and is the only factor which can cause speed differences 
between the two members of the semiuniversal coupling. 

The geometrical construction for Aa, illustrated in Fig. 4, is 
mathematically exact. The value could also be expressed in 
formulas for computation. 

A much simpler and more informative treatment can, however, 
be obtained by resorting to an approximation, which on account 
of the small values C’C” involved also turns out to be very close. 

Distance C’C” is resolved into a radial component C’E = 
C’C” cos 6, and into a tangential component C”E = C’C" sin 6. 
The latter causes a turning displacement Aa’ which amounts to 
C”E measured an as are on the circular path of point C’. In 
radian measure, that is, measured as an are on a circle of unit 
oc’ 
turning displacement Aa” which can be determined very closely 
C’E tan a 
OC’ 


radius, it is Aa’ = The radial component C’F causes a 


as Aa” = ,inradians. Then 


, _ + C'E tan « 
Aa = Aa’ + Aa’ = 0c’ 


sin @ + C’C” cos 6 tana 
OC’ 


From Equation [1] 
crc’ 
Oc’ 


= cos 6 (1 — cos AZ) 


Aa = (1 — cos AZ) [sin 6 cos 6 + cos? @ tan a] 
sin @cos 6 = 1/2 sin (2 @) and cos? @ = '/; [1 + cos (28)] 


(20) + tan a (1 + cos 2 


sin 


tana = 
COS @ 


Aa = 


(1 — cos AZ) sin 2 @ cos a + cos 2 @sina 
-——_—_—_——— | tana + — 


cos a@ 


and 
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> 
Aa = Ath [sin a + sin (26 + a)].... [2] 
2 cos @ 

It is seen to be a sine curve of the double turning angle 2 @. 
It repeats every 180 deg of the turning angle; for 2 (@ + 180°) = 
26+ 360°, and the trigonometrical functions of 2 6 and (2 6 + 
360°) are identical. 

The maximum value of Aq is obtained when sin (26+ a@) in 
the foregoing formula is at its maximum value of 1. This occurs 
when (2 6 + a) = 90 deg, where 4 represents the turning angle 
in this position; hence 


a = 90° —2 6; = 1/2 (90° — a)............ [3] 
(a + 2 0) 


90° + 2 (0 
sin (a + 2 6) = cos 2 (@ — 6) 


The reduction of Aw as compared with its value Aap at the 
position @ = 6, is computed with Equation [2] as 
(1 cos AZ) 


Aap sa = [1 


2 cos a 


— sin (a + 2 


(1 — cos Ad) 


- cos 2 (0 — &)] 


The corresponding linear displacement Az at the mean radius 
R = OP is 


R(1 — cos Ax) 


2 cos @ 


Az [1 — cos 2 (@—@)]....... [4] 
It is the linear lag on a circle of a radius FR, due to the variation 
of Aw as the coupling rotates. 
After rotation of the coupling through one pitch, that is, after 
rotation through a full turn divided by the number of teeth JV, 


. 
(@— 0) = VY the lag Az, amounts to 
R (1 — cos Ax) 720° 
2 COS @ N 


The maximum lag Az,, occurs when cos 2(@ — @) is at its larg- 
est negative value of (—1); 2(@ — 6) is then 180 deg; (@ — @) = 
90 deg. 

R(1 — cos AD) 
COS @ 


At (@— @) = 45 deg, the double angle is 90 deg, whose cosine is 


zero. The same is true for (@— 6) = —45deg. It is seen then 
that Az‘at these angles equals '/: (Az,,). In the whole range 
between (@— 0) = +45 deg and (6 — 0) = —45 deg the lag is 


within !/;(Az,,). This showing also occurs in the diametrically 
opposite region, where (@ — 6) is between (180 deg + 45 deg) and 
(180 deg — 45 deg). bs 

It can be seen that the motion transmitted by a single pair 
of teeth would be identical with the motion transmitted in a 
spherical linkage whose turning axes coincide with the turning 
axes of the coupling, and whose link axes coincide with axis OC’ 
of the conical tooth side on one member and with an axis OQ on 
the other member (see Fig. 3). Axis OQ is perpendicular to the 
plane tooth side OP, which can be considered a surface of revolu- 
tion centered at OQ. The two link axes are perpendicular to the 
axes of the respective members and include a fixed angle (90° — 
a) with each other. 

The variations in the transmitted motion depend only upon 
this angle and on the shaft angularity AZ; and the formulas 
hold for both radial and nonradial tooth sides. 


They also apply to the conventional universal joint, in which 
the link axes are disposed at right angles to each other. 

The foregoing angle (90 deg — a) is then 90 deg, a is zero, and 
cos a@ = 1. . 

In all cases there is a varying lag in the turning displacement 
of the driven member, a lag which can be expressed as an angle 
(Aap — Aq) or as a linear displacement Az. 


Tue Hicu 


The many pairs of teeth of the coupling would each act in 


_turn like the considered single pair if the other teeth would not 


prevent it. Inasmuch as the phase of this natural motion is dif- 
ferent on different teeth, it is obviously impossible that each pair 
transmits its motion continuously. The teeth come into con- 
tact and go out again periodically. 

Teeth which are in contact can be considered as standing out 
beyond the others and may be called high teeth. 

The high teeth are the diametrically opposite teeth whose 
contacting tooth sides have turning positions described by angle 
6 and (180 deg + 

The pairs of tooth sides of the two members which are one 
pitch away from the contacting tooth sides are then separated 
by distance Az, defined in Equation [5], on rigid bodies. Like- 
wise, the maximum separation is equal to Az,, defined in Equa- 
tion [6], and one half of all the teeth have a separation not ex- 
ceeding !/2 Az,,. 

Table 1 gives numerical values for the maximum separation 
Az,,, per inch of the mean radius R of the coupling, in terms of the 
shaft angularity and of angle a, which defines the crowning. 


TABLE 1 MAXIMUM SEPARATION Azm/R 


Shaft angle A> = 3° 
a = 80° 0.00088 0.00351 00789 
a = 70° 0.00045 0.00178 0.00401 
a = 60° 0.00030 0.00122 1.00274 
a = 50° 0.00024 0.00095 0.00213 
a = 40° 0.00020 0.00080 0.00179 


When the calculated separation Az,, is so small that it may be 
overcome by elastic deformation, then all the teeth may actually 
be in contact, though they will not all carry the same load. When 
half of the maximum separation Az,, is overcome by elastic def- 
ormation, then half of the teeth will carry load. The smaller the 
separation Az,,, the more teeth are actually in simultaneous con- 
tact. 

The teeth adjacent to those in positions @ and (180° + 6) 
will be in actual contact, when the elastic deformation amounts to 
at least Az, given in Equation [5]. The bracket value of this 
formula, for instance, amounts to 0.23396 and 0.06031 on couplings 
having 18 and 36 teeth, respectively. In these two cases the 
computed separation Az, amounts to 12 and 3 per cent, respec- 
tively, of the maximum computed separation Az,,. These are 
quite small amounts which ordinarily are overcome by elastic def- 
ormation. Ordinarily then the load is carried by more than 
just two diametrically opposite teeth. Lubrication also helps to 
distribute the load on more teeth. 
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Fig. 5 can be considered as a velocity diagram of the motion 
transmitted by a single pair of teeth. The velocity is plotted in 
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the vertical direction, and the turning angle (@ — 6) is plotted 
horizontally. The velocity graph is a wavelike curve, the depth 
of whose waves is greatly exaggerated in Fig. 5. 

The vertical distance of point J from the horizontal base 
line represents the velocity of the straight member B in the 
turning position 6 = 4. In this position it is equal to the velocity 
of the crowned member A. As the turning angle increases, the 
velocity of the straight member first decreases and then increases. 
In position II, 180 deg away from position I, a wave has been 
completed; and then is repeated continually. 

The straight line I-II can be considered as describing the 
constant velocity of the crowned member A. 

The angular velocity is the angular displacement per time ele- 


ment dt. It is composed of the uniform angular velocity 
and of the changing angular velocity 
daa _ daa dd 
dt de dt 
dAa 


76 can be obtained from (Aaj — Aa) by 


Angular velocity 
differentiation as 
—(1 — cos Az) 
COS 


- sin 2 (@ — 6)...... [7] 


The sine curve in Fig. 5 is determined by plotting vertically 
dAa., 
the quantity 1 + — in terms of the turning angle (@ — 6). 


Its undulations are proportional to (1 — cos AZ), that is, to the 
square of AS, at small shaft angularities. 

As the coupling turns, the tooth sides which were in positions 
I and II stay in contact for half a pitch. The new positions, 
half a pitch away from positions I and II, are indicated by points 
I” and II” and dotted vertical lines to the right of positions I and 
II. Other points I’ and II’ and dotted vertical lines are shown 
half a pitch to the left of positions I and IT, and a full pitch to the 
left of points I” and II’. 

In both dotted positions the quantity Az, Equation [4], is the 
same because cos 2(@ — 6) is the same for equal positive and 
negative angles. This indicates that in this position two ad- 
jacent teeth are in simultaneous contact in each of the diametric- 
ally opposite zones, even on rigid bodies. 

As is evident from the graph, two contacting adjacent pairs 
of teeth, however, are not capable of transmitting exactly the 
same motion. The newly engaged tooth to the left starts to 
transmit a greater velocity to the straight member and there- 
fore lifts the straight member away from contact with the other 
tooth. 

As the coupling rotates in the direction of increasing angles 
(@ — 6), contact starts in position I’ successively on each tooth, 
and ends in position I” one pitch away. Likewise, contact exists 
in the diametrically opposite region. 

The motion transmitted by the coupling, when assumed ab- 
solutely rigid, is deseribed by the portion I’-I” of the sine 
curve. It is repeated for every 
tooth, as shown in Fig. 6. Fig. 6 
is drawn at the same exaggerated 
scale as Fig. 5 and can be consid- 
ered a velocity diagram of the 
coupling. 

The velocity drops somewhat 
: during the tooth action I’-I’ and 
is suddenly increased again when a new tooth takes over. 

The impulses increase with increased separation Az,. When 
Az, is quite small the impulses may be completely overcome by 


Fia. 6 
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elastic deformation. With larger amounts Az, they can only be 
partially overcome. In any case the velocity curve is actually 
smoothed out to a great extent by elastic deformation, and also 
by the lubricating-oil film. 

The nature of the varying velocity curve and its maximum 
departure from mean straight line I-II is understood to be sub- 
stantially the same regardless of which member of the coupling 
rotates at uniform speed. 


SLIDING aT Contact REGION 


Some sliding at the points or region of contact takes place in 
operation on all semiuniversal couplings. It is found to be 
substantially proportional to sin AY. 

Sliding at the mean points of eontact, as at point P’, Fig. 2, 
furthermore, is substantially proportional to the distance of said 
points from the plane of the coupling axes. This distance equals 
R-cos 0. 

The sliding velocity v, at point P’ may be computed from the 
peripheral velocity v at the same point as follows 


The sliding velocity increases with the shaft angularity; and 
for a value of AY = 3 deg, may amount to about 5 per cent of 
the peripheral velocity. 


AXIAL Suirt or Tootu BEARING 


The tooth bearing shifts axially on the teeth when there is 
shaft angularity. Thus the mean point of contact P’, Fig. 2, 
which is also the center of the tooth load, is not in line with inter- 
section point O of the axes, but is displaced in the direction of 
axis O, a distance s. It is the distance from point O to the pro- 
jection of curvature center C”. Distance OC’, in the view 
shown in Fig. 2, amounts to 


R 
OC" = 
COS @ 


With (90° — a) = 2, 
cos a = sin 2 A = 2 sin 0 cos 4 
shift s can also be put down as 


sin 


sin 


For instance, with a shaft angularity AZ = 3°, the axial shift s 
of the mean point to each side from O amounts to 


s = 0.300 0.151. 0.101 0.077 


inches per inch of radius R, at angles a of 80 deg, 70 deg, 60 deg, 
50 deg, 40 deg, respectively. The total axial shift is (2s). 

The teeth should have sufficient depth to keep the tooth bear- 
ing safely on the tooth surface. 


0.062 


BACKLASH IN ALIGNED PosiTIOoN 
When the coupling is intended to operate at shaft angularities 
beyond 1 deg, and in principle in all cases, some backlash in aligned 
position is required. 
The minimum backlash 4B can be computed by assuming both 


sides of the teeth in simultaneous contact at the maximum shaft 


angularity AY at which the coupling is intended to operate. 
Minimum backlash AB at mean radius R then amounts to 


= 
a6 
= sin AD COS . 
“Sue 
cote 
10) 
AB = 2 cos? Az,,.... 
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The quantity 2 cos? @ is between 2 and 1.6 at angles a between 
80 deg and 40 deg. ; 

In view of this backlash requirement, no larger shaft angulari- 
ties should be specified than are actually needed. 


GENERALIZATION 


It was shown that the motion transmitted by a single pair of 
contacting teeth is identical with the motion transmitted in a 
spherical linkage having link axes OC’ and OQ; and that it de- 
pends only upon the angle included between these link axes and on 
the shaft angularity A>. At zero shaft angularity the two axes 
OC’ and OQ are located in the common plane of rotation passing 
through O, which is perpendicular to the two axes. 

Any contacting surfaces of revolution having the same axes 
OC’ and OQ, embodied as tooth surfaces, will transmit the same 
motion as described for a plane and conical surface contacting 
alongline O-P. Their contact line, at zero shaft angularity, does 
not have to be a racial line O-P, but may be any suitable line. 

To permit some axial relative displacement, the tooth sides 
of the straight member are made to extend parallel to its axis. 
This design requirement restricts the selection of the contact 
line mentioned to a straight line parallel to O-P, whose surface of 
revolution about axis OQ is a plane. 

When a curved line of contact is used, the tooth surface parallel 
to the coupling axis and containing the curved line cannot be an 
exact surface of revolution. However, it can approximate a 
surface of revolution. Thus a cylindrical surface parallel to the 
coupling axis and containing the curved profile through P, Fig. 3, 
can be approximated by a surface of revolution whose axis is OQ. 
On both surfaces the curvature in any section passing through P 
is the same, when OQ is parallel to the normal PC at P. 

While member B then contains only more or less approximate 
surfaces of revolution, the considered member A still contains 
exact surfaces of revolution. One such tooth surface may be a 
convex spherical surface passing through P and centered at C’, 
which can be considered having an axis OC’. 


Curvep Tootu PRoFILes IN PLANE OF RoTATION 


Before applying the foregoing conclusions to curved profiles, 
it will be necessary to establish the difference in effect of an 
approximate and an exact surface of revolution provided on the 
straight member B. 

The only difference in effect is found to be a radial shift of the 
tooth-contact area. There is no radial shift present with exact 
surfaces of revolution on both members. Radial shift means that 
the tooth contact is displaced radially when the shafts are set 
from zero angularity to an angularity AY. The shift AA de- 
pends upon the profile curvature and on the relative curvature 
of the mating profiles in the plane of rotation. 

When p, = PC’ denotes the radius of curvature of member 
A, in the plane of rotation, and p, = PC denotes the correspond- 
ing radius of curvature of member B, the relative curvature 


Pa Po 


It can be shown that the radial shift AA of the center of the 
tooth bearing, and the relative curvature fulfill the equation 


)- 


Radial shift AA should be small enough to retain the bearing 
well within the tooth surface. On face couplings 4A may be 
kept at about one half of the face width. This requirement, 
in turn, determines the relative curvature. The relative curva- 


ture to be used increases with increasing curvature 1/p,. It is 
quite small on curvic couplings, where the teeth are only moder- 
ately curved lengthwise. 

All the previously derived equations remain in force. Thus 
the separation Az, Az,, Az,, of pairs of teeth of different turning 
positions is still described by Equations [4], [5], and [6], the 


velocity variation ag by Equation [7], sliding by Equation [8], 


the axial shift of the tooth bearing by Equation [9], and the 
minimum backlash required by Equation [10]. To these equa- 
tions is added Equation [11], when the tooth profiles in the plane 
of rotation are curved. 

The procedure of the analysis is also applicable to nonradial 
tooth profiles, and the general conclusions apply here also. 


EXTERNAL-INTERNAL COUPLINGS 


The internal member contains straight teeth, which are en- 
gaged by teeth crowned lengthwise of an external member. 
External members without crowning do not give tangent con- 
tact when angularity AD differs from zero, and are not considered 
here. External members are known in which the opposite 
sides of a tooth space are coaxial surfaces of revolution, whose 
axis intersects the coupling axis and is perpendicular to the plane 
of symmetry of the tooth space. In this design, the angle a, 
which defines the crowning in axial direction, is the complement 
of the mean profile inclination to the stated plane of symmetry. 
Angle a may then amount to 75 deg to 65 deg, and 6) to 71/2 deg 
to 12'/; deg. The crowning in the axial direction, expressed by 
these angles, is substantially smaller than the crowning com- 
monly used on curvie couplings, where a@ is generally 60 deg or 
smaller and @ is 15 deg or larger. This is not surprising because 
crowning in the axial direction is lengthwise crowning on exter- 
nal-internal couplings and profile crowning on face couplings. 
Profile crowning is less limited as it can be built into the tool. 

In view of the larger angles 4 employed on curvic couplings, 
the motion transmitted by these is more nearly uniform. 

The tooth profiles of external-internal couplings are ordinarily 
of involute shape and are much curved. They require there- 
fore also ample profile crowning to retain the tooth bearing 
within the radial boundaries of the teeth. Equation [11] fur- 
nishes the approximate amount of profile crowning required, 
when radial shift AA is introduced as slightly larger than one half 
the working depth of the teeth. More profile crowning is re- 
quired on involute teeth than on the moderately curved teeth of 
curvic face couplings. This in turn increases the tooth-surface 
stress on involute teeth. Better results could be obtained with 
less curved profiles. Omission of crowning, on the other hand, 
would result in edge contact, with consequent danger of scoring, 
and in less uniformity of the transmitted motion. 


CONCLUSION 


The semiuniversal toothed coupling, when of good design, such 
as is easily attained in the curvie type, and when used with 
small shaft angularities, is a sound choice. It can transmit 
motion properly and carry a large load, at small shaft angu- 
larities; and it is simple, rugged, and inexpensive. 


Discussion 


H. Canpeg.? Years ago when so-called fiexible coup- 
lings with external and internal gear teeth acting as splines were 
introduced, the writer used to wonder about the actual conditions 
of contact. A rough analysis with diagrams showed that with 
misalignment the load would have to be carried on two diamet- 
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rically opposite teeth, and that contact would come on the edges 

at the ends of the teeth, rather than between tangent surfaces. 
The writer’s curiosity was merely academic, as he never had 

oecasion in his own experience to use such couplings. He finds 


it interesting, however, to see Mr. Wildhaber’s kinematic analy- 
sis of toothed couplings properly designed for slight amounts of 
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angular misalignment. It has always seemed obvious that crown- 
ing should be applied to the driving surfaces of the teeth, if edge 
contact is to be avoided. The paper indicates how the amount of 
such crowning can be determined for a given amount of angular 
difference of two axes. It is also interesting that the same method 
of analysis is applied to both face-type and sleeve-type couplings, 
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Explanation of Longitudinal Shrinkage of 
Wood Based on Interconnected Chain- 
Molecule Concept of Cell-Wall Structure 


By R. A. COCKRELL,' BERKELEY, CALIF. 


This paper demonstrates that the following four factors 
exert a significant influence on the longitudinal shrinkage- 
moisture content relationship of wood: (a) The inter- 
connection of chain molecules; (6) fibril angle; (c) the 
cellulose chain-molecule length; (d) the microcapillary 
width. A mathematical demonstration is given to check 
the validity of the shrinkage theory advanced. 


HE generally accepted relationship between shrinkage and 
moisture content of wood as expressed by Stamm and 
Loughborough (1)? is, ‘“The external shrinkage of practi- 
cally all the softwoods and many of the hardwoods in any one 
of the structural directions or combination of directions is ap- 
proximately proportional to the moisture lost from the fiber- 
saturation point to the dry condition.”’ Although experimental 
data support this statement with respect to radial and tangential 
shrinkage, they do not support it for longitudinal shrinkage. 
Longitudinal-shrinkage data presented by Koehler (2) in 1931 
do not show proportionality with moisture-content change. Con- 
cerning this, he writes (3) in 1946, ‘“Among the specimens of low 
shrinkage and elongation there is a slight tendency to curvature 
in the shrinkage lines, indicating that the shrinkage rate increases 
and elongation decreases as the moistufe content decreases.” 
Data presented by the author (4) in 1943 on the longitudinal 
shrinkage of ponderosa pine show the same trend, and it was con- 
cluded: ‘The percentages for green to air-dry and green to oven- 
dry shrinkage for identical blocks did not indicate any uniform 
relationship between moisture content and longitudinal shrink- 
age. In the case of those blocks that remained constant or in- 
creased in length to the air-dry condition and then shrank with 
further drying to the oven-dry condition, this disparity was quite 
marked ” The overlapping chain-molecule wall structure in com- 
bination with the variations in fibrillar angle orientation was given 
as the probable explanation of these results. Additional measure- 
ments (unpublished) on longitudinal shrinkage blocks from 11 
ponderosa-pine trees have given results similar to those of 1943. 
Data published by the author (5) in 1946 on longitudinal 
shrinkage of separated summerwood and springwood strips along 
with matched block specimens indicated that for the blocks with 
little shrinkage (0.14 per cent or less, green to oven-dry) the sum- 
merwood strips deviated more from the proportional relationship 
with moisture-content change than did the original blocks, but 
only a few of the springwood specimens showed greater deviation. 
The data from the blocks with greater shrinkage (0.28 per cent or 
more), however, were closer to proportionality. Furthermore, 
this study did not show the anticipated close correlation between 
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longitudinal shrinkage and fibril inclination that should prevail if 
the fibril orientation were the principal factor controlling the 
shrinkage. This conflicts with the statement made by Koehler 
(3), ‘‘With increasing slope of (micellar) strands the longitudinal 
shrinkage increases and the transverse shrinkage decreases, other 
things being equal.” 

In 1932 Welch (6), in a study of longitudinal shrinkage of 
many different woods using specimens 10 in. long, 4 in. wide, and 
1 in. thick, reported that many elongated or remained stationary 
in drying from the green to the air-dry conditions. Pursuing the 
subject further in 1934, he indicated (7) that of some 300 samples 
of a large number of different woods, 33 per cent elongated or re- 
mained stationary in drying from the fiber-saturation point to the 
air-dry condition. The light timbers tended to shrink while the _ 
heavy timbers tended to remain stationary or to swell. In dis- 
cussing this he wrote, ‘‘Whilst longitudinal shrinkage can be ex- 
plained by the theory that water is removed from the interstices 
between the spirally arranged longitudinal fibrils of the cell walls, 
longitudinal swelling cannot be accounted for in this way.”’ He 
then expressed the view, ‘‘... possibly internal stresses produced 
during seasoning are responsible for the elongation,” but this sug- 
gestion was not substantiated. In the light of present knowledge, 
concerning the difference in shrinkage performance between 
summerwood and springweod, it is reasonable to suggest that the 
apparent relationship of longitudinal shrinkage and density may 
be accounted for by the relative proportions of summerwood and 
springwood, the former being preponderant in the denser wood. 


RECENT SHRINKAGE TESTS 


The data presented in Table 1 were obtained from 12 shrinkage 
blocks 6 in. long taken from three trees, following the same proce- 
dure described in the 1946 study (5), except that summerwood and 
springwood strips were prepared from both radial faces of the 
original green wood rather than being cut from previously oven- 
dried specimens. This avoided any restraining set resulting from 
drying in the intact block, thereby permitting uninhibited 
initial shrinking or elongation of summerwood and springwood. 
Examination of these shrinkage percentages reveals that 9 of the 
blocks shrank only 0.03 per cent or less from the green to the air- 
dry condition (11.7 per cent m.c.); | whereas they shrank 5 to 8 
times as much from the air-dry to the oven-dry condition. Most 
of the summerwood strips from these blocks elongated slightly in 
going from the green to the air-dry condition, but all decreased in 
length from the air-dry to the oven-dry condition. Although not 
quite so pronounced as the summerwood, the springwood strips 
followed consistently the same general shrinkage pattern. They 
did not, however, show any elongation. The three blocks with 
greater longitudinal shrinkage, however, were closer to the pro- 
portional relationship, as were also the summerwood and spring- 
wood strips taken from these blocks. 

As suggested previously (4, 5), this apparently anomalous be- 
havior of longitudinal shrinkage can be explained by the theory 
that ‘‘cellulose is a continuous matrix of overlapping chain mole- 
cules which is perforated by a continuous system of intermicellar 
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TABLE 1 LONGITUDINAL SHRINKAGE AND FIBRIL ANGLES OF SPRINGWOOD AND 


SUMMERWOOD STRIPS CUT FROM GREEN PONDEROSA-PINE BLOCKS 


Height ——Block shrinkage-—. 


-—Springwood -—Summerwood shrinkage,— 


ibril Fibril 


Block in tree, Per cent Ring) ———Per cent angle, ——-—Per cent—--—~. angle, 
no. ft -AD@® G-O no. G-AD G-OD deg G-AD G-OD 

1 18 —0.02¢ 0.12 21 0.05 0.20 214 ~—0.06¢ 0.05 13 

22 0.09 0.27 20 —0.05 0.05 17 

2 34 0.02 0.15 6 0.06 0.21 19 0.00 0.11 8 

7 0.04 0.21 19 —0.03 0.08 7 

3 18 0.02 0.17 1l 0.06 0.24 19 —0.07 0.05 ‘i 

12 0.08 0.24 21 —0.06 0.06 7 

4 18 0.02 0.17 16 0.09 0.27 20 —0.07 0.08 10 

17 0.09 0.28 20 —0.01 0.12 12 

5 34 0.03 0.17 17 0.08 0.24 20 —0.02 0.12 10 

18 0.05 0.23 17 0.02 0.16 ll 

6 2 0.02 0.18 25 0.10 0.33 36 —0.22 —0.14 23 

26 0.05 0.24 44 —-0.19 -0.11 26 

7 34 0.03 0.18 8 0.06 0.26 23 —0.06 0.04 14 

9 0.07 0.29 26 —0.03 0.13 8 

& 34 0.03 0.18 17 0.07 0.24 17 —0.02 0.10 6 

18 0.05 0.21 18 —0.02 0.10 8 

9 34 0.03 0.18 23 0.07 0.22 17 -0 01 0.12 10 

24 0.05 0.25 14 0.00 0.14 10 

10 34 0.08 0.25 12 0.32 0.50 26 0.45 1.03 18 

13 0.23 0.38 26 0.08 0.23 15 

14 0.18 0.35 26 0.08 0.23 15 

11 34 0.23 0.48 12 0.40 0.62 29 0.61 1.16 22 

13 0.31 0.50 28 0.51 0.99 19 

14 0.28 0.45 27 0.21 0.46 18 

12 34 0.42 0.75 15 0.45 0.83 31 0.60 1.09 24 
@ G-AD equals green to air-dry; G-OD equals green to oven-dry. : 
+ These represent number of rings out from pith, the pith ring counting as one. 


¢ Values with negative sign used to denote elongation. 


@ Angle values are averages of 10 measurements. 


capillaries” (8). Any loss in moisture below the fiber-saturation 
point is accompanied by contraction as the chain molecules 
approach each other and elongation as the affixed ends of the 
chain molecules are pushed apart. Changes in length along the 
grain of wood that accompany loss in moisture are the resultant 
of these two movements combined with the effect of the angles 
(spiral pitch) made by the fibrils with the longitudinal fiber axis 
and the equalizing of the differences between summerwood and 
springwood. 


MATHEMATICAL DEMONSTRATION OF SHRINKAGE THEORY 


The validity of this shrinkage theory can be demonstrated 
mathematically by computing the shrinkage values for a hypo- 
thetical model of a cell-wall segment. Such a model is illustrated 
in Fig. 1, the lines between each intersection point representing 
the chain molecules and the diamond-shaped areas in between 
representing the intervening microcapillary spaces wherein water 
is adsorbed. In this schematic presentation the cellulose chains 
are regarded as rigid infinitesimally thin lines free to rotate at 
the attachment points. It is recognized that in the natural con- 
dition these would have tangible thickness, this regular arrange- 
ment and uniform length between attachments would not neces- 
sarily prevail, and the cellulose chains would probably have some 
degree of flexibility (but not extensibility). 

As drying progresses from the fiber-saturation point, the 
diamond-shaped areas decrease in size, and the cellulose chains 
(lines) approach each other, until at the oven-dry condition the 
removable adsorbed water is all gone and the cellulose chains are 
essentially in contact throughout their length. Elongation of the 
structure takes place in the fibril direction as the cellulose chains 
approach each other. At first the rate of elongation is rather 
large but, as the space between the cellulose chains becomes 
smaller, it decreases appreciably. This relationship is illustrated 
more fully in Fig. 2 which shows the progressive decrease in rate 
of elongation of line AC as points B and D approach each other 
by six equal increments from position 1 to position 7, and lines 
AB, BC, CD, and DA, all of equal length, remain constant. 
Mathematically, the increase in length of line AC follows the 
cosine curve, since AC = 2 AB cos '/: angle BAD, and 2 AB is 
a constant. 

Now it can be assumed that this portion of cell wall, illustrated 
in Fig. 1, consists principally of a framework of cellulose chain- 


1 
oF CELLULOSE CHAIN MOLECULES AND RESULTING DIMENSIONAL 
CHANGES ‘DurRING Woop 


Fic. ScHEMATIC PRESENTATION OF POSITIONAL RELATIONSHIP 


molecule segments 1.055 units in length (XY in Fig. 1) and in- 
finitesimally thin in width, and an aggregate of these segments, 
TUVW, at the green condition (above fiber-saturation point) 
has a length of 6 units (7Vg) and a width of 2 units (UWe), 
at the air-dry condition (12 per cent moisture content) 6.26 units 
(TV 4p) and 0.9 units (UW,4)), and at the oven-dry condition 
(0 per cent moisture content) 6.33 units length (T'Vop) and 0.0 
width (UW op). Further, it can be assumed that the fibril direc- 
tion, 7’'V in Fig. 3, is inclined at 10 deg to the fiber axis E/’. The 
longitudinal components MN and OP in Fig. 3 respectively te 
sulting from the extension of points 7 and V, and the approach 
of points U and W in drying from the green to the air-dry coD- 
dition, can now be computed. 

Longitudinal component resulting from increase along 7V: 
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Fig. 2.) DraGrRamM SHOWING DECREASE IN AMOUNT OF ELONGATION 
or Line AC as Potnts B D Approach OTHER BY EQUAL 
INCREMENTS 


Fic. 3 Diagram SHowinG Components ALONG Finer Axis EF oF 
EXTENSION OF CELLULOSE CHAIN-MOLECULE ATTACHMENT PorntTs 
MN, anv TRANSVERSE APPROACH OF CHAIN MOLECULES OP, WHEN 
FIBRIL Axts TV Makes ANGLE or 10 Dea WitH FiBerR AxIs AND 
Drytnc ProGresses From GREEN TO AtR-Dry ConpITION 
(Dimensions from Fig. 1, MN and oewn to twice the scale of TV and 


TV 4p —TVg = 6.26 — 6.00 = 0.26 
MN = 0.26 X sin 80° = 0.26 X 0.985 = 0.256 units elongation 


Longitudinal component resulting from contraction along UW: 
UW 4p = 2.0—0.9 = 1.1 
op = 1.1 X sin 10° = 1.1 X 0.174 = 0.191 units shrinkage 
0.256 — 0.191 = 0.065 units net elongation along fiber axis EF 
Following the same procedure illustrated graphically in Fig 3, 
the components for the change from the air-dry to the oven-dry 
condition can be determined. 


Longitudinal component resulting from increase along 7'V: 
TVop—TV 4p = 6.33 — 6.26 = 0.07 
0.07 X sin 80° = 0.07 X 0.985 = 0.069 units elongation 


Longitudinal component resulting from contraction along UW: 


UW gn — UWop = 0.9 — 0.0 = 0.9 


0.9 X sin 10° = 0.9 X 0.174 = 0.157 units shrinkage 
0.157 — 0.069 = 0.088 units net shrinkage along fiber axis EF 


Thus for this set of conditions, the performance of the hypo- 
thetical model on drying closely parallels that of summerwood 
from normal wood specimens, with increase in length from 
the green to the air-dry condition, and decrease in length from the 
air-dry to the oven-dry condition. This would not always be so 
evident in the intact wood block because of the counteracting in- 
fluence of the springwood. 


Tue Fisrit ANGLE 


It is obvious that as the fibril angle with the fiber axis increases, 
the longitudinal component of the increase along 7V becomes 
less and that of the contraction along UW becomes larger, until 
an angle is reached where, in going from the green to the air-dry 
condition, the two values are identical and the net change in 
length is zero. Angles above this value will then show a net 
decrease in length. Using the same values as in the preceding 
example, but assuming a fibril angle of 15 deg instead of 10 deg, 
the following figures for longitudinal shrinkage components can 
be obtained. 

From the green to the air-dry condition: 


Longitudinal component resulting from increase along TV: 
0.26 X sin 75° = 0.26 X 0.966 = 0.251 units elongation 


Longitudinal component resulting from contraction along UW: 
1.1 X sin 15° = 1.1 X 0.259 = 0.285 units shrinkage 
0.285 — 0.251 = 0.034 units net shrinkage along the fiber axis 


From the air-dry to the oven-dry condition: 


Longitudinal component resulting from increase along TV: 
0.07 X sin 75° = 007 X 0.966 = 0.068 units elongation 
Longitudinal component resulting from contraction along UW: 
0.9 X sin 15° = 0.9 X 0.259 = 0.233 units shrinkage 
0.233 — 0.069 = 0.164 units net shrinkage along the fiber axis 


Thus by increasing the fibril angle, the elongation effect 
along line 7'V is completely canceled by the greater shrinkage 
component of contraction along UW. This closely parallels the 
performance of springwood as well as most normal block speci- 
mens. Still greater fibril angles such as characterize compression 
wood would show less difference in amount of shrinkage at the 
air-dry and oven-dry conditions. 


Errect or CELLULOSE CHAIN LENGTH 


Another variable that can influence the net change in length 
with change in moisture content is the cellulose chain length be- 
tween attachments. Referring again to Fig. 2, we can establish 
the relationship 2 AB = BD/sin '/, angle BAD, where AB repre- 
sents chain length between attachments (XY in Fig. 1) and BD 
represents the microcapillary distance between the two adjacent 
attachment points (XZ in Fig. 1). If BD remains fixed in value 
and AB is increased, the value of sin '/, angle BAD must decrease. 
Changes in the length of line AC follow the cosine values of '/: 
angle BAD. Since the rate of change of cosine values decreases 
and becomes progressively lower with decrease in angle, it follows 
that the rate of increase of AC decreases progressively and ap- 
proaches zero as the angle approaches zero. Therefore, for higher 
values of chain-length interval AB, there will be progressively 
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lower rates of elongation for AC as the distance BD between the 
cellulose chains decreases with drying. 

A sample calculation will serve to illustrate this point. Using 
the same values as in the first example but assuming a chain 
length between attachments twice as large, that is, 2.11 units 
instead of 1.055, the following longitudinal-shrinkage components 
can be established: 

From the green to the air-dry condition: 


Longitudinal component resulting from increase along TV: 
TVap— TVg = 12.63 — 12.48 = 0.15 
0.15 X sin 80° = 015 X 0.985 = 0.148 units elongation 
Longitudinal component resulting from contraction along UW: 
UW 4p = 2.0—0.9 = 1.1 
1.1 X sin 10° = 1.1 X 0.174 = 0.191 units shrinkage 
0.191 — 0.148 = 0.043 units net shrinkage along the fiber axis 
From the air-dry to the oven-dry condition: 


Longitudinal component resulting from increase in direction 7V: 
TVop—TV an = 12.66 — 12.63 = 0.03 


0.03 X sin 80° = 0.33 X 0.985 = 0.030 units elongation 


Longitudinal component resulting from contraction in direction 
UW: 
UWap— UWop = 0.9 — 0.0 = 0.9 


0.9 X sin 10° = 0.9 X 0.174 = 0.157 units shrinkage 
0.157 — 0.030 = 0.127 units net shrinkage along fiber axis 


Thus for the same fibril inclination of 10 deg and the same 
initial width of microcapillary space UW of 2 units, as in the first 
example, but using twice the cellulose chain length, there results 
a net shrinkage of 0.043 unit instead of a net elongation of 0.065 
in going from green to air-dry condition, and a net shrinkage of 
0.127 units instead of 0.088 in going from air-dry to oven-dry 
condition. The result, in other words, is a reduction of the elon- 
gation effect to the point where the shrinkage predominates at 
both stages of drying. 


oF MIcROCAPILLARY SPACE ANOTHER VARIABLE 


One other variable that is doubtless of significance in the longi- 
tudinal shrinkage - moisture content relationship is the width 
of the microcapillary space UW between the cellulose chains. 
Again, using the same values as in the first example, for cellulose 
chain length 1.055 units and fibril angle 10 deg, assume that the 
segment aggregate TUVW, Fig. 1, has a length in the fibril direc- 
tion TV of 4.91 units and a microcapillary width UW of 4 units 
(i.e., twice that of the first example) Calculating the longitu- 
dinal components as follows: 

From the green to the air-dry condition: 

Longitudinal component resulting from increase along TV 


TVan—TVe = 6.00 —4.91 = 1.09 

1.09 X sin 80° = 1.09 X 0.985 = 1.074 units elongation 
Longitudinal component resulting from contraction along UW 
UW g— UW ap = 4.0—2.0 = 2.0 

2.0 X sin 10° = 2 X 0.174 = 0.348 units shrinkage 


1.074 — 0.348 = 0.726 units net elongation along the fiber axis 
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From the air-dry to the oven-dry condition: 
Longitudinal component resulting from increase along 7'V: 


TVop — TV ap = 6.33 — 6.00 = 0.33 

0.33 X sin 80° = 0.33 & 0.985 = 0.325 units elongation 
Longitudinal component resulting from contraction along UI’: 

UWapn— UWop = 2.0 —0 = 2.0 


2.0 X sin 10° = 2 X 0.174 = 0.348 units shrinkage 
0.348 — 0.325 = 0.023 units net shrinkage along the fiber axis. 


Hence for the same conditions as in the first example, but 
using twice the microcapillary spacing, there results a net elonga- 
tion of 0.726 unit instead of 0.065 at the air-dry condition, and 
a net shrinkage of 0.023 unit instead of 0.088 at the oven-dry 
condition. Therefore an increase in the microcapillary spacing 
between cellulose chain molecules tends to increase the elongation 
component more than the shrinkage component. 

Here it is pertinent to note that the number of specimens which 
exhibit net elongation upon drying from the green to the air-dry 
condition is greatest, and the degree of elongation most pro- 
nounced at the stump level, but contrary to expectation, the fibril 
angles in the summerwood from the stump specimens are fre- 
quently larger than those found in specimens with less elongation 
or even slight shrinkage taken higher in the tree. Also, as re- 
ported previously (4), the tangential and radial shrinkage is 
greatest in specimens taken at the stump level. Therefore it 
seems safe to suggest that at this point in the tree there are wider 
microcapillary spaces between the cellulose chain molecules than 
at the higher positions. Shorter chain molecules between at- 
tachment points would produce the same increase in elongation 
effect but would not explain the higher lateral shrinkage in the 
stump wood. 


SUMMARY 


Summarizing the points illustrated by the foregoing examples, 
four factors that exert a significant influence on the longitudinal 
shrinkage - moisture content relationship of wood are (a) the 
interconnection of chain molecules, (b) the fibril angle, (¢) the 
cellulose chain-molecule length between interconnections, and 
(d) the microcapillary width. As a result of the interconnection 
of the chain molecules, any loss in moisture content is accom- 
panied by contraction as the chain molecules approach each other, 
and elongation as the affixed ends of the chain molecules are 
pushed apart. 

In the early stages of drying and with relatively small fibril 
angles, the elongation may equal or even exceed the contraction, 
but in the later stages of drying the contraction predominates. 
Because of this interconnected structure, proportionality does 
not exist in the moisture content-longitudinal shrinkage relation- 
ship. Increase in fibril angle is accompanied by increase in the 
longitudinal component of contraction and decrease in the longi- 
tudinal component of elongation. In the case of large fibril angles, 
such as occur commonly in springwood or in compression wood, 
the elongation component becomes relatively ineffective. The 
greater the cellulose chain-molecule length between intercon- 
nections, the less the elongation upon drying, and consequently, 
the greater the shrinkage; whereas the greater the microcapillary 
width the greater the elongation upon drying. 

The longitudinal components of the lateral contraction of the 
chain molecules and the lengthwise extension of the attachment 
points oppose each other in direction and are of appreciably dii- 
ferent magnitude. The shrinkage resulting from the lateral ap- 
proach of the chain molecules progresses uniformly and is esseD- 
tially proportional to the change in moisture content from the 
fiber-saturation point to the oven-dry condition, but the elonga- 
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tion effect decreases as drying progresses and hence is not pro- 
portional to moisture change. Since the fibril orientation of 
normal summerwood is relatively steep, the longitudinal com- 
ponent of the elongation effect (pushing apart of attachment 
points) is practically equivalent to the full value; whereas the 
longitudinal component of the shrinkage effect (approach of the 
cellulose chains) represents only a small fraction of the total. 
Longitudinal shrinkage therefore is not normally proportional 
to change in moisture content. Conversely, the lateral com- 
ponent of the elongation effect is relatively insignificant, while 
that of the shrinkage effect approximates the full value. Ac- 
cordingly, the tangential and radial shrinkage ordinarily ap- 
proaches proportionality with change in moisture content. 
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Damping of Textile-Mill Movement by 


Frahm System 


By CHARLES E. CREDE,' CAMBRIDGE, MASS. 


One of the most prevalent vibration problems in the op- 
eration of textile mills is associated with the lay move- 
ment of looms. The lay is a relatively heavy member 
driven with a reciprocating motion in essentially a hori- 
zontal path. Harmonic inertia forces are set up, and 
with the simultaneous operation of many looms large 
forces are transmitted to the floor and thence to the 
walls of the building. Particularly where looms are 
mounted on upper floors of a mill building, the con- 
sequent side-to-side swaying movement is liable to exceed 
proportions of safety to the structure. In some cases, 
looms have been moved to lower floors, and in others re- 
medial steps have been taken. Such remedies have taken 
the form of external abutments to reinforce the walls; 
the speeds of a number of looms have been changed to 
reduce the duration of the in-phase periods; and looms 
have been reoriented to distribute the forces in several 
different directions. Some of these measures have been 
helpful but not entirely corrective. The approach 
described in this paper is to apply to the Frahm tuned vi- 
bration damper to the restraint of mill movement. 


HE vibration troubles being experienced today by textile 

mills are almost invariably associated with the operation 

of looms. 
moving parts. 


A loom is a machine which embodies many 
Various types of forces are associated with these 
movements, one of the most predominant being that associated 
with the lay movement. The lay is a relatively heavy member 
which is driven with a reciprocating motion in a substantially 
horizontal path. The driving means is a crank and connecting 
rod; the large forces required to drive the lay in its harmonic 
motion are transmitted through the driving means to the loom 
frame and thence to the floor. This force is increased many 
times by the simultaneous operation of a large number of looms. 
The resulting foree is imposed upon the walls of the building. 
When the looms are mounted upon the upper floors of a build- 
ing, the forces generated by the looms produce a considerable 
moment upon the walls considered as cantilevers upstanding 
from the foundation. This causes the side-to-side swaying 
movement which is quite generally characteristic of mill build- 
ings in which looms are operating. 

The trend in loom operation over a Jong period of years has 
been toward higher and still higher operating speeds. This has 
caused a greater and still greater swaying of mill buildings. The 
amplitude of sway has far exceeded in many cases that which 
is considered by architects and construction engineers to be safe. 
The danger is demonstrated by the frequent appearance of cracks 
between floors and walls, by the crumbling of mortar, and even 
by the disintegration of small sections of wall. In many cases, 
looms have been moved to lower floors to reduce building sway. 
In other cases, this has been impossible and’ other remedies have 
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been tried. Included among these are the construction of external 
abutments to reinforce the walls; the changing of speed of a por- 
tion of the looms to reduce the duration of in-phase periods; and 
the reorientation of looms to distribute the forces in several dif- 
ferent directions. Many of these solutions have been successful 
in varying degree, but the problem still remains to a greater or 
less extent. 
Force Causine BuILDING TO Sway 

It was pointed out in the foregoing that the force which causes 
the building sway is the result of the reciprocating motion of a 
heavy member. Such a force is directly proportional to the 
square of the speed, if the amplitude of the reciprocating motion 
remains constant. The trend toward higher operating speeds 
therefore embodies disturbing forces which increase at a faster 
rate than the rate of increase in speed. The increase in the 
forces is illustrated by the broken curve marked “lay force” in 
Fig. 1. This curve is drawn to an arbitrary scale and shows 
how the amplitude of building vibration may be expected to in- 
crease if it,can be assumed that the vibration amplitude is di- 
rectly proportional to the force exerted by the looms. 
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A building, however, behaves as a damped elastic system. 
Although it is a system which embodies distributed mass and 
distributed flexibility, it may be considered for purposes of illus- 
tration a single-degree-of-freedom system. The amplitude of 
building vibration is given as a function of frequency for this 
case by Equation [14] of the Appendix as follows 


A gt [1 — + E 
where 
X, = amplitude of building vibration (one-half total 


travel), in. 
X,, = building deflection produced by an equivalent 
static force, in. 


a = ratio of loom operating frequency to building 
natural frequency 

- = ratio of damping in building to critical damping 
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This equation is shown graphically in Fig. 1 for several de- 
grees of damping found to be typical of mill buildings. The 
building amplitude is characterized by relatively high values in 
the region where the operating speed of the looms is equal or 
nearly equal to the building natural frequency. This is a condi- 
tion of resonance or near resonance. It results in building move- 
ment which is disproportionately high when compared with the 
force which causes the movement. Experiments with typical 
mill buildings reveal that the excessive building movement being 
experienced with higher-speed looms is due in many cases to the 
fact that a moderate increase in loom speed has moved the loom 
operating frequency closer to the natural frequency of the build- 
ing. In other words, a resonant condition is being approached, 

RESTRAINING Mitt MovEMENT 

A method of restraining mill movement which is applicable 
under certain conditions is the tuned vibration damper, invented 
by Frahm in 1909. The requisite elements of such a damper as 
applied to textile-mill buildings are shown schematically in Fig. 
2. A loom is shown with the lay in the extreme left position. 
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block may be calculated by means of differential equations as 
shown in the Appendix. For this purpose, the building is taken 
as the idealized system shown in Fig. 3 consisting of the con- 
centrated mass M, and the massless linear spring Ky. A method 
of expanding this system into more practical and useful form is 
discussed later in the paper. All damping is assumed viscous for 
ease of mathematical analysis. The equations for the travel of 
the building and the damper block, Equations [19] and [20] of 
the Appendix, are as follows 
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Therefore an inertia force is exerted upon the building toward 
the left side, and the walls, for the case where the loom operating 
frequency is less than the building natural frequency, tend to be 
deflected as shown by the dotted lines. The damper’ is com- 
posed of a relatively heavy block attached to one of the de- 
flected walls by means of aspring. The mass of the block and the 


Fic. Schematic DraGraM or WitH DAMPER 
stiffness of the spring are designed so that the natural frequency 
of the block-spring combination when moving horizontally is 
equal to the operating frequency of the loom. The block will 
then vibrate out of phase with the lay, i.e., when the lay is in 
its extreme left position the block will be in its extreme right 
position. Consequently the leftwardly directed lay inertia force 
is epposed by the rightwardly directed force exerted upon the 
wall by the extended damper spring. These two forces tend to 
balance each other and the net force on the wall, therefore, is 
much less than the lay inertia force. When the lay moves to 
the right, the block moves to the left and similar but reversed 
forces exist. The tuned damper thus decreases mill movement 
by creating forces which oppose the forces generated by the 
loom. 

The amplitude of travel of the building walls and the damper 


where 
X, = maximum excursion of building equipped with 
damper (half total travel), in. 
X, = maximum excursion of damper block (half total 
travel), in. 
X, = maximum excursion of same building without 
damper (half total travel), in. 
a = ratio of loom operating frequency to building 
natural frequency 
8 = ratio of loom operating frequency to damper 
natural frequency 
uw = ratio of damper mass to effective building mass 
yan = ratio of damping in building to critical damping 
Cer for building 
pes ratio of damping in damper to critical damping 
ed 


for damper 


It is important to note that Equations [19] and [20] are com- 
posed entirely of dimensionless terms, and that the equations 
when once evaluated numerically become applicable to a wide 
range of problems. 

An important consideration in determining the requirements 
of a tuned damper for textile-mill buildings is the ‘relation be- 
tween the operating frequency of the looms and the natural fre- 
quency of the building in a side-to-side swaying mode. The 
operating frequency of the loom may be (1) less than, (2) equal 
to, or (3) greater than the building natural frequency. The 
phenomenon is different for each of these three cases as show! 
graphically in Figs. 4 to 6, inclusive. 

Fig. 4 shows the amplitude of the building and the damper? 
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(Loom operating frequency less than building 
natural frequency.) 


block for the case in which the looms operate at a frequency 
lower than the natural frequency of the building. These ampli- 
tudes are given with reference to the amplitude of the building 
under the same operating conditions but without the damper. 
It may be seen that the building amplitude reaches a minimum 
when the damper is tuned so that its natural frequency is equal 
to the operating frequency of the looms. If the damper is tuned 
to a somewhat higher natural frequency, i.e., so that 8 is less 
than 1, the building amplitude becomes much greater and may 
exceed the amplitude of the building without the damper. The 
weight of the damper block is a very important factor and will be 
discussed later. 

Fig. 5 shows the conditions when the operating frequency of 
the looms coincides with the building natural frequency. Again 
it may be seen that the building amplitude reaches a minimum 
when the damper natural frequency is tuned to the loom operat- 
ing frequency. This represents an ideal condition for appli- 
eation of the tuned damper because it is impossible for the 
damper to cause an increase in building vibration if improperly 
tuned. 

Fig. 6 illustrates the third possible condition, the case in which 
the loom operating frequency is greater than the building natural 
frequency. It resembles Fig. 4 in many respects. The mini- 
mum building amplitude occurs when the damper natural fre- 
quency is equal to the loom operating frequency but the maxi- 
mum building amplitude occurs when the damper is tuned to a 
natural frequency slightly less than the loom operating fre- 
quency, i.e., when @ is greater than one. 

It is probable that, in the majority of existing installations, 
the looms are operating at a frequency lower than the natural 
frequency of the building. This is the condition illustrated in 
Fig. 4. There may be instances where the looms are operating 
at a frequency higher than the building natural frequency. 
This latter condition seems certain to be encountered in an in- 
creasing number of cases as the general increase in loom operat- 
Ing speeds continues. There are instances within the experience 
of the author in which the looms are operating at a frequency 


(Loom operating frequency equal to building 
natural frequency.) 


(Loom operating frequency greater than building 
natural frequency.) 


only slightly less than the building natural frequency; it would 
require in these instances only a moderate increase in loom 
speed to pass from the condition of Fig 4 to the condition of 
Fig. 6. The case in which the loom speed is exactly equal to the 
building natural frequency, as shown in Fig. 5, is an exceptional 
one. It may often be approached but seldom exactly realized 
in actual practice. For this reason, and because the design of a 
damper is not critical, this case will not be considered in detail. 
When the loom operating frequency is substantially lower than 
or substantially higher than the building natural frequency, the 
damper design can become quite critical and should be examined 
very carefully. 


Revation BetTwEEN MINIMUM AND Maximum BUILDING 
MOVEMENT 


Under the conditions of Figs. 4 and 6, there is a condition of 
minimum building movement and one of maximum building 
movement. To attain the former is the objective in the installa- 
tion of a damper. It can bring about a substantial reduction in 
building movement whereas attainment of the condition of maxi- 
mum movement will generally produce detrimental rather than 
beneficial results. Therefore it becomes essential that these two 
conditions be effectively separated to insure that an uninten- 
tional shift to the condition of maximum movement does not 
occur. Such shifts may be caused by the following: 


1 Variations in loom speed due to fluctuations in line voltage 
or changes in weaving conditions. 

2 Changes in characteristics of the damper due to shifting 
and loosening of the structural parts thereof. 


The condition of minimum building movement always occurs 
when the natural frequency of the damper is equal to the operat- 
ing frequency of the looms. The condition of maximum building 
movement depends upon the relation between loom operating 
frequency and building natural frequency and upon the relation 
between damper mass and building mass. This condition is 


defined by Equation [22] of the Appendix as follows 
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[22] 
1 — a? 
where 
B,, = ratio of loom frequency for maximum building 
movement to loom frequency for minimum build- 
ing movement 
a = ratio of loom operating frequency to building 
natural frequency 
# = ratio of damper mass to effective building mass 


Equation [22] is shown graphically in Fig. 7. 

It is important to design the damper so that the difference 
between the loom frequency at minimum and maximum building 
movement is substantially greater than the maximum expected 
fluctuation in loom speed and damper characteristics. In other 
words, 6,, in Fig. 7 should be either substantially greater than 
or substantially less than 1. An examination of Fig. 7 reveals 
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the effect of the various factors. If the loom operating frequency 
is nearly equal to the building natural frequency, i.e., if a is 
slightly less than or slightly greater than 1, the necessary value of 
8,, can be attained by a relatively small damper. For example, 
if the looms are operating at a frequency equal to 90 per cent of 
the building natural frequency, a damper with a mass of only 
2 per cent of the effective building mass is sufficient to obtain a 
difference of approximately 4 per cent between the loom fre- 
quencies which will produce the minimum and maximum building 
movement. As the difference between loom operating fre- 
quency and building natural frequency increases, however, the 
mass of the damper must also be increased to attain equivalent 
results. 

To design a tuned damper for a mill building, it is necessary 
that the following characteristics of the building be known: 


1 The natural frequency of the building in the side-to-side 
swaying mode induced by loom operation. 

2 The effective mass of the building. This is not the actual 
mass of the building or any part thereof but rather a hypothetical 
mass which is required for purposes of analysis. 

3 The degree of damping in the building. 

The foregoing characteristics can be determined with satis- 
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factory certainty only by experiment. It is essential that the 
natural frequency and the effective mass be known. The degree 
of damping is convenient but not essential; it is easily deter- 
mined, however, from the experiments which determine the other 
characteristics. 


Errective Mass or a BurLpING 


The discussion of building mass up to this point has been predi- 
cated on the initial hypothesis that the building mass is con- 
centrated at point of application of loom force and that the 
building is otherwise massless. Obviously, a building is not in 
this form. If we consider vibration of the building only in its 
fundamental mode, however, the actual mass of the building can 
be replaced by a hypothetical mass for analytical purposes, 
Consider, for example, a two-story building in which the looms 
are on the second floor. The force which sways the building is 
applied at the second-floor level. The building sways as a canti- 
lever on its foundation so that the roof and the upper portions 
of the wall have greater movement than the second floor. The 
force which must be applied to the wall at the second-floor level 
to cause such movement is greater under the existing conditions 
than if the mass of the roof and upper walls were concentrated 
at the second-floor level. Similarly, the lower parts of the walls 
have less movement than the second-floor level and less force 
is required to move them. If it is assumed that the walls and 
roof are made massless but retain their same stiffness and that 
a hypothetical concentrated mass is placed at the second-floor 
level, the building can be made to vibrate with any selected 
amplitude at the second-floor level by adjusting the size of the 
hypothetical mass. When the building movement 
equal to that being experienced in practice, the magnitude of the 
hypothetical mass is called the effective mass of the building. 

The correctly designed damper has its natural frequency in 
a side-to-side movement tuned to the operating frequency of 
thelooms. This is relatively simple when the mass of the damper 
block has been determined. It is essential that the mass of the 
damper be made large enough to separate the frequencies at 
which minimum and maximum building movement occur. Refer- 
ence is made to Fig. 7. The necessary value of the mass ratio 
uw depends upon the frequency ratio a. Therefore the deter- 
mination of the size of the damper block requires that the natural 
frequency of the building and the effective mass of the building 
be known. These factors vary from building to building and 
must be determined experimentally for each building in which 
it is desired to install a damper. 


becomes 


MEASURING AMPLITUDE OF BUILDING VEBRATIONS 


To determine the required building characteristics experi- 
mentally, it is necessary to vibrate the building over a range of 
frequencies and to measure the amplitude of the building vibra- 
tion. A convenient method of performing this experiment is to 
attach an unbalanced rotor to a wall of the building approxi- 
mately at the level of the weaving-room floor. It is necessary 
that means be provided to drive this rotor at various speeds be- 
tween 150 and 300 to 400 rpm. In order to obtain useful results, 
the unbalanced weight must be of considerable magnitude. An 
unbalanced weight of 200 lb at the end of a 14-in. crank arm has 
been found to produce satisfactory results in a typical building. 
The rotor is operated at each of several speeds for a sufficiently 
long time to obtain a measurement of building amplitude as well 
as rotor speed. A rotor which has been used for this purpose 
is shown in Fig. 8. 

The movement of the building under the influence of the un- 
balanced rotor is considered analytically in the Appendix, and 
the amplitude of building movement is given by Equation [16] 88 
follows 
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Fic. 8 Unsatancep Rotor Setup 
+ 
Q,? 
where 
Fy = product of unbalanced mass and crank radius of 
rotor, lb sec? 
w = operating speed of rotor, radians per sec 
AK, = building stiffness, lb per in. 
Q, = building natural frequency, radians per sec 
= damping ratio for building 
eb 


Xs = amplitude of building vibration (one-half total 
travel), in. 


The first two terms listed are known from the design and opera- 
ting speed of the rotor, the next three are unknown, and the last 
is known from the measurements of building movement. Con- 
sequently Equation [16] becomes an equation with three un- 
knowns. It can be written three times, each with a different 
value of w and a corresponding value of Vg as found from the 
measurements. The resulting three simultaneous equations 
can then be solved for the unknown variables. Where more 
than three experimental points are available which do not lie on 
a smooth curve, each unknown variable can be calculated several 
times and the mean of the answers used. The building natural 
frequency 2, and the damping ratio C,/C,, are directly useful 
for design purposes; the stiffness A, has no specific application. 


(nace Tora Teaver) 
° 


o 
a 


3 


Ferquency oF , Crcies/Seconn (w) 


Fic. 9 Movement as Function or Rotor FREQUENCY 


The experimentally determined values for building movement 
as obtained in a typical experiment are shown by the plotted 
circles in Fig. 9. These values, substituted independently in 
Equation [16], give simultaneous equations which are solved 
for the values of building natural frequency and damping ratio 
indicated in Fig. 9. The curve is a graphical representation of 
Equation [16] using these experimentally determined factors. 
An approximation of the natural frequency may be obtained by 


—- the frequency at which the curve reaches maximum am- 
plitude. 


DETERMINING EFFECTIVE BUILDING Mass 


The natural frequency and damping ratio of the building having 
been determined, it now remains only to determine the effective 
mass in order to complete the design of damper. This is some- 
what complicated by the fact that the unbalanced rotor causes 
relatively large building movement in the region of the rotor 
but progressively less movement at stations remote from the 
rotor. The shape of the wall as deformed by the rotor is given 
sufficiently well for practical purposes by Equation [23] of the 
Appendix as follows 


X 2 


where 


Xz) = wall movement adjacent unbalanced rotor (one- 
half total travel), in. 
y = distance along wall from rotor, ft 
l = length of wall subjected to movement by unbal- 
anced rotor, ft 
Xs = wall movement at any point y (one-half total 
travel), in. 


Values for wall movement as measured in a typical experiment 
are shown by the plotted circles in Fig. 10. A measured value of 
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X, and the distance y to the point of measurement are substi- 
tuted in Equation [23] to produce an equation with unknown 
variables Y gw) and /. Another value of X, at another distance 
y produces a similar equation with the same unknown variables. 
These two equations are solved simultaneously for Xa) and l 
which are used in the ensuing calculation. The curve in Fig. 
10 is a graphical representation of Equation [23] using the ex- 
perimentally determined values of X gq) and lL. 

The effective mass of building per unit length may now be 
determined from the known movement of the wall in the region of 


‘the rotor. Reference is made to Equation [28] for this purpose 
X Bo) = 34 C [28] 
where 


Xs) = measured building movement adjacent rotor 
at any frequency (one-half total travel), in. 
Fy) = product of rotor mass and crank radius, lb sec? 
ratio of rotor frequency w to building natural 
frequency as previously determined 
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Cc 
a = damping ratio for building 


eb 
1 = length of building subjected to vibration as pre- 
viously determined, ft 
q = effective mass of building per unit length, lb sec?/ 
in./ft 
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All terms in Equation [28] except the building mass per unit 
length g are known. The mass g may then be determined by a 
direct calculation. The building mass is converted to the more 
convenient weight units by multiplying by the acceleration of 
gravity, i.e., the effective building weight is Q = qq lb per ft. 


CALCULATING REQUIRED WEIGHT OF DAMPER 


It is now possible to calculate the required weight of damper 
by referring to Fig. 7. The ratio a is determined from the loom 
operating frequency and the building natural frequency as indi- 
cated previously. The ratio £8,, is selected, keeping in mind that 
the value of 8,, should be chosen sufficiently different from 
unity to prevent accidental operation at the condition of maxi- 
mum building movement. A value of the mass ratio yu is then 
determined which, when multiplied by the effective unit weight 
Q of the building, gives the required unit weight of the damper 
block. For example, it was previously found that for a mill in 
which a = 0.90, 8,, = 0.96 when » = 0.02. If the building is 
found to have an effective weight Q of 15,000 lb per ft of length, 
the damper must weigh 15,000 X 0.02, or 300 lb per ft of length. 

Inasmuch as the required weight of the damper has been com- 
puted, there remains now to be determined the practical aspects 
of the design and the stiffness of the damper springs. The weight 
of the damper has been calculated as weight per foot of building 
length. It is not essential that the damper be continuous through- 
out the length of building; it may be, instead, a series of weights 
which average the calculated value. Probably the cheapest 
means of obtaining a large weight is by the use of concrete. 
Lengths of wooden troughs may be suspended on wire ropes 
attached to the roof or overhead and positioned a few inches 
above the floor and adjacent to one of the walls. This provides 
a relatively simple and inexpensive support. The required 
weight may be obtained by filling the trough with concrete to 
the proper height. Helical springs should be arranged in such a 
manner that a force is transmitted to the wall when the troughs 
are moved horizontally toward or away from the wall. It is 
desirable to use a large number of small springs spaced relatively 
close together so that the force exerted against the wall tends to 
be distributed throughout its length rather than to be concen- 
trated at a few points. 

A mass arranged as described in’ the foregoing paragraph is es- 
sentially a pendulum with an assisting spring force acting on the 
mass. The natural frequency of such a device is given by Equa- 
tion [32] of the Appendix. It will be found, however, that the 
length of the pendulum is of little importance in most practical 
applications. For example, in an installation in which the 
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damper has a natural frequency of 3 cycles per sec and in which 
the length of the pendulum is 12 ft, an error of less than '/2 per 
cent is introduced into the natural-frequency calculation by neg- 
lecting the term which includes the length of pendulum. This 
simplification reduces the natural-frequency equation to that 
given by Equation [33]. A family of curves for determining the 
natural frequency is given in Fig. 11. 


User OF THE VIBROGRAPH 


It is evident that, in order to carry out the experimental work 
described in the foregoing, a means for measuring the excursion 
and frequency of building movement is required. This is a prob- 
lem of considerable difficulty. Inasmuch as the building moves 
in its entirety, there is no stationary reference within the building 
from which to measure. The frequency is generally low, as low 
as 2 cycles per sec, and a seismic element to be useful under these 
conditions requires a natural frequency of 1 cycle per see or less. 
The excursion is low, even though it often seems high to the 
senses, and an instrument of moderately high sensitivity is re- 
quired. A method which has been used successfully by the 
author involves the adaptation of the Westinghouse “vibro- 
graph” to a specially designed seismic pendulum. 

The vibrograph is a mechanical recording instrument in which 
the vibration be‘ng measured is picked up by a prod and trans- 
mitted by a magnifying lever system to a stylus which trans- 
cribes the record on a cellulose-acetate tape driven by a clock- 
work motor in a direction perpendicular to the stylus movement. 
The frequency is determined by comparison of the record with a 
secondary simultaneously recorded trace of constant frequency. 
The special pendulum is composed of an arm pivoted by a spring 
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hinge to swing about a vertical axis as illustrated in Fig. 12, and 
the diagram in Fig. 16. The arm, which carries weights and the 
vibrograph, can be arranged so that its natural frequency is as 
low as 1 cycle per sec, depending upon the number of weights 
used. The vibration excursion recorded by the vibrograph is not 
a true measure of building movement because the vibrograph 
does not remain stationary in space—it moves, but at a lower 
excursion than the building. It is possible, however, to calibrate 
the instrument. The calibration factor varies with the frequency 
of the vibration being measured, as shown by Equation [39] of 
the Appendix and the curve in Fig. 13. 
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Appendix 


The following nomenclature is used in the mathematical 
analysis which follows: 


M, = totaleffective mass of building 
M, = total mass of damper block 
K, = stiffness of building walls 

K, = stiffness of damper spring 


(C, = viscous damping in damper 
C, = viscous damping in building 
Fo? = maximum value of loom force, Ib 
w = circular frequency of harmonic disturbing 


force, radians per sec 

X;,X, = instantaneous and peak displacements, res- 
pectively, of building equipped with 
damper (one-half total travel), in. 

X.X,4 = instantaneous and peak displacements, res- 
pectively, of damper (one-half total 
travel), in. 

uw = M,/M, = ratio of damper mass to effective building 


mass 
J > 
w, = V K,/M, = natural frequency of damper, radians per 
sec 


2, = VK, M, = natural frequency of building, radians per sec 


a = — = ratio of disturbing frequency to building 
My natural frequency 
8 = — = ratid of disturbing frequency to damper 
we natural frequency 
Xu = deflection of building under static applica- 
K, tion of maximum loom force, in. 
Cy = 2M,2, = critical damping of building 


C.4 = 2M, = critical damping of damper 

Xg, = peak displacement of building without 
damper (one-half total travel), in. 

Xa) = peak displacement at unbalanced rotor of 
building without damper (total half travel), 
in. 

8, = ratio of loom operating frequency to damper 
natural frequency at which building move- 
ment becomes maximum. (Also ratio of 
loom operating frequency at maximum 


building movement to loom operating fre- 
quency at minimum building movement, as 
explained in connection with Equation [22]. 
m = mass of unbalanced rotor, lb sec?/in. 
r = radius of crank arm of unbalanced rotor, in. 
Fo = mr = force coefficient for unbalanced rotor, lb sec? 
y = distance along wall from unbalanced rotor, ft 
1 = length of wall, measured from unbalanced 
rotor, subjected to vibration, ft 
g = acceleration of gravity, in. per sec? 
q = effective mass of building per unit length, 
lb sec?/in. /ft 
Q = qq = effective weight of building per unit length, 
lb per ft 
w,’ = natural frequency of spring-actuated pendu- 
lum, radians per sec 
fa = natural frequency of spring-actuated pendu- 
lum, cycles per sec 
W, = weight of damper block, lb 
h = length of damper supporting wire, ft 
I = moment of inertia of seismic pendulum, lb in. 
sec? 
k = angular stiffness of seismic pendulum pivot, 
in lb per radian 
M, = mass of seismic pendlulum, lb sec?/in. 
R = radius of gyration of seismic pendulum, in. 
o, = V/ k/I = natural frequency of seismic pendulum, 
radians per sec 
u = amplitude reading of vibrograph on seismic 
pendulum, in. 
a = distance from pivot to vibrograph prod, in. 


The differential equations of motion of the damper and build- 
ing, referring to Fig. 3, are as follows 


M.X, + — + X,) = 0......{1] 


M,X, K, x K(X, + CAX, X,) 
+ = sin of... [2] 


Using complex notation,” the foregoing equations become 
—M ,X wo? + + X, = 0...... [3] 


Solving Equation [3] for X, 


(jwC, Ky M w")X, 
Kz + 


Substituting this value of X, in Equation [4] 


+ Ka — 
(—M yw? + K, K, Joly + jwl,) (: a \x 


— (Ky + = Pot...... (6] 


Solving Equation [6] for X,/Fw? 


2“*Mechanical Vibrations,”’ by J. P. Den Hartog, McGraw-Hill 
Book Company, Inc., New York, N. Y., second edition, 1940, p. 12. 
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Fo? 


(—M ,w? + K,)(—M wo + K,) — wo? jol[C CM + Mw (C, + C,)) 
Substituting in Equation [5] the expression for Xg as given in Equation [7] and solving for X,/Fw? 


(Kg — Myw*) + 


Equations [7] and [8] are of the form 


be written 


(—M yw? + K,)(—M yw? + Kz) — — Cy + jol[C — + — + C,)) 


This complex expression can be transformed? into an equation for the maximum value of the displacement. 


Equation [9] may then 


Fut) C2 + D? 
from which Equations [7] and [8] become 
K;? 
[10] 


+ K,)( — Myw* + Ky) — 


— + —C Myo? + Mywo(C, + 


(Ky — Myo)? + 


xy 
[(— Myo? + K,)(— Maw? + Ky) — yo? — + — C + C,Ky— MwX(C, + C,)]? 


Equations [10] and [11] are converted to dimensionless form as follows 


[12] 


An equation which gives the maximum displacement for the 
building without a damper is obtained from Equation [13] by 
letting =B= Cs = 

Then 


1 
C 
Xt (1 — + E 
Cur 


Equation [14] may be written in terms of the magnitude of the 
unbalanced force and the stiffness of the building walls by sub- 
stituting Fw?/K, for X,, 


Fw?/K, 


+ 
Ca 
Substituting w/, for a changes Equation [15] to 
Fo?/K, 
w @ b 


* Ibid., p. 117. 


1 + 48? 
Coa 
[a — a?)(1 — B?) — pa? — 4a8 ( ‘\ + — a? — + 2a ( 
Ces eb ‘ed ( cb 
2 
(1 — + 48 ( 


[a —a a B?) pa? 4a8 + | 28 (<) (1 — pa?) + 2a 


Multiplying the numerator of Equation [15] by M,/M, gives the 
following equation 


Equation [17] may also bé written as follows, substituting mr for 


2 
= mr a 


Xp = 


Equation [19], which expresses the effectiveness of the damper, 
is obtained by dividing Equation [13] by Equation [14] and 
taking the square root. Similarly, the maximum travel of the 
damper, with reference to the maximum building amplitude 
when the damper is inoperative, is given by Equation [20] which 
is obtained by dividing Equation [12] by Equation [14] and 
taking the square root. 


U7] 
Fo 
‘ 
= 
[13] 
7 
| 
is 
2/ 17] 
My, 1 a’)? + | 2a : 
Cu 


or 


8} 


CREDE—DAMPING OF TEXTILE-MILL MOVEMENT BY FRAHM SYSTEM 


X, [« (=) [« (=) 


+ 48? x [a — + sat 
Xs Coa _ NACo .[20) 


Equations [19] and [20] are shown graphically in Figs. 4 to 
6, for various values of a and uw and arbitrarily selected, typical 
values of C,,/C,, and C,/C,,. 

The amplitude of the building movement is expressed by 
Equation [19]. This amplitude reaches a maximum at a cer- 
tain value of the frequency ratio 8 and a minimum at another 
value of 8. It can be shown that the value of 8 at which the 
maximum and minimum values of X, occur may be determined 
with sufficient accuracy for practical purposes by setting the 
damping terms equal to zero. Equation [19] then becomes 

X, (1 — 6*)(1 — a?) 


x. [21] 


It is evident from Equation [21] that X, has a minimum value 
when 8 = 1, ie., when the natural frequency of the damper is 
equal to the operating frequency of the looms. It is also evi- 
dent that the building amplitude X, reaches a maximum value 
when 


(1 — — a?) — pa? = 0 


which gives, when solved for 8,, 


If wmin is the loom frequency at which minimum building 
movement occurs and wmax is the loom frequency at which maxi- 
mum building movement occurs, the following relations hold 


@min Wmax 


4, 
Wy Wg 
Therefore 
Wmax 
Wmin 


The symbol 8,, thus represents the ratio of the loom speed for 
maximum building movement to the loom speed for the mini- 
mum building movement. This ratio, taken from Equation 
[22], is shown graphically in Fig. 7. 

When the force Fw? is applied at a point, the wall at the point 
of application of force will experience the greatest movement. 
Other parts of the wall remote from the point of force applica- 
tion will experience less movement. A horizontal section through 
the wall at the elevation of the applied force shows the wall to 
have the shape shown in Fig. 14. For purposes of this analysis, 
It will be sufficiently accurate to assume the equation of the wall 
plan to be 


Equation [17] gives the building amplitude in terms of the 
applied force and total effective mass. Since portions of the 


Xs 


yo yl) 
Sin wt 


Fic. 14 Pian View or Distorted WALL 


wall remote from the applied force move with relatively small 
amplitude, the relation between the total effective mass M, and 
the unit effective mass q may be determined by equating the 
maximum kinetic energy for the two cases. For the concentrated 
total effective mass 


Kinetic energy = '/2M, Xpq*w?............. [24] 


For the distributed unit effective mass 


1/2 
Kinetic energy = '/2 Xp* wiqdy......... [25] 


Setting Equations [24] and [25] equal and substituting the ex- 
pression for Xz from Equation [23] in Equation [25] 


1/2 
X Bo)? 2Qry \? 
MyX Be)? w? = 1/2 qu? (1 + cos st) dy. .{26] 


Integrating the right-hand side of Equation [26] between the 
limits shown gives the following result 


Substitution of M, from Equation [27] in Equation [17] gives 
the following expression for X g,0) 


The determination of the natural frequency of the building 
by measurement of building movement at different frequencies, 
as plotted in Fig. 9, introduces a discrepancy of unknown propor- 
tions. In distorting the building locally, as illustrated in Fig. 10, 
an elastic force tends to oppose such distortion. This force has 
no function in the case of normal loom operation because the force 
against the wall is distributed, and no appreciable distortion 
occurs. The natural frequency when excited by the single rotor 
therefore tends to be higher than the natural frequency when 
excited by the looms. In installations in which the looms oper- 
ate at a frequency lower than the building natural frequency, a 
real natural frequency lower than that presumed from the ex- 
perimental work is advantageous. The loom operating fre- 
quency and the building natural frequency then become more 


x BO) = 


| 
[19] tees 
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nearly equal, and more nearly approach the conditions under 
which the tuned damper is ideal. 

The damper may take the form of concrete blocks suspended 
by means of wires from overhead and attached by means of 
springs to the wall. The natural frequency of such a damper 
may be calculated as follows, referring to Fig. 15: 

The mass M, is displaced laterally a 
small distance X,. The forces tending to 
restore the mass to its equilibrium po- 
sition are the spring force X,K, and the 
gravity force M,g sin ¢. If the angular 
movement is small, sin ¢ = @ = X4/h. 
The equation of motion for the mass M, 
may then be written 


MiXa = KiXa + 


[29] 


Dividing both sides of the equation by Mg 


9 
Fie. 15 Scuematic (#: 2) 
View or DaMPER 


The solution of Equation [30], taking as 
the initial conditions X, = X,and X, = Owhent = 0, is 


from which it is evident that the natural frequency of the damper 


Ky g 
wq’ = 


is 


For most practical applications of the type described in this 
paper, the second term under the radical of Equation [32] can 
bé neglected. Then by substituting W,/g for M,, Equation 
[32] is reduced as follows 


Equation [33] is shown graphically in Fig. 11. 

A seismic-pendulum-type amplitude recorder is shown dia- 
grammatically in Fig. 16. The purpose is to measure absolutely 
the motion X, of point A. The recorder at point B measures 
the relative motion u between A and B. The pendulum is com- 
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Fig. 16 ScHematic View or Seismic PenpULUM 


posed of the mass M, at the end of an arm, the radius of gyration 


of the arm assembly being R. The torsional stiffness of the 
pivot and recorder spring is k. The equation of motion of 
the arm is 


Since 
X, 
R 


= 


Equation [34] may be written 


aX, 


The solution of Equation [35], setting all transient terms equal 
to zero and letting k /J = w,?, is 


Xen? 
(w,,? — w?)R 


[36] 
From the geometry of Fig. 16 


w= .. {87] 


Substituting @ = X,/R in Equation [37] and equating Equations 
[36] and [37] 


Solving Equation [38] for Y, 


n= 


a 


For the pendulum and Westinghouse vibrograph shown in 
Fig. 12, it was determined experimentally that R/a = 2.9 and 
w, = 8.9 radians per sec. The calibration curve in Fig. 13 isa 
graphical presentation of Equation [39]. 
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Heat Transfer to Molten Metals 


By R. C. MARTINELLI,? BERKELEY, CALIF. 


The contents of the paper are based on an extension 
of the analogy between heat and momentum transfer. 
Following the suggestion of von Karman (9),? the turbu- 
lent-flow field is divided into a laminar sublayer, a buffer 
layer, and a turbulent core. The thermal resistances of 
the laminar sublayer and the buffer layer are calculated 
as in the paper by Boelter, Martinelli, and Jonassen (1), 
but the thermal resistance of the turbulent core is re- 
evaluated for very low values of the Prandtl modulus (mol- 
ten metals) by considering the simultaneous transfer of 
heat by molecular conduction and eddy diffusion. The 
relative importance of the thermal resistances of the 
laminar sublayer, buffer layer, and turbulent core is dis- 
cussed and the temperature distribution in the fluid is 
evaluated for various magnitudes of the Prandtl modulus. 
It is demonstrated that the unit conductance for convec- 
tive heat transfer is proportional to the square root, rather 
than the first power, of the friction factor. A tentative 
analysis is made of the data of Cope (19) for heat transfer 
in rough pipes. 


NOMENCLATURE 


r | JHE following nomenclature is used in the paper: 


= thermal diffusivity of fluid, sq ft/sec 
= 2rrAz = area through which q, flows, 
sq ft 
= sq ft 
heat capacity of fluid, Btu/(lb)(deg F) 
diameter of pipe = 2 ro, or distance be- 
tween flat plates, ft 
hydraulic diameter for flow between flat 
plates = 2D, ft 
unit thermal conductance, between pipe 
wall and fluid, defined by Equation 
[15] Btu/(hr)(sq ft) (deg F) 
gravitational force per unit mass = 
32.2 Ilb/(Ib sec? /ft) 
thermal conductivity of fluid, Btu/(hr) 
(sq ft) (deg F /ft) 
natural logarithm 
= length of pipe, ft 
= mean pressure, pst 
rate of heat flow through pipe wall, Btu 
per hr 


' Based on,“‘Further Remarks on the Analogy Between Heat and 
Momentum Transfer,” by R. C. Martinelli, Sixth International 
Congress for Applied Mechanics, Paris, France, September, 1946. 

* Assoc’ ate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif. Jun. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1946, of THE 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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rate of radial heat flow at radius r, Btu 
per hr 


= intermediate variable defined in text 


radius, ft 
radius of pipe, ft 
temperature at any point r, deg F 


= turbulent fluctuation of temperature, 


deg F 

temperature at edge of laminar sub- 
layer, deg F 

temperature at edge of buffer layer, deg 
F 


= temperature of fluid at r = 0, deg F 
= mean mixed temperature defined by 


Equation [34], deg F 
temperature of pipe wall, deg F 


= steady velocity in z-direction at any 


point r, fps 

mean velocity based on rate of flow and 
flow area, fps 

velocity at r = 0, fps 


= turbulent fluctuation of velocity in 


radial direction, fps 
turbulent fluctuation of velocity in 
z-direction, fps 
Tr) —r = distance from pipe wall, ft 
thickness of laminar sublayer, ft 


= distance from pipe wall to edge of buffer 


layer, ft 


= distance along pipe axis, ft 


pg = weight density of fluid, lb per cu ft 
length of small section of tube, ft 
eddy diffusivity for heat, defined by 


ot 
€H = — p,t’, sq ft/sec 
eddy diffusivity for momentum, de- 


ra) 
fined by ey = = — v,v, sq ft/sec 


= kinematic viscosity of fluid, sq ft/sec 


mass density of fluid, (Ib see?) /ft* 
shear at any point r, psf 


= shear between wall and fluid, psf 


DIMENSIONLEss Groups 


€H 
a = ratioof— 


f 


friction factor for pipe flow defined by 

dp 

dz 

friction factor for flow between flat 
plates (see text for discussion) 


= variable defined in text 


variable defined in text 


hD 
Nxv = : ie Nusselt modulus for circular pipe (D = 


significant dimension) 


hD 
(Nxuv)re = — = Nusselt modulus for flat plates (Dy = 


significant dimension) 


| 
- 
4 
= 
T= 
tp = 
t. 
to = 
Ur 
Uz 
y = 
Y= 
Cp 
Du 
L 
P 
qo 
= 
: 
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Neg = NreVer = Peclet modulus 


(Nez); = NreNpr = “shear” Peclet modulus 


Prandtl modulus 


= 
~ 
ll 
' 
ll 


a 
Nre = = = Reynolds modulus for circular pipe, (D 
‘ = significant dimension) 
(Nre) FP = teDs = Reynolds modulus for flat plates (Dy = 
significant dimension) 
Nxv 


Stanton modulus 


dimensionless velocity parameter 


= dimensionless distance parameter 


= 
+ 
< 
+ 
co 
< 


= ytaty = 


INTRODUCTION 


This paper is concerned with heat transfer to a fluid flowing 
turbulently in a cylindrical tube, at a sufficient distance from the 
entrance of either a thermal or dynamic entrance section to in- 
sure absence of entrance effects.‘ The wall of the tube is postu- 
lated to be at a constant uniform temperature and the proper- 
ties of the fluid to which heat is being transferred are postulated 
to be independent of temperature.’ The material in the paper 
is a continuation and re-exposition of a previous analysis (1, 2). 

The solution of any problem of heat transfer by convection re- 
solves itself into the simultaneous solution of the equations of 
fluid motion and of the heat-transfer equation. 

For turbulent flow in a circular tube at a large distance from 
the entrance section, the average velocity in the axial direction 
at any radius r, is independent of time, distance down the tube, 
and angular position in the tube. The mean radial velocity is 
zero. Thus the Reynolds equations (3, 4) reduce to® 


_ The first term represents the pressure forces, the second: term 
the forces due to turbulent fluctuations in the mean flow, and 
the last term the forces due to the viscosity of the fluid. The 
last term has been added to the terms given in reference (4) 
since viscous forces become important near the wall. 

The equation (5), for heat-transfer through a turbulent fluid 
in a, circular tube far from the entrance of the tube, reduces to 


The first term represents heat carried away by convection, 


the second term heat transfer due to fluctuations in mean ve- 
locity and mean temperature, and the last term heat trans- 


fer by molecular conduction. 


greater than the average (22). . 


5 See reference (1) for a discussion ef the effect on the heat-transfer 
mechanism of the variation of certain fluid properties with tempera- 


ture. 
€ See “‘Nomenclature.” 
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4 The rates of heat transfer at the entrance to tubes are much 
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Equation [2] results from the equation presented in reference 
(5) by means of the following postulates: (a) The mean radial 
velocity is zero; (b) the mean temperature at any r does not vary 
with time, and does not vary with angular position; (c) the term 


19 
— (v,t’) is small compared with — — (r»,t’); (d) the terms ex- 
oz r Or 


pressing the molecular heat conduction can be added directly to 
those for turbulent heat transfer. 

The terms in Equations [1] and [2], expressing turbulent 
momentum and heat transfer, can be rewritten, utilizing the 
Prandtl concept of mixing length and eddy diffusivity (6). The 
equations then become 


These equations must be solved simultaneously in order to ob- 


simplified as follows: 


The mean pressure gradient can be expressed in terms of the 


shear at the wall of the pipe (7) 


1 
—riew + ») [4] 
dr pro 0 
or 
d 
pro dr 
But (8) 
To r 
Thus 
du 
p dr 


Equation [7] is the equation utilized by von Kd4rmdén (9) and, al- 
though at first glance seems applicable only to plane flow, has 
been shown to follow directly from the Reynolds equations in 
cylindrical co-ordinates. 

The heat-conduction Equation [2a] can also be simplified. A 
heat balance on an annulus of fluid of radius r yields 


ot 
— u(2mrdr) yC> Az = qr — (« ir) [8] 


where q; is the heat flowing radially at radius r. 
Thus Equation [2a] becomes 


dt 
(2erAz)Cpy dr + a) | [9] 


Integrating, since q, = Oatr = 0 


where A, = (2mrAz), the area for radial heat flow at radius. 
Equation [10] was used by von Kérman (9) for the special case 
of a flat plate where A, is invariant. Equations [7] and [10] are 
the basic equations utilized in the remainder of the analysis. 


tain the solution to the heat-transfer problem. They may be 


| 
NreNpr 1op 10 du 
ut = = p Oz r or or 
" 
de rar 
p 

Then Equation [la] becomes 

: 

| 

1 dp 13 — 

| 

| 

= 

| 
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Equation [10] can be further developed by obtaining an ap- 
proximate expression for ~~ as a function of r (or y). This approxi- 
mate relationship can be determined as follows: 
At any radius r, from Equation [8] 


dq, 


For the average flow 


t 
qo = Um( a1?) y¥Cp (2 ) Az 
02 avg 
at (2) 
ume — 
dz avg 
dq, u 2r 
dr Un To? 


As a first approximation u = u,» at allr. Then, from Equa- 


tion [11] 
A; Ao To Ao To 


Even if u is considered variable, for turbulent flow, Equation 
{12] is still reasonably correct (2). The final equations to be 
utilized in the analysis then become* 


TO y du 
- - = + (ex +v) —..... 
p To dy 
[14] 
Cp To dy 


The problem of the transfer of heat during turbulent flow is 
solved once the temperature distribution in the fluid has been 
established, for then the unit thermal conductance, and thus 
the Nusselt modulus, is immediately known. This is demon- 
strated in the following. : 

The heat flow from the wall to the fluid may be written in two 
ways 


ot ol 
Ao or r=ro oy y=0 


Thus, eliminating qo 


Pe) —t 
k = 
at a 
D p7° 


The Nusselt- modulus is therefore the gradient of the dimension- 


te 


t 
— versus A at the wall-fluid 


less temperature distribution, ; 


interface. 
The problem of the determination of the unit thermal 


’ This is one of the most serious assumptions in the derivation. 
Obviously, if the tube wall is at constant temperature, this assump- 
tion is erroneous near the wall of the tube. 

* Reichardt (10) obtains more complex equations in which the shear 
and heat-flow distributions differ. For the purposes of this paper it 
was felt that the simplicity of the equations offset their approximate 
nature. A more detailed analysis is planned at a later date. 
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conductance h is then resolved into finding ¢ as a function of y. 


DETERMINATION OF Eppy Dirrusivity ror 


To obtain the temperature as a function of y, Equations [13] 
and [14] must be solved simultaneously, and in order to do so a 
relation between ey and ez, the eddy diffusivities for momentum 
and heat, must be postulated. Von Karman (9) postulated exact 
equivalence of these two quantities. Reichardt (10), in a recent 
analysis of turbulent heat transfer, suggests tentatively a value 
of ex/ew = 1.4 to 1.5, based upon the temperature measurements 
in turbulent air streams of Elias (11), and Lorenz and Friedrichs 
(12). The careful temperature measurements of Sheppard (13), 
made with the object of establishing the ratio between eg and 
ew, yield a value of about 1.6 for this ratio.® 

Comparisons of over-all heat-transfer data, however, seem to 
indicate that a ratio of e7/ey = 1.0 is not unreasonable. One of 
the basic difficulties in comparing the analytical results and ex- 
perimental over-all heat-transfer data, in order to determine the 
ratio of ev/e., is the fact that the usual analysis is based upon 
an ideal fluid whose properties do not vary with temperature. 
Since no such fluid exists, data must be obtained at very low 
rates of heat transfer to minimize the effect of temperature varia- 
tions in the fluid stream on the fluid properties. Eagle and 
Ferguson (14) have attempted to approach this ideal. More 
data of this type need to be obtained for fluids with widely dif- 
fering thermal properties (.Vpg modulus) before any definite 
conclusions concerning the relation between eq and ey can be 
drawn from over-all heat-transfer data. 

At the moment, therefore, there is some question as to the mag- 
nitude of the ratio of the diffusivities; present evidence indicates 
a ratio between 1.0 and 1.6. Following the suggestion of Boelter 
(20), the analysis will be carried out with the ratio ew/e indi- 
cated by a general constant, a, although for the final numerical 
computations a value of a equal to 1.00 will be utilized. 


T 
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Fig. 1 GENERALIZED VELOcITY DISTRIBUTION FOR TURBULENT 


FLow 1n TUBES 


In order to determine ey, and therefore ez, the velocity dis- 
tributions for turbulent flow, as established by Nikuradse (15) and 
Reichardt (10), will be utilized. These velocity data are shown 
in Fig. 1. For the purpose of analysis the flow field is divided 
into three definite regions; the laminar sublayer, the buffer layer, 
and the turbulent core. Viscous forces predominate in the 
laminar sublayer, turbulent forces in the turbulent core, and both 


* A basic question of course is the validity and physical significance 
of such a quantity as the ratio between ey and €y since questions exist 
about the concepts of €¢# and €y as separate entities. 
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laminar and turbulent forces are important in the buffer layer 
(9). Analysis of nonisothermal data (1) revealed that the 
best correlation between momentum and heat transfer for 
“isothermal” conditions resulted if the laminar sublayer was 
considered to extend to y:* = 5 and the buffer layer to y2+ = 30. 
These are also the values used by von Karman (9). 

Reichardt (10) states that the approximate velocity relations 
in the laminar and buffer layer utilized by von Kérm4n are not 
verified by his data. Inspection of Fig. 1 reveals, however, a 
reasonably good correlation between the data and the equations 
used by von Karman (9). 

Equation [13] and the data in Fig. 1 can now be utilized to cal- 
culate ey (and thus ez) in each of the three fluid layers. ~ The 
values of ex obtained are then substituted i in Equation {14] and 


thereby the temperature found as a function of . ‘Y. 


LAMINAR SUBLAYER 


In the laminar sublayer both ey and ey are assumed to be 
zero since turbulent forces are postulated absent in this region. 
In addition, the shear and heat-transfer rate are assumed invaria- 
ble with y, ie., (1 


To 


~ 1.00. Thus, from Equation [14], 
for (0 < y*< y:7) 


t y 
CpyAo 0 


qo 
=) 


Canceling out a number of terms will reveal that Equation [17] 
is the simple equation for conduction across a slab of thickness 
y. The introduction of a and y* will be found ‘rei as the 


or 


analysis proceeds. Since the quantity ——= appears a 
a CprvAo 
number of times in the analysis, for simplicity it will be useful to 


replace the group by the symbol Q. 
Burrer LAYER 


In the buffer layer both the molecular and eddy diffusivity 
must be considered, since they are of comparable magnitude. 
Thus from the shear equation 


But since 
u* = — 3.05 + 5.00 In y* 
du 5 5 V 
dy y 
and 


To be exact, the term (1 — ) should be included in the analy- 


To 


10 These values of y:* and y:* were established on the basis that 
ég = ey. It is probable that, if an « = 1.6 is found from a study of 
temperature distributions, the proper magnitudes for yi* and y2* will 
be somewhat different from 5 and 30. 
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sis, but its inclusion causes considerable complication. Since, 
except for very low Nee (less than 10,000), the variation of 


small thickness of the buffer layer), the term will be called unity 
in the buffer layer for both shear and heat transfer.'' Then, 
from the heat-transfer Equation [14], after substitution of 
= en, for (yit*<yt<yet) 


dy* 
mt y+ +5 
—t = 5Q In 1+ aNpr — i) [19] 


TURBULENT CorRE 


from unity in the buffer layer is small (because of the 


or 


In the turbulent core, the kinematic viscosity, representing 
molecular momentum transfer, can be neglected in comparison 
to the eddy diffusivity. Thus from Equation TM|{\3} 


T 
p To 


du 
dy 


In the core, the term (1 ma ) varies from a value near 1.00 to 


To 
zero and therefore cannot be assumed to be equal to unity, as 
was done in the laminar sublayer and buffer layer. 
Since the velocity in the turbulent core is given by 


+ = 5.5 + 2.5 In y* 


and 


A plot of ex for Nre = 10,000 is shown in Fig. 2. This figure 
illustrates that in the buffer layer ey and v are of the same order 
of magnitude, and that es, is much larger than » in the turbulent 
core. The discontinuity in es, at the edge of the buffer layer 
results from the discontinuity in the slope of the velocity curves 
at that point. It is not true that ey is zero at the center of the 
pipe, as shown in Fig. 2. «The zero value of ey at r = 0 results 
from the fact that the shear becomes zero at the center of the 
tube, but the slope of the empirical logarithmic velocity distri- 
bution does not approach zero at the center. Actually, the ve- 
locity gradient is zero at the center and the actual eddy diffusiv- 


d 
ity is not zero, but is the limit of (:) / ( a ) as r approaches 
p 


zero. This basic weakness of the logarithmic expression for 
velocity distribution causes the analytical temperature distri- 
bution also to differ from the experimental, in that a zero gradient 
at r = 0 is not predicted by the analytical expression for tempera- 
ture distribution (13). Fortunately, in so far_as over-all heat 

11 T, Shimazaki (16) has performed the calculation with a variable 
shear distribution and has demonstrated that this refinement re 


sulted in closer correspondence with experimental data at low values 
of the Reynolds modulus. 


gt 
= 
3 
du p a 
2.50 
du 
y 
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transfer is concerned, this discrepancy is probably not very seri- 
ous since very little of the heat entering the fluid stream at the 
pipe wall reaches the center of the pipe. 

From Equation [20] the ew can be calculated and substituted 
into Equation [14]. Two distinct cases then arise. The thermal 

v 
diffusivity { —— 

a comparable magnitude (or larger), depending upon the magni- 
tude of the Prandtl modulus. Calculation shows (see Fig. 5) that 
if Vpr > 0.5 the thermal diffusivity may be neglected in compari- 
son with ey for the usual range of Reynolds moduli. 

The temperature distribution in the turbulent core is first de- 
rived in the next section for the conditions where a ey be neg- 


can be small compared to ey or it can be of 


lected, since it leads to the simplest answer. 144 
Neglecting a in comparison with i, Equation [NJ] yields (for 


dy 
tg —t = 2.50 of [21] 
vw 


Integration of Equation [21] yields 


[22] 
Y2 


TEMPERATURE DISTRIBUTION 


Elimination of the intermediate temperatures ¢; and ft. from 


Equations [17], [19], and [22], and the use of the ration y” = 


Um vf gives the equation for the temperature drop between the 
wall and the center of the pipe 


E + In (1 + 5aNpr) + 0.5 60 


The term on the right of the equal sign is the thermal resistance 
of the fluid flowing in the tube. The term in square brackets is 
proportional to this total resistance. It is noted that the product 
a.Vpr is proportional to the resistance of the laminar sublayer; the 
term In(1 + 5a@N pr) is proportional to the resistance of the buffer 


N 
layer; and the term 0.5 In ms “ is proportional to the resist- 


ance of the turbulent core, for the case where molecular conduc- 


tion is negligible compared with eddy transfer. For this condi- 
tion, as one would expect, the thermal resistance of the turbulent. 
core is independent of the Vpz modulus, _ 


The equation for the temperature distribution as a function of 


_y, may be readily determined by taking the ratio of thermal re- 


sistance from the wall to the point y and dividing the total resist- 
ance as given by Equation [23]. It should be noted that these 
equations are only strictly applicable where the fluid properties 
do not vary with temperature.'? Thus, for the laminar sublayer, 
(O<y¥<m) 


aNpr 
ty—t Y1 


—... 

+ In(1 + 5aNpr) + 0.5 In 
60 Vs 

For the buffer layer, (yi << y < y2) 


aNpr In E aNprR (2 | 
"1 


lo— te 25] 
| + In + 05 “60 


and for the turbulent core, (y2< y < To) 


N 
aNen + In (1 + + 0.5In 
0 


= (26) 


+ In (1 + 5aNpr) + 0.5In YRE gif 
60 Ys 


Unir THERMAL CoNDUCTANCE 


Since all the heat leaving the wall of the tube must be carried 
to the turbulent core by means of molecular conduction, because 
of the presence of the laminar sublayer, one may write 


qo ot 
27 
Ao (2), 


and thus from Equation [16] the Nusselt modulus becomes 


y 
D p7? 
From Equation [24] one then obtains Pil 2% 
by 
NreNer 

f te—t. 

= .. -[29] 


+ In (1 + 5aNpr) + 0.51n- 


tp—t. 
The evaluation of the ratio ( ren ) wi be discussed in a later 


. paragraph. The important fact to be noted from Equation [29] 


is that, in contrast to the usual method of expressing analogies 
between heat and momentum transfer, the Stanton modulus is 
not proportional to the friction factor, but to the square root of 
the friction factor. In fact, inspection reveals that the Nusselt 
modulus Nyv is a function of a modified Prandtl modulus aNpr 


12 See reference (1) for a discussion of the effect of the variation of 
properties with température. 
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and the Reynolds modulus utilizing the friction velocity rather 
than the mean flow velocity. In other words, the products aNpr 


and Nre 7 are the variables controlling the Nusselt modulus 


rather than the Reynolds and Prandtl moduli per se. This point 
will be discussed in more detail in a later paragraph concerned 
with heat transfer in ‘‘rough”’ pipes. 


RESISTANCE OF THE TURBULENT Core For Low 
Ner 

When the magnitude of the Vpz modulus is very low, as in the 
case for molten metals, the thermal diffusivity cannot be neg- 
lected in comparison with the eddy diffusivity, even at high mag- 
nitude of the Reynolds modulus. Since heat transfer to molten 
metals has important technical applications, it will be of interest 
to note the effect of molecular conduction on the thermal resist- 
ance of the turbulent core. 

The equation to be integrated is 


y* (: dy* 
—t = 2.50Q 


[30] 
2 
To a Npr 
The integral is 
a+ 
0 
te — = 1.25Q In 
Yo 
To To 
+V1+20A 
1.25 Q ro 
n 
V1+20X y 
(1) — 
[51] 


where 


8 


It should be noted that, 


again, the variables aNprR and 


Nre \;, appear as the controlling parameters. 


In order to simplify calculation of the Nusselt modulus at low 
values of Npr, and to bring out the importance of molecular 
conduction at low values of Npr, a factor F was defined as fol- 
lows 
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of molecular conduction in the*turbulent core. If the molecular- 
and turbulent-conduction mechanisms are considered to act in 
parallel, the ratio of conductance due to molecular conduction 


1 
to conductance due to eddy diffusion is given by The 


parameter F is a function of Nee and aN px. 


In order to calculate F, the usual friction factor for smooth 
tubes was utilized and a magnitude of a = 1 was chosen. F is 
plotted as a function of Vrg and Nps in Fig. 5. 

The equation for the Stanton modulus for the complete range 
of Npr moduli then becomes 

Nuvu 8 — tm 


Net = 


Nes 
Ea + In (1 + 5aNpr) + 0.5F In 
8 


te — te 
EVALUATION OF 


The temperature distributions for a number of Reynolds 
moduli and Npr moduli were evaluated utilizing the more exact 
form of the thermal resistance for the core (Equation [31]) for 
Npr < 1, and the simpler expression, Equation [22], for NVpr > 
1. These are plotted in Figs. 3 and 4, for Nag = 104 and 10°. 
It is noted that for mercury (Npr = 0.01) the temperature across 
the tube diameter is far from uniform, even for Nae = 10°. 

The ratio of the temperature difference (ty — tm) to (tw — te) 
can be readily calculated'* from temperature distributions such 
as those shown in Figs. 3 and 4, and from the velocity distribution 
given in Fig. 1. From the definition of mean-mixed fluid tem- 


perature 
ro 
u t.—t 
bw — ty O Umax \ltw — be 
to — te rey 
0 Umax rdr 


This calculation was performed and the results shown in Fig. 6. 
For convenience, a number of fluids are associated with certain 
magnitudes of the Ner modulus. This figure brings out clearly 
the importance of having mixing chambers at the outlet of heat 
exchangers during tests on water, air, and particularly mercury, 
since the measured temperature difference between the wall and 
the fluid at the exit of the exchanger may be in appreciable error 
if a single thermometer is immersed at the center of the unmixed 
fluid stream. The error is.appreciable even for Reynolds moduli 
as large as 108. 

The limiting values of the temperature ratio shown in Fig. 6 


— — —1]— 1 20 
1+V1 To ) Vv 


5X 1 
Nre f 
2 In — 
60 Ys 


where F is the ratio of the total thermal resistance of the turbu- 
lent core due to molecular and eddy conduction, to the thermal 
resistance of the turbulent core due to eddy conduction only, 
and as such its magnitude is a direct measure of the importance 


are of academic interest only, sinte fluids with Npr << 0.001 
probably do not exist. 


13 In the remainder of the paper a numerical value of a = 1 isuti- 
lized. 
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VARIATION OF NUSSELT MopvULus 


Equation [33] is plotted in Fig. 7 to illustrate the variation of 
the Nusselt modulus with Nre and Npr. The data for air sum- 
marized in MeAdams (17), and the data of Styrikovich and 
Semenovker (18) for mercury are shown in the figure. The com- 
parison between experiment and Equation [33] is reasonably 
satisfactory,'* but the data on mercury are lower than predicted. 
Styrikovich and Semenovker, however, make no claim for the 
accuracy of their results, which were obtained at the high tem- 
peratures and pressures which exist in mercury-vapor generators, 
and thus complete wetting of the tube walls by the mercury may 
not have taken place. Accurate experimental data for heat 
transfer to mercury or other molten metals at moderate tempera- 
tures would be of great value in establishing the validity of the 
analysis. It is interesting to note that the experimental results 


_'* This correlation between experiment and the analytical expres- 
Sion apparently lends weight to the postulate that a = 1. The 
Nusselt modulus, however, is a function of both a and y:*. The 
value of y, * = 5 was established by using a = 1. It may be possible 
to obtain good correlation between theory and experimental over-all 
heat-transfer data using, say, a = 1.6 and another value of y;*. The 
equation for the temperature distribution on the other hand is rela- 
tively independent of y,* but depends upon a. Thus it appears that 
analysis of temperature distributions will prove more fruitful in the 
determination of a than consideration of over-all heat transfer. 


Fic. 5 Moputus F, Representinc Ratio or THERMAL RESISTANCE OF TUR- 
BULENT Core Due Born to MoLecuLarR CoNpDUCTION AND Eppy 
(AcTING IN PARALLEL), TO THERMAL RESISTANCE OF TURBULENT CorRE RESULTING 


From Eppy Dirrusion ALONE 
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for mercury are underestimated by von Kaérmdan’s equation by 
about the same amount that they are overestimated by Equation 
[33]. 

For low values of the Prandtl modulus, the theoretical curves 
indicate that the Nusselt modulus no longer varies with the 0.8 
power of the Reynolds modulus. In particular, for values of 
Npr less than 0.01, the Nusselt modulus is almost independent 
of the Reynolds modulus until values of Nrzg = 10° are reached. 
This is a result of the molecular conduction in the turbulent core 
which makes the effect of increasing turbulence (expressed by the 
Reynolds modulus) less important in increasing the unit thermal 
conductance. 

Inspection of Fig. 7 reveals that extrapolation of the usual em- 
pirical equation for turbulent heat transfer to very low values of 
the Prandtl modulus greatly overestimates the Nusselt modulus 
at high values of the Reynolds modulus and underestimates it 
at low values. The equation proposed by Colburn (25) for heat 
transfer to fluids with low values of Npr falls between the extra- 
polation of the usual empirical equation and the curve predicted 
by the analogy. 

It should be remembered that the values of Vyvu given by the 
analogy are those existing far from the entrance to the tube, i.e., 
at a point where the turbulent temperature distribution is 
“fully developed.’ A recent analysis by Sanders (22) indicates 
that, for certain fluids, particularly those with very high or very 
low Npr moduli, the length of pipe required for establishing a 
fully developed temperature distribution is appreciable. In the 
“entrance section” the values of Nwvu are higher than those far 
from the entrance. A typical set of values from Sanders’ thesis 
are given in Table 1 for Npr = 0.0056 and several Reynolds 
moduli. The values of Nxnv for L/D = © are identical to 
those presented in this paper. It is possible, therefore, that the 
empirical equation proposed by Colburn may represent the re- 
sults to be expected at the higher values of the Reynolds modulus 
for relatively short tubes (L/D = 25). Experimental data for 
tubes of various lengths are needed to clarify the question of the 
“entrance effect.” 


TABLE 1 AVERAGE VALUES OF Nnu FOR Npr = 0.0056 AND 
VARIOUS MAGNITUDES OF (L/D)@ 


NRE NRE NRE 
L/D 5000 50,000 500,000 
25 6.9 15.4 50.5 
50 6.8 12.6 40.0 
100 6.8 1.3 31.7 
6.8 9.6 22.5 


@ From Sanders (22). 


A comparison of the ratio of the Stanton modulus to the fric- 
tion factor is shown in Fig. 8 for a Reynolds modulus of 50,000. 
It is noted that for a value of Npr = 1, all the curves pass very 
near unity.’ If an exact analogy existed between heat and 
momentum transfer, one would expect the Stanton modulus to 
equal f/8 for Npr = 1.00. 

For high magnitudes of the Npr modulus, both Equation 
[33] and the von Ka4rmdn analysis give a Nusselt modulus in- 
versely proportional to the Npr modulus. This fact is not ob- 
served experimentally, but there is some reason to believe that the 
discrepancy between experiment and analysis may be due in part 
to the variation in the flow conditions near the wall caused by 
nonisothermal conditions in the laminar sublayer (1, 13), and 
due to the entrance effect previously discussed (22). For low 
magnitudes of the Npr modulus, the von Kérm4n equation gives 


18 The curve from Equation [33] passes through Ngr/(f/8) equal 
to 0.96 for NprR = 1. This discrepancy may be due to the considera- 
tion of conduction in the turbulent core and also to some of the 
approximations made during the derivation. Reference (4), p. 654, 
indicates an identical result, however. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1947 


—+ 
COLBURN 


Zhe 
a 
0.10: 
MERCURY AIR | WATER 
0.001 i0 100 1000 
PRANDTL © MODULUS 


Fig. 8 Tue Ratio or Ngr/(f/8) as Function oF Pranpti Mopv- 
LUS FOR REYNOLDS Mopvutvs or 50,000 


low values due to the omission of molecular conduction effects 
in the turbulent core. 
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Appendix 1 


TurBULENT Heat TRANSFER TO A Fiuip FLowinc Between 

Two Fiat PLatres 
If, instead of Equations [1] and [2], one writes the correspond- 
ing equations in rectangular co-ordinates and then simplifies 
them in @ manner similar to that presented in the text of the 
paper, equations identical to Equations [13] and [14] will result. 
Further, particularly near the wall, the dimensionless velocity 
distribution shown in Fig. 1 also applies to flow between parallel 
flat plates (10). 

It follows therefore that the equation for the Stanton modulus 
for heat transfer to a fluid flowing between two flat plates a dis- 
tance D apart, is identical to Equation [33]. Certain terms in 
the equation, however, must be evaluated in a different manner. 
In the first place, the friction factor f is different for the flat 
plates and the circular tube. As a good approximation (23), 
the friction factor for flow between flat plates can be determined 
by using the hydraulic diameter of the flat plates (Dy = 2D) in 
the Reynolds number, and obtaining f from the usual curve of f 
versus Vpeg for circular tubes. In addition, the ratio (‘: 2) 


is now determined by the relation 


t t 
w~ 
(‘: =) O Umax \lw — le 
FP 


—— 35 
tee t. [ ] 
— dy 
0 Umax 


A plot of this ratio for flow between flat plates is shown in Fig. 9. 
In the evaluation of this figure it was assumed that the tempera- 
ture and velocity distributions between flat plates are identical 


to those in a circular pipe at a value of (Vre)rr = 
fre 
The equation for the Nusselt modulus can then be written as 


= 


fer tw t. 
— (Nre)re N 


‘ N 
pr + In (1 + 5Npr) + 0.5 F In (Vre)er 


120 


The significant dimension in (Vge)re and (Vwu)rp is the hy- 
draulic diameter for the flow between flat plates, equal to 2D. 
The value of F is determined from Fig. 5 at a value of 


(Nre)rp Npr 


and 


Vee = 
‘VRE 2 f 
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The value of frp is obtained from the usual correlation for circular 
pipes at a value of (Vrz)rp = 2 Nee. The temperature ratio 
is obtained from Fig. 9. A plot of Equation [36] is shown in 
Fig. 10. 
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FOR TURBULENT Heat TRANSFER BETWEEN Fiat P ates, Di1s- 
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It should be noted that the data for heat transfer to air flowing 
in circular pipes correlate well with the predicted curve for heat 
transfer to air flowing between flat plates, when the hydraulic 
diameter is used for the significant dimension in the Nusselt 
and Reynolds moduli. For the molten metals (Vpg < 0.01), 
however, an appreciable difference exists between the curves for 
the flat plates and the pipe even when the hydraulic diameter is 
used. This is quite reasonable since, for a given D, the tube pro- 
vides much better molecular conduction than the flat plate. 
This fact is of course also reflected in the limiting values (24) 
for the Nusselt modulus. 


Appendix 2 


RovuGu Pires 


It is of interest to see whether the analysis in this paper can 
help explain the observations made for heat transfer in rough 
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tubes. Cope (19) has presented a series of experimental data for 
heating water in tubes of varying roughness. In Fig. 6 of his 
paper he notes that his experimental results could be correlated 
reasonably well by plotting Vu / Npr versus the Peclet modu- 
lus utilizing the friction velocity. Assuming for the moment 
that the analysis leading to Equation [33] is applicable to the 


rough-pipe conditions, and replacing the terms Vag Vpr 3 by 


(Npr),, Equation [33] reduces to 


[37] 


Nxv 
Nex + In(1 + 5 Npr) +0.5F In | 
60.\ pr 


Thus, \Vwv is definitely a function of (Npe)r and Npr, and for a 
given fluid a function of (Npg)r, which checks the conclusion 
reached by Cope from his rough-tube data. Now the question 
arises as to whether Equation [33] can be applied to the rough- 
tube data, since it was based upon the existence of a laminar 
sublayer; which has been questioned in the case of the rough 
pipe. 

If the mechanisms of heat transfer in the rough pipe were 
quite different from those in the smooth pipe, the experimental 
data for smooth pipes should probably not correlate with that 
of rough pipes even when plotted as Vwu versus (Npg)r, since 
the parameters expressing the pipe roughness should enter the 
correlation. In other words, if the laminar sublayer did not 
exist during rough-pipe flow, perhaps the value of the Ny could 


be expressed as 
te — le 
( 


Nuvu = 
const + 5Npr) + 0.5 F In 
60 Npr 


where the constant would probably be a function of the pipe 
roughness. Cope did not find this to be the case, however, since 
data for rough and smooth pipes correlated reasonably well on one 
curve when Nyv was plotted against (Npe);.. This would im- 
ply that even with rough pipes there exists a laminar sublayer 
through which the heat must flow by molecular conduction, and 
that the effect of tube roughness on heat transfer is largely taken 
care of by the increase in the (Npe)-. 

As a matter of interest Equation [37] was plotted for a value 
of Npr = 6.7 (corresponding to Cope’s experimental condi- 
tions). One modification was made, however. Since Cope, un- 
fortunately, did not have a mixing chamber at the discharge of 


tw — te 


his tube, the value of ( was assumed unity, for Cope’s 


results are probably based on — ¢-) rather than tm). The 
equation, in terms of Cope’s parameters, reduces to 


1.04 
Now 


14.5 + In (Npg)- 
The plot of the equation is shown in Fig. 11 together with 
Cope’s experimental data. The correlation between the theory 
and the experiment is reasonable up to high values of (Npg);. 
Then the experimental results are lower than the theory. This is 
a rather interesting difference, since one would expect that values 
of Nwv would probably increase faster than predicted by Equa- 
tion [38], since the conditions near the wall would seem to be 
such as to lower the effective thermal resistance of the laminar 
sublayer. The close correspondence between Equation [38] 
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Equation [38] 


and Cope’s experiment may well be fortuitous. For the momen! 
the correspondence seems to indicate that a laminar sublaver 
still exists near the wall of the tube even when artificially rough- 
ened, and that the effect of the roughness is merely to increa~ 


the value 2 which controls the thickness of the laminar sub- 


layer and buffer layer. Factors such as the increase in surface 
area, etc., may well be masked by this rather superficial corre- 
spondence between experiment and theory. More experiments 
for fluids of various Vpy moduli are necessary before any real 
conclusions can be drawn. 


Appendix 3 


Tabulated values of Nwu versus Nre for Prandtl moduli be- 
tween 0.003 and 1.00 are given in Tables 2 and 3. 


TABLE 2. CIRCULAR TUBES (Nyy) 


Npr/Neg 2000 10¢ 105 10¢# 10’ 

.003 5.66 7.53 9.1 23.2 91 
0.007 5.72 7.88 12.4 38.1 171 
0.01 5.76 8.31 14.0 47.7 224 
0.03 6.00 9.97 25.2 105.5 546 
0.07 6.26 12.2 42.2 195.5 1105 
0.10 6.60 14.1 53.6 256.0 1478 
0.30 8.32 22.0 107.5 600.0 3720 
0.70 10.80 31.6 175.5 1110.0 7300 
1.00 11.97 - | 217.0 1390.0 9470 

TABLE 3 FLAT PLATES (Nyy) rp 
Ner/ 2000 104 105 108 10’ 
0.003 8.10 10.3 12.7 27.0 100 
0.007 8.20 10.9 16.0 44.5 192 
0.01 8.30 13.2 17.8 54.0 248 
0.03 8.50 12.6 29.2 118.0 590 
0.07 8.90 14.8 47.8 214.0 1190 
0.10 9.10 16.2 60.0 287.0 1600 
0.30 9.80 24.0 112.0 642.0 3900 
0.70 11.20 34.0 183.0 1150.0 7500 
1.00 12.90 40.0 227.0 1420.0 97 
. 
Discussion 


Cart Gazuey, Jr.'6 The demonstration that the equations 
used by von Karman!’ are directly derivable from the Reynolds 
equations of motion for flow through circular cross sections is it 
teresting and lends validity to the heat-momentum analogy of 


16 Research Fellow in Chemical Engineering, University of Dels- 
ware, Newark, Del. 
17 See author’s Bibliography, reference (9). 
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von Karman and those of subsequent investigators. The ex- 
tension of the analogy between heat and momentum transfer 
to fluids having low Prandtl moduli by the consideration of 
molecular conduction in the turbulent core is especially com- 
mendable. 

It is the opinion of the writer that the relative importance of 
molecular conduction and molecular shear as compared to the 
eddy diffusivities for heat and momentum transfer, respectively, 
may be clarified by presenting the relation 


€H 


=a Nper 
a v 


From this expression it may be easily seen that, although the 
ratio «,,/v is large enough so that »v may be neglected compared 
to €y, @ may become appreciable compared to e,, if the Prandtl 
modulus is low. 

It is interesting to note at this point that part of the discon- 
tinuity in the e,/v distribution in Fig. 2 of the paper, is due to 
the neglect of vy in the turbulent core. In the calculation of €), /v 
in the turbulent core, the author evidently used the relation 


v 


€v ruf To 


= —] 


Thus the discontinuity, shown in Fig. 2, is larger than would be 
indicated by a more accurate calculation. 

This brings up the question as to whether the molecular shear 
(in addition to the molecular conduction) should ever be con- 
sidered in the turbulent core when formulating a heat-momen- 
tum analogy. As can be seen from Fig. 2 of the paper, v is not 
negligible compared to ey near the edge of the core (where the 
largest amount of heat is being transferred). As a matter of 
interest the resistance of the turbulent core was re-evaluated, both 
the molecular conduction and the molecular shear being consid- 
ered. This results in a correction factor F’, identical with F 
factor in the paper except that the parameter 


1 


a Ner Nre Vf/8 


becomes 
1 


=- 
a Ner Nee Vf/8 


(1 — a Npr) 


It is apparent that F’ differs from F only when Npr becomes 
appreciable compared to unity. In all cases F is less F’. In the 
case of air or other fluids possessing Prandtl moduli appreciable 
compared to unity, the use of Martinelli’s F factor results in an 
overcorrection, e.g., at Nre = 10,000 and Npr = 0.70, F is 
about 5 per cent lower than F’, and it is actually more accurate 
to use no correction than to use F. For triatomic gases (Vpr = 
0.84), it is expected that the difference between F and F’ would 
be even greater. Since the correction factor is used directly in 
the calculation of the temperature distribution or the thermal 
resistance of the core, any error in its calculation is transmitted 
directly to these latter quantities. 

_ However, in the calculation of the Stanton or Nusselt moduli, 
little error occurs through the neglect of the molecular shear in 
the core. When a(Npr) is small compared to unity, F’ = F; 
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when a(Npr) approaches unity, the relative resistance of the 
turbulent core decreases, and whether F or F’ is used makes little 
difference. Preliminary calculation indicates that for Nre = 
10,000, the maximum error in the calculation of the Stanton 
modulus through the use of F is 3 per cent at a(Npr) = 0.02. 

In the case of Prandtl moduli greater than unity, the expression 
for F’ becomes insoluble. It may, however, be approximated by 
considering 


1 
= 1 
V1 + 200’ 


and yields values of F’ slightly greater than 1.0, but, due to the 
relatively small resistance of the turbulent core, produces only a 
negligible correction in the calculated values of Nst or Vxv. 

It may be concluded that the consideration of the molecular 
shear in the turbulent core is important only if an accurate cal- 
culation of the temperature distribution in, or the thermal re- 
sistance of, the turbulent core is to be made for fluids having 
Prandt! moduli slightly less than 1.0. 

In connection with the use of an equality between the eddy 
diffusivities for momentum and heat transfer, i.e., a = 1.0, the 
vorticity-transfer theory which has been extensively developed 
by the English school" should be mentioned. This theory in- 
dicates that the eddy diffusivity for heat is twice as great as is 
indicated by the momentum-transfer theory. Experimental 
temperature and velocity distributions have been employed to 
show that the vorticity-transfer theory is valid in fully developed 
turbulence, i.e., in the turbulent core or in a wake, but not near 
solid surfaces. The momentum-transfer theory seems to be 
good only near solid surfaces. This indicates that the good 
agreement between heat transfer by experiment and that pre- 
dicted by the momentum-transfer theory occurs only because 
most heat-transfer data are for fluids in which the major resistance 
is near the solid surface, i.e., in the laminar sublaver and buffer 
layer. However, in the case of mercury, where there is an ap- 
preciable resistance in the turbulent core, the vorticity-transfer 
theory should undoubtedly be considered. 

In connection with the correlation of the data of Styrikovich 
and Semenovker, it would be interesting to know what thermal- 
conductivity data were used to evaluate the Prandtl modulus of 
mercury as 0.0056. It may be noted that the thermal-conduc- 
tivity data for mercury vary more than twofold, with some in- 
vestigators finding a negative and some a positive temperature 
coefficient.!* 

It is believed that some justification should be made for not 
using the nonisothermal correction of Boelter, Martinelli, and 
Jonassen.” It is apparent that the relative resistance of the 
laminar sublayer is low, but at the Reynolds numbers occur- 
ring (about 200,000) even a small variation of the viscosity ratio 
Hw/u from unity causes an appreciable variation in y%,*, see 
Fig. 

With regard to the effect of roughness on heat transfer, it would 
have been desirable if a more complete discussion of the effects 
of roughness on the velocity distribution had been included by 
the author. Flow in rough and smooth pipes may be most con- 
veniently compared at a given value of the shear stress at the 
wall (hence a given value of the shear Peclet modulus). It is 
noted that, at a given wall stress, the velocity gradients in the 
laminar sublayer and in the central portion of the turbulent core 
remain the same regardless of the degree of roughness. Of 


18 See author’s Bibliography (4). 

19 International Critical Tables, vol. 5, pp. 220-221: Landolt- 
Bornstein, Hw II, p. 1305. 

20 See author's Bibliography, (1). 

21 See author's Bibliography (7), pp. 55ff and S86ff. 


= 
3 
while if » is considered 
ts v 5 
2 
e- 
? 
ons 
e 
of 
ela- 
Mee 


958 


course the efflux is reduced as the roughness is increased. This 
would indicate a thinner laminar sublayer and a lower velocity 
gradient in the buffer layer for rough pipes. This in turn indi- 
cates a lower thermal resistance in both the laminar sublayer and 
buffer layer, and hence higher Nusselt moduli for rough pipes’ 
(at a given shear Peclet modulus). Cope’s data apparently in- 
dicate otherwise. 


Max Jakxos.2?. The present paper is a valuable continuation 
and extension of former studies of the difficult problem of mass 
and heat flow in a tube. This discussion deals with the author’s 
remark, ‘‘the measured temperature difference between the wall 
and the fluid at the exit of an exchanger may be in appreciable 
error if a single thermometer is immersed at the center of the un- 
mixed fluid stream.” 

A similar error is to be expected if one tries to measure the mean 
velocity by placing a Pitot tube in the axis of atube. The writer, 
however, has found empirically®’ that for smooth tubes measuring 
the velocity of air at a distance y,,, = 0.24 R from the wall 
yields very closely the mean velocity in the wide range of Rey- 
nolds numbers Vere = 3000 to 4,500,000, where the inner di- 
ameter of the tube 22 is used as characteristic length. 

Owing to the similarity between the distribution of velocities 
and temperatures, it. is likely that also a fixed distance ratio 
Ym /R exists where y,,, is that distance from the wall at which 
the temperature ¢ is equal to the mean temperature ¢,, of the fluid. 
This, however, can be expected only in ranges where the influen- 
tial properties of the fluid are independent of temperature. 

By means of Figs. 3, 4, and 6, of the present paper, this was 
roughly checked for two different Reynolds numbers and various 
Prandtl numbers, Ver. Table 4 of this discussion contains the 
values taken from these figures. 


TABLE 4 DISTANCE RATIO Yim/R 


For Ner = 0.001 0.01 0.1 1 10 Average 
Nre = 10,000 0.305 0.335 0.33 0.30 0.275 0.309 
Nre = 1,000,000 0.31 0.295 0.30 0.335 0.28 0.304 


According to Table 4, it seems that the mean temperature can 
be measured by placing a thermometer at a distance y,,, & 0.3R 
from the wall. 

It easily can be demonstrated that the distance y,,, must indeed 
be larger than y,,,, if the excess of the temperature ¢ over the sur- 
face temperature ¢,,, that is @ = ¢ — t,,, can be assumed to be pro- 
portional to u for any radius r< R. One may start from the 
equations of definition for the mean velocity u,,, and the excess 


of the mean mixing temperature, @,, = t,, — t,, 
1 “Ry 
— — 2Qer-dr 
u wR? J, wo 
and 
6, 1 re y 
= — — 2er-dr 
where subscript 0 refers to r = 0. 


Since, in the second equation, @ can be assumed to be propor- 
tional to u, values of u/u and (u/u,)? may be plotted versus r, 
assuming any reasonable velocity distribution without inflection 
point of u between r = O andr = R. Both curves have ordi- 
nates 0 and 1 at r = O andr = R, respectively, and by inspection 


22 Research Professor of Mechanical Engineering, Illinois Institute 
of Technology; Consultant on Heat Research, Armour Research 
Foundation, Chicago, Ill.; non-resident Research Professor of Heat 
Transfer, Purdue University, W. Lafayette, Ind. Mem. A.S.M.E. 

23 *Velocity Distribution of Fluids in Turbulent Flow,” by H. T. 
Bates, Trans. American Institute of Chemical Engineers, vol. 36, 
1940, pp. 269-284; discussion by M. Jakob, pp. 657-662 and 659. 

24 Note: Inthe paper R = ro. 
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one recognizes that in fact y,,, necessarily will exceed y,,,. That 
the factor 2#r occurs in the integrations does not change any- 
thing on this fact, since the ordinates of both curves have to be 
multiplied by the same factor at a value of r. 

Experiments from which the ratio y,,,/Y jm could be checked 
are rare. The writer does not know of any data for liquids where 
the temperature changes so little from r = 0 to r = R that the 
change of viscosity and thermal conductivity would be negligible. 

For air, Pannell?* has measured the velocity and temperature 
distributions in a vertical tube of 1.92 in. ID, and at 87.4 fps 
mean velocity. Since the wall temperature was 109.4 deg F and 
the temperature in the axis 75.9 deg F, the dynamic viscosity 
and thermal conductivity decreased only by about 2 and 5 per 
cent, respectively, between wall and axis. A numerical integra- 
tion of these distribution curves led to y,,,/R = 0.247; y,,,/R = 
0.274; and ¥n/Yum = 1.11. 

The agreement with the foregoing values y,,,/R = 0.24, y,,,/R 

0.3 and Yimn/Yum = 1.25 is satisfactory. For, considering 
Pannell’s data, and assuming that a Pitot tube and a thermo- 
couple had been placed at y = 0.24R and y = 0.3R, respectively, 
the former would indicate a velocity less than '/2 per cent below 
the true mean velocity, and the thermocouple would indicate a 
temperature excess only 2 per cent larger than that of the true 
mean mixing temperature. 

It would be interesting to know whether the approximate 
invariance of y,,,/R and y,,,/R at constant influential properties 
of the fluid, is just casual, or whether a reason for this behavior 
can be seen in the theoretical equations. It would be gratifying 
if the author could extend his analysis to this question. 


“m 


AUTHOR'S CLOSURE 


The author wishes to thank Mr. Gazley and Professor Jakob for 
their very pertinent comments. As Mr. Gazley points out, the 
discontinuity of €, at the edge of the boundary layer, and the 
neglect of the kinematic viscosity, v in the turbulent core intro- 
duce some error in the analysis. At the A.S.M.E. Annual Meet- 
ing in December, 1946, at which the paper was presented, Mr. 
Benjamin Miller** pointed out that an equation had been de- 
rived?’ which expressed the velocity distribution during turbulent 
flow from the edge of the laminar sublayer to the center of the pipe 
by a single algebraic equation. This equation was based on 
empirical considerations, but gave excellent correlation with the 
data in Fig. 1, with the additional advantage of giving a zero 
velocity gradient at the center of the pipe. The use of this alge- 
braic equation rather than the equations in Fig. 1 allowed a deter- 
mination of the temperature distribution, with no errors resulting 
from the discontinuity of ¢€,, of the edge of the laminar sublayer, 
the neglect of the kinematic viscosity in the core, and the finite 
velocity gradient at r = 0. Extensive calculations were not 
made, but the few points calculated indicated that the results of 
this method of solution checked these presented in the body of the 
paper with reasonable accuracy. One may conclude, therefore, 
that reasonably small variations in the expression for velocity dis- 
tribution will have small effect on the predicted temperature 
distributions and unit thermal conductance. 

Mr. Gazley’s second point, concerning the vorticity transfer 
theory, is very pertinent. The author has not had time to in- 
vestigate this question in great detail, but believes that investiga 


25 “‘Experiments on Heat Transmission in the Case of Air Flowing 
Through a Heated Pipe,” by J. R. Pannel, Technical Reports of the 
British Advisory Committee for Aeronautics, vol. 1, 1916-1917, pp. 
22-30. These data are given in ‘Heat Transmission,’ by W. H. 
McAdams, McGraw-Hill Book Company, Inc., New York, N.Y». 
second edition, 1942. 

26 Consulting Engineer, Ozone Park, N. Y. 

27 “Fluid Flow in Clean Round Straight Pipe,” by B. Miller, Trans. 
A.I.Ch.E., vol. 33, no. 3, 1937. 
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tion along this line would prove very fruitful. One could perhaps 
write the equivalents of Equations [la] and [2a] on the basis of 
the vorticity transfer theory, namely 


1 Op 13 
(ey +») 
p Oz 


where ey could be called the “eddy diffusivity for vorticity.” It 
then appears feasible to follow the methods outlined in the text of 
the paper, i.e., solve for ey from equation (1b), assume a relation- 
ship between ey and ey and obtain ¢ as a function of y from Equa- 
tion [2b]. The integrations do not appear particularly difficult at 


dau 
first glance, but since ey depends upon i while €y, depends upon 
ar 


du 


rm more errors would result in evaluating ey from u than evalu- 


ating ey, from u, particularly if an empirical relation for the veloc- 
ity as a function of radius is utilized. It would be interesting, 
however, to follow through the details of such a derivation and to 
note the differences in the temperature distribution predicted by 
means of the vorticity transfer theory as compared with the 
momentum transfer theory. Having both solutions, experi- 
mental data on heat transfer to molten metals and carefully deter- 
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mined experimental temperature distributions would no doubt 
help to clarify the validity of these two hypotheses. 

The values of Npg modulus for mercury were obtained from 
reference (18). It is true that the literature indicates widely 
varying properties for mercury. In the author's opinion, how- 
ever, the values of Npz presented in reference (18) appear rea- 
sonable. 

The nonisothermal correction of reference (1) was not made for 
The correction needs further verification; and the 
temperature differences in the laminar sublayer of most molten 
metals would be very small under normal conditions. 

Mr. Gazley’s remarks on the subject of roughness are very wel- 
come since they help clarify the material presented in Appendix 2. 

Professor Jakob’s comments are very interesting and indicate 
that, for a fully developed turbulent temperature distribution, a 
single thermocouple may obtain the mixed-mean temperature with 
reasonable accuracy. Experimental data on this point would be 
To the author’s knowledge, the remarkable 
constancy of the ratio y,,./ro cannot be readily explained by the 
theory. 

In closing, the author would like to bring out once more the appar- 
ent discrepancy between a = 1.6, based on temperature measure- 
ment and @ = 1.0 from over-all heat-transfer data. Further 
analysis and experimental work, perhaps along the lines men- 
tioned by Mr. Gazley, or along entirely new lines, is needed to 
clarify this situation. It is the hope of the author that this paper 
will stimulate such investigation. 


two reasons. 


very illuminating. 
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Temperature Distribution in Cylinder 
Heated by Point Source Moving 


Along Its Axis 


The subject treated in this paper forms a part of a more 
general theory of heat flow involving moving sources of 
heat. The present problem deals with the temperature 
distribution around a point source moving at a constant 
speed along the axis of a cylinder. It is shown that the 
rise of temperature produced at a given cross section of the 
cylinder, asa result of the passage of the heat source, tends 
rapidly to become constant. The factor which governs 
this trend is a dimensionless product of the following 
units: (1) The speed at which the source travels; (2) the 
radius of the cylinder; and (3) the converse‘of the heat 
diffusivity. 


INTRODUCTION 


Hk subject discussed in the paper forms a part of a more 

general theory of heat flow involving moving sources of 

heat. The elements of this theory were laid down by one 
of the authors in 1939,* in connection with are welding and have 
been presented previously before the members of the Society.‘ 
The present problem, which deals with the heat flow in a solid 
bounde | by a cylinder, arose in connection with the temperature 
distribution produced in a gun barrel by firing a bullet. The 
experimental results are not yet available to make a suitable com- 
parison between the theory and experiment. This limitation 
notwithstanding, the authors believe that the proposed solution 
may find useful applications in other engineering problems which 
involve sources of heat moving at a constant speed along the axis 
of a cylinder. 


NOMENCLATURE 


Consider a cylinder, Fig. 1, with an outer diameter 2a and a 
small inner bore e. Suppose a point source travels at a constant 
speed along its axis. To describe the conditions of heat flow 
generated by the motion of the point source A, the following will 
. be used throughout the paper: 


q = rate of heat generated by source per unit time 
v = speed at which heat travels 

t = time 

k = heat conductivity of material 


i ‘ Department of Engineering, University of California at Los 
Angeles. 


* Department of Mathematics, University of Minnesota, Minne- 
apolis, Minn, 

*“The Theoretical Distribution of Temperature in Arc Welding,”’ 
by D. Rosenthal (in French), Deuxitme Congrés National des 
Sciences, Bruxelles, Belgium, 1935, p. 1277. 

‘The Theory of Moving Sources of Heat and Its Applications to 
Metal Treatments,” by D. Rosenthal, Trans. A.S.M.E., vol. 68, 1946, 
pp. 849-866. 

Contributed by the Heat Transfer Division and presented at the 
Fall Meeting, Boston, Mass., Sept. 30—-Oct. 3, 1946, of Tae AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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Fic. 1 Co-Orvinates REFERRED TO FIXED ORIGIN O AND TO MOVING 
Hear Source A TAKEN AS AN ORIGIN IN A CYLINDER OF RapIvs a 


c = specific heat of material 
p = density of the material 
2\ = symbol used for convenience to represent converse of 


thermal diffusivity k/(cp) 
T = temperature at a point P 


T, = original temperature at point P 
T, = final temperature at point P 
a = radius of cylinder 


R = \va-number characterizing condition of heat due to a 
moving source in cylinder 

cylindrical co-ordinates of point P with reference to 
fixed origin, O 

r, € = co-ordinates of same point with reference to source of 


ll 


heat taken as origin; (obviously z = £ + vt) 
R = radius of a sphere drawn around source 
Jo, Ji, Jz = Bessel functions of first kind and of orders zero, 1, and 
2, respectively 
p, = zeros of Bessel function J, k = 1, 2, 3,... 
m, = V1 + (p,/R)? 


y = auxiliary variable having dimensions of length 
a=r/a 
B = t/a 
r= y/a 


ASSUMPTIONS 


The following assumptions will be made: 


1 The rate of heat and the speed of the heat source are con- 
stant. 

2 There are no heat losses through the surface. 

3 The cylinder is long enough with respect to the diameter 
for the so-called quasi-stationary state to take place, i.e., for the 
temperature distribution around the source to become constant. 

4 The inner bore of the cylinder is small enough with respect 
to the outside diameter for the situation around the heat source 
to become similar to that in a solid cylinder. 


The problem is to find the temperature distribution in the 
cylinder due to the motion of the point source A 
Bounpary CONDITIONS 


In accordance with the foregoing assumptions, the following 
boundary conditions hold: 


1 The constant rate of heat g requires that 


3. 
= 
'x 
Bes: 
is 
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—4eR! asR +0 [1] 


where BR is the radius of a sphere drawn around the source. 
2 The absence of heat losses through the cylindrical surface 
is expressed by the condition 


oT 


3 Likewise, the absence of heat losses at the two ends of the 
cylinder, at a distance —l, and +l, respectively, from the heat 
* source is given by the conditions 


oT oT 


Because of the assumption of a quasi-stationary state, Condi- 
tions [3] become valid only when i; and |, are sufficiently great 
with respect to the diameter, theoretically when both tend to 


infinity 
oT 


DIFFERENTIAL EQUATION 


In addition to the boundary conditions, the solution must 
satisfy the differential equation of heat flow at each point of the 
cylinder. Because of the assumption of a quasi-stationary state, 
this equation must express the condition that the temperature 
becomes independent of time when being referred to the source A 
as origin. As shown elsewhere, the differential equation of heat 
flow then reads as follows . 


oT 
aT = 
where § = x — vt is substituted for z. 
Putting 


where T, is the initial temperature, Equation [4] is reduced to 
— = 0...... [6] 


Solution. As shown elsewhere,**‘ the solution of Equation [6] 
for the whole space, that is, a = ©, has the following form 


and the corresponding temperature distribution 
qd + Vv + r?) 


T—TM= 


Ve + 
Forr =a 
—rwl(t + Vi + a?) 
V2 + a?) . 
In order to comply with Condition [2], which requires —— = 0 


for r = a, a term, which is also a solution of Equation [6], must be 
added to gy. This term must be chosen in such a way that its 
gradient annuls expression, Equation [9], at r = a and dis- 
appears at infinity. The term itself must contribute no addi- 
tional heat at the location of the point source. 
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As shown in the Appendix it is possible to satisfy Condition 
[2] by completing expression, Equation [8], as follows 


2 Jo(ap) ( mee 
+ wa — J2(pe)]m, 


where Jo, J2, p,, and m, have the meaning given in the nomencla- 
ture, and 


ats = 


By solving the indeterminations of the form © X 0 which 
appear in Equation [10] when ~ > © or —o, it is found that 
T — T) tends to zero for § > © and to a constant value for § > 


—o, Following a similar procedure for er it.can be shown that 
oT 


DE — 0 for > © as well as for § - —~, which fulfills the 


boundary Condition [3]. 

Since all boundary conditions are thus satisfied, Equation [10]. 
is the solution of the problem. 

Physical Meaning of Solution. The characteristic feature of 
solution, Equation [10], is that it tends to a constant value which 
is different from the initial temperature To, after the heat source 
has moved away from the section considered. Calling the new 
temperature 7», it follows from Equation [10] that for § ~ —o 


Recalling that !/2.-! = k/cp, where p is density and c specific 
heat of the material, Equation [12] becomes 


The meaning of Equation [13] is very simple. It represents a 
uniform rise in temperature produced by the rate of heat q in a 
volume of cylinder covered in unit time, and can be explained as 
follows: Because of the quasi-stationary state, the temperature 
situation around the heat source remains unchanged, and since 
there is no loss of heat through radiation, the amount of heat 
delivered in unit time must be employed to raise the temperature 
of an additional volume of the cylinder =za% far behind the 
source. . 

Results. Putting Equation [13] in Equation [10] and making 
the proper substitutions 


wa= a=r/a, 8B t/a, and r = y/a...(14] 
Equation [10] reads as follows 


Tf — To R e~ R(6+ V R( 
[15] 
where 
Jo(ap,)H.(8) 


q 
| 
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+ e~ + 6) | = 


[17] 
1 
m, = V1 + [18] 


and at is the k’th positive zero of the Bessel function J:. 
If || is large, F(a, 8) is small compared to the first two terms of 
Equation [15], as can be seen from the following estimates for 


H,(p): If 6>Oand R < '/2(p,?— 1) 
[19] 
2Re~® 1 2(R + 1) 1 
Discussion OF THE RESULTS 


So far it has not been possible to simplify Equation [15] very 
much, though an alternative form is given in Equation [51] of the 
Appendix. However, Estimates [19] for H,(8) have been de- 
rived as shown in the Appendix, and these estimates indicate that 
for values of |8| which are large as compared to unity, the term 
F(a, 8) in Equation [15] may be neglected as compared to the 


first two terms. (In cases where R > ; (p:? — 1) = 6.83* a few 
terms of the sum for F(a,8) may be needed.) Thus for 


R<3 


and large values of |8| the solution can be written approximately 


—R(B+ V 
T2—To 2 + at 


According to Equation [20], the smaller the value of R the 
quicker the temperature tends to become constant behind the 
source of heat. This trend is illustrated in Figs, 2 and 3, for two 
different values of R = 2 and 10, respectively, by means of iso- 
therms which for convenience have been marked in terms of the 
temperature ratio (7 — To)/(T: — To). In the case of Fig. 2, 
where R is a relatively small number, the temperature virtually 
becomes constant at a distance behind the source which is less 
than the diameter, whereas in the case of Fig. 3, where R is 5 
times greater, there is still an appreciable temperature gradient at 
this distance. 

Assuming the same rate of heat, nature of the material, and 
diameter of the cylinder, diagrams Figs. 2 and 3 can be used to 
depict the influence of speed with which the source travels along 
the axis. According to Equation [12], a fivefold increase in speed 
entails an equivalent decrease in the temperature rise T, — To, 
hence the scale of temperature in Fig. 3 is 5 times smaller than in 
Fig. 2. With this in mind, the rise of temperature in the outer 
half of the cylinder is also 5 times smaller. The difference is less 
pronounced in the inner part of the cylinder. 

As an illustration, Fig. 4 shows the temperature distribution at 
a distance from the axis equals 0.2 of the radius of the cylinder for 
R = 2 and 10, respectively, using the scale of temperatures in 
Fig. 2. It is seen that the maximum temperature has decreased 
only 2!/, times as the speed has increased fivefold. This circum- 


Fie. 2 TemPeRATURE DistrisuTion Arounp, Heat Source A IN 
CYLINDER OF Rapivus a 


(Isotherms marked as multiples of the final rise of _ Aen, T: — To 
taken as unity. Product R = 2.) 


‘ 
1.0 d 
eee | 
0.50 0.25 
Fie.3 Same Mops or REPRESENTATION AS IN Fic. 2, But VALUE oF 
R= 10 
4 
| 
| 
3 
2 
\ 
-16 -12 -08 -04 0.4 0.8 12 


Fig. 4 TrMPERATURE DISTRIBUTION IN CYLINDER AT A DISTANCE 
From Axis = 0.2 X Rapivus 
(Curve A: R*°= 2; curve B: R = 10.) 


stance must be kept in mind, when considering the increase of the 
speed of travel of the heat source as a means of reducing the over- 
heating of the cylinder. 


Appendix 


To obtain an additional term required by Condition [2], it 
will be observed that another solution of Equation [6] is of the 
form 


= A cos — Vu? +:1)....... [21] 


where J, is the modified Bessel function of the first kind and zero 
order, and A, y, ant u arbitrary constants. 
Forr =a 


= Aw Vut + Vu? 1) cos — £). .[22] 


By comparing Equation [22] to Equation [9], it is seen that 
the required solution can be found by choosing A, u, and y in 
such a way that Equation [22] becomes a Fourier integral repre- 
sentation of Equation [9]. 


1.00 0.0 
a9 75 


To this end write’ 
cos Avu(y — £) 
+ (Avu)dy. . . .[23] 
Replacing A by ; 
1 


x 
Vu? +1) y?+a? 


a 
wa + } dudy... .[24 
( y [24] 


and summing up the elementary solutions, Equation [22] for all 
values of y between —o and +, and u between 0 and o, the 
additional term becomes 


cos Nou(y — + 1) 
0 


Vu? + 1) Vu? +1 
( a ) ava 


Hence, see Equation [8], the corresponding temperature distri- 


bution is 


cos hvu(y — E)Io(dorV ut + 1) u? + 1) 
u? + 1) Vu? + 


( ) | 


Discussion: 
1 From the way the solution, Equation [26], has been 
obtained it follows that 


which satisfies Condition [2]. 
2 Also, since neither 


cos kvu(y — £) nor Ip(dvr u? + 1) 

becomes infinite for R > 0 
oT 

—4rR 


— 4rk 


which satisfies Condition [1]. 

3 To prove that Condition [3a] also is satisfied, develop the 
integral in Equation [26], which depends upon the variable u, in 
series. 

(a) To this end write 

* cos — + 1) 
0 +1) Vut +1 
it 1 — Vu? 4- 1) 
0 + 1) + 


5 “Course of Modern Analysis,” by E. T. Whittaker and G. N. 
Watson, fourth edition, The Macmillan Company, New York, N. Y., 
1928, p. 119, and ff. 
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2J0 howa Vu? + 1) 


or, by ‘changing u to —u and inverting the limits of integration in 
the second term, and adding the two terms 


cos — + 1) du 
0 


2S ut +1) + 


Equation [28] can be developed in series by means of the theorem 
of residues and Cauchy’s integral. 
To this effect consider the integral 


f — + 1) 
S hQwa V2? + 1) + 


of the complex variable z taken round the contour S consisting of 
the real axis and a semicircle of radius R drawn on this axis with 
the origin as a center. The semicircle is chosen in the upper or 
lower half of the z-plane, according to whether y > ~ or y < &. 

Under these circumstance’ the part of Integral [29] which is 
taken along the semicircle tends to zero as R—> , hence — 


But by virtue of the theorem of residues® 


where ZR means the sum of residues of the integrand at its poles 
in the upper or lower half-plane, according to whether y > é or 
y <& Hence the problem is reduced to the evaluation of resi- 
dues R. 

(b) To this end, Integral [29] will be transformed into a sum of 
Cauchy’s integrals. It will be recalled that the rar tg in- 


tegral* 
coz) 


where C is a contour in the z-plane, including only one singularity ; 
namely, the zeros of 9(z). 
With reference to Integral [29], the zeros of 


+1) V2?+1 


are located on the imaginary axis; 7 are positive for y > g and 
negative for y < é. 
These zeros are 


such that 
= i — 1) = 

Hence 

where p, are the positive zeros of Ji. 
From Equation [34] 


and [85] 


= V1 + 
= +iV 1 + (p,/dva)*® 
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With this in mind Integral [29] becomes 


if f Jo(nur + 1) de 
Co 


V2? + 1)V 22+ 1 


where C) is a contour including +7 or —i, and C, is a contour 
including +7 s, or s,. 
Hence with reference to Equation [32], we can write for y > g 


Co V2? + 1) + 1 
Vz? + 1) dz 


dva(z? + ak 


2 2.4 


V2? + 1) Qedz 


+ |: + 1) 


Qri 
=e 


Likewise, for y > &, there follows with reference to Equations [35] 
(dvr + 1) dz ) 


+1 2? + 1) 
2? + 1) 
V2? + 1 [LiQway + 1))’ 
[howa 2? + 1)]’ 
V2? + 1) 
Qrie —-HVI+ in) X 2i 


> . . [38] 
= 


(2) | (ip,) 24 V/1 + 


Qe dom, (y—2) 2Jo (: Pe 


Noa 


where 
m, = V1+ (p,/dva)? > 1 


Expressions similar to Equations [37] and [38] can be obtained 
for y < & By observing that the contours Cy and C, are de- 
scribed in the lower half of the z-plane in the opposite direction to 


that of contours Cy and C, in the.upper half of the z-plane, there 
follows 


..- [87a] 
and 


Qn evm,(y — &) 2Jo 


...dz=— é 


- [38a] 


2 2 
(z?+1)!dva) 


(c) Substituting Equations [37], [37a], and [38], [38a] in 
Equation [28], there follows with reference to [29] and [36] 
cos — Wut + 
0 Vw? +1) 


r 
m, Sox) — 


wa 


- [39] 


dv(y— £) + 


k=1 
where 


(1) p, are zeros of the Bessel function of the first kind and 
order one, J; 


(2) m = V1 + (p,/dva)? 


(3) the exponentials are to be taken with sign — for y > £ and 
sign + for y < &. 

The convergence of Series [39] is thus secured for all values df 
y — & and r, since m,[Jo(p,) — J2(p,)] is different from zero for 
all values of p, and tends to when p, > ~. 

(d) With reference to Series [39], Solution [26] may thus be 
developed in the following series 


— 


1 
g 


k= 
vr) 
(y-&) 
k=1 
€ 
the | 
- where 
Tr 
w 


For convenience, Equation [40] may be rewritten as follows 


(own 


1 


Or, by changing the sign of y and inverting the limits of integra- 
tion in the second and fourth integral 


966 
E+ 
T—% 


k=o@ 


1 


=1 ..[42] 
+ FE f suv) | | 
Now, it can be shown by differentiation that 
1d . y 
fly) E + Vy? +a%) (1 
Hence the two first integrals become 
y+ 
2 
( 


Substituting in Equation [42], we have 


T—TM%= 
k= 
[44] 


eT mw f(y)dy + DE 


Finally, substituting for ¥(r) its value taken from Equation [41] 
Expression [10] figuring in the main body of this paper is obtained. 

The foregoing expression may be put in a more convenient form 
for further computation by observing that 


f(y)dy = vi fly dy 


= — f g v y?+a?) 
: 


a 


(: 


1— 
( 


Vy? + a?) ay+™ (m, — 1) 


.. [45] 


Veta | 
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and further that 


Vi +o) dy... 146). 
Substituting Equation [46] in [45] there follows 

t a 


em _ (m2 — 1) f + 
. [47] 
Likewise 


© 
f(y)dy = o(—m E+ VETO) 4 a? 


a a 


f dy... [48] 
Hence see Equations [17], [18], and [41] | 
H(B) = f(y)dy | 


VE FV dy + 


By putting 
= Ba, 


Equation [49] becomes 
H(B) = 2m, — — 1) e~ 


X 6) + Vr? +1) dr 
B 


Substituting Equation [50] in [15] and [16], the following modi- 
fied solution is obtained : 


—dv[m, +E+ Vy? + | | 


r=ad, y=ra, wa=R 


T— To _ R R(B+ V 0%) + Fla, 6) 


| 
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where 


x Rime(r— 8) + dr 
B 
f 


EstiMATEs TO INDICATE DEGREE OF ERROR IN APPROXIMATE 
SoLuTIOoN 


From Equation [17], we have 
= ®8[G,(8) + 6. [52] 


where 
G,(8) = fy? — 8) 


Now since|r]| <r? + 1 < |r| +°1, we have from Equation [18] 
for all r 
+ 


1+ 7? 
so that for all r 


© — 8) + +1) 
R - — dr< G,(8) < (R + 1) 


1+ 7? 
© e—Rim,(r — 8) + Il] 
dr 
8 1+ 7? 


Q:(8) < G,(8) < (R + 3) Q,(8) 
Now if 6 > 0, we have by integration by parts 
Q,(8) = f dr = Rom +) +) 


d(e— R(m, + Dr) 1 +18 


i+? R(m + 1) i+ 
Hence we have immediately for 8 > 0 


2 Qre~ Rim, + 
Tv 
B 
e— R(m, + 1)8 


A. 
R(m + 1)(1 + 6?) 


—RIr| 
<9) Sj 


(R + 1) 


or 


where 


Q,(8) < 


Also, since 
=1+727—(1—r)?< 1+ 7? 


we have 


so that 


Qre~ Rim, + Lr 
(1 + 


1 +18 | 
Rom +) i+ — Q,(8) 


dr = Q,(8) 


Q.(8) > 


and we have, on transposing and dividing, when 6 > 0 
1 Rim, +8 
R(m+1)+1 


Q,(8) > 


Thus for all 6 > 0 
1 e~R(m, + 18 1 


Rim, + 18 
Rim +1) +1 < +) 


+1 


+1 R(m 


and in particular, if 8 = 0 


1 1 
Rim, + 1) +1 ~ 


Next, consider Q,(—8) when B>0. We have 


e— R(m,r + 
0) = far 


so that 
B) ) 1 + dr R(m, — 1) 


d(e—2(m, — 1)r) 1 18 
Rm, — 1) 
ats 
and we have 
eR(m, — 18 
Q.(—8) —Q,(0) > mol | 


1 
Rm+)+iLi+e 


and adding the first. inequality of [55], we have 
1 eR(m, — 
Rim +1)+1 14 8 


Q.(—8) > 
Since 
= 1+ << 14+ 72 
again, we have from Equation [56] 
eR(m, — 18 
1 + 


x0) 


1 
Q.(—B) — Q,(0) < Rom | 


so that if R(m,— 1) >1 


1 eR(m, — 8 
Qi(—B) — Q,(0) < Rom — 1) — .. [57] 
From the second inequality of [55], we have 
1 
and thus we have by adding this to [57] 
Ay eR(m, — 1)8 
Q.(—B) < ten 


Now the condition R(m, — 1) > 1 is equivalent to 
Rm >1+R or Rm,?>1-+ 2R + R? 


968 


and from the definition of m,, this means — 
R? + p,? > 1+ 2R + p,? >1+2R 


or 
R<+(p2—1) 
2 k 
Thus if R < 1) and > 0 we have 


1 — 
R(m+1)+1 14 8 


< Q.(—8) 
1 — 108 
i+” 
and substituting this and [54] in Equation [53], we have 
R(m, + 1) 1 + B 


< < 


Rm +1) +1146 
and 
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Re-® e~ 


Rim +1) +11+ 6 


< G,(—B) 


R+1 
R(m, — 1) —1 1 + 6? 


Adding these inequalities, and using the larger estimate on the 


right for both, we have 
2Re~® e— 
R(m, + 1) +11+ 


< G(8) + G(—8) 


2R+1) 
R(m, — 1) —1 1 + 8B? 


Now Equation [52] implies that 


H,(—8) = e®*(G,(8) + G,(—8)] 
and this and Equation [52] imply that when 6 >0 and R < 


5 — 1) the estimates given in Equation [19] are valid. 


. 
> . 
. 
. 
. 
: 
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Determination of the Natural F requencies 
of the Bending Vibrations of Beams’ 


By A. I, BELLIN,? CAMBRIDGE, MASS. 


This paper presents a method for determining the 
natural frequencies of lateral vibrations for elastic beams. 
The beams may be of variable cross section and may have 
any number of spans. The five-moment equation is de- 
veloped and is then applied to beams supported in various 
ways. The author reduces the necessary calculations to a 
simple tabular scheme. Several illustrative examples are 
included to demonstrate the method of computation. 


INTRODUCTION 


7 ie determination of the natural frequencies of the lateral 
vibrations of beams has been the subject of numerous 
papers and books.* The method most frequently used in 

engineering applications is known as the energy method, or the 
method of Rayleigh and Ritz. It uses the maximum-minimum 
properties of the natural frequencies. While this method pro- 
vides a speedy way of finding the lowest natural frequency, it 
becomes cumbersome when applied to the higher modes because 
the determination of the nth natural frequency requires the pre- 
vious determination of the preceding n-1 natural frequencies as 
well as the corresponding natural modes. In engineering applica- 
tions a more direct way of determining the nth natural] frequency 
is often desirable. In the case of torsional vibrations of crank- 
shafts a method of this type was given by H. Holzer.‘ Until 
recently, however, no similarly suitable method has been given for 

the case of lateral vibrations of beams. In 1944, N.O. Myklestad,® 

filled this gap. From the practical point of view, Mykle- 
stad’s method has the slight disadvantage that the quantities and 
coefficients appearing in the basic formulas are rather remotely 
related to those quantities with which engineers are familiar 
from the theory of structures. In the following a method is de- 
veloped which is at least as efficient as Myklestad’s but does not 
have this disadvantage. 


Tue Basic EquaTION 
The present method, as well as that of Myklestad, is based on 


1 Extract from a thesis submitted in partial fulfillment of the re- 
quirements for the degree of Master of Science at Brown University, 
May, 1945. 


2 Department of Engineering Sciences and Applied Physics, Har- 


vard University. Jun. A.S.M.E. 

3 For literature see ‘‘Vibration Problems in Engineering,” by 8S. 
Timoshenko, D. Van Nostrand Company, Inc., New York, N. Y., 
1937, pp. 8307-435; and ‘“‘Dynamik der Stabwerke,” by K. Hohenem- 
ser and W. Prager, J. Springer, Berlin, Germany, 1933. 

4“Die Berechnung der Drehschwingungen,’’ by H. Holzer, J. 
Springer, Berlin, Germany, 1921. 

5**A New Method of Calculating Natural Modes of Uncoupled 
Bending Vibration of Airplane Wings and Other Types of Beams,” 
by N. O. Myklestad, Journal of the Aeronautical Sciences, vol. 11, 
April, 1944, pp. 153-162. 

Contributed by the Applied Mechanics Division for presentation 
at the Annual Meeting, New York, N. Y., Dec. 2-6, 1946, of Tus 
AMERICAN Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1947, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions. of their authors and not those 
of the Society. 


A-1 


the assumption of a massless beam carrying a finite number, n + 1, 
of concentrated masses which are attached to the beam at sta- 
tions along its length. In the following these stations will always 
be numbered from left to right starting with 0 at the left-hand 
end and terminating with n at the right-hand end. The beam 
portion between any two successive stations is supposed to have 


constant cross section. The length of the portion between the 


stations k — 1 and k will be denoted by Z,, the cross-sectional 
moment of inertia by /;,. 

During a natural mode of vibration all points of the beam 
execute simple harmonic motions of the same phase and the same 
circular frequency w. Thus the displacement v at station k has 
the form »v,(t) = »,(0) cos (wt), and the acceleration a,(t) = 
—w*y,(0) cos (wt). The mass m, loads the beam with an inertia 
force F,(t) = m,w*v,(0) cos (wt). All the equations used will 
contain the common factor cos (wt); this will be omitted in the 
future discussion and »,(0) will be referred to as »,. 

The only forces acting on the beam portion between points 
k — 1 and k are the shears S,-, and S, and the moments M;-, 
and M, (see Fig. 1). If this portion of the beam were supported 


Fic. 1 Span Between Srations k — 1 ann k 


Fig. 2 DEFORMED Beam Portion Roratep To HorizonTraL 


ik-1 EI 
El, | 


Fie. 3 ConsucaTe Bream or Beam Portion IN Fic. 2 


at k — 1 and k, asin Fig. 2, the slopes 6x-:°and 8,° could be deter- 
mined by identifying them with the shearing forces in the corres- 
ponding conjugate beam.* The left-hand reaction of the conju- 
gate beam equals x-;°, and the right-hand equals —8,° (see 
Fig. 3); thus 


M 
Br-1° = + 6 


* “‘Deflections of Beams by the Conjugate Beam Method,” by H. 
M. Westergaard, Journal of the 
26, no. 11, 1921, pp. 369-396. 


| 
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where Mea; > 
Actually, the beam is not supported at stations k — 1 and k, Sy |Sxea 


but is displaced by amounts ox-; and vz. If the slopes and the 
displacements are small, the span shown in Fig. 2 may be made 
to coincide with the actual deformed beam portion by a rigid 
body motion, Fig. 4. The actual slopes 8x-,; and 6% may there- 
fore be expressed as 


| 


k-1 
Ge 
Fie. 4 Derrormep Beam Portion 
k 
and 

UE 

= 

= Bx 


Or, with the introduction of the values from Equations [1] and 
[2], we obtain 


= (Mx + 2Mx-1) [3] 
6 Ix 
—L,’ Vk-1 — Uk 
6 I, 


’ Considering the adjacent span between the stations k and 
k + 1, the slope §,’ in Fig. 5 is found by increasing the sub- 


| 


v 
k 


Ax 


Fie. 5 Span Between Stations k anp k + 1 


scripts by 1 in Equation [3]. To insure a continuous slope of 


the deflection curve at station k, 6,’ must equal 6,. This equality - 


yields 


Le! + 2Mi (Ly! + Less") + = (vy — ve-1) 
(5) 


Fig. 6, a free-body diagram of the beam between stations k — 1 
and k + 1, includes the moments Mz-1 and Mes, the shearing 
forces S,-1 and Sz+:, and the inertia force at k 


= 
Since the sum of all the vertical forces must vanish, we have 
mano? + — = [6] 


Fie.6 Span Berween Stations k—1 ann k +1 


The sym of the moments of the loads applied to the left of k, 
with respect to the point k equals M;; thus 


Similarly 
+ = — My...... [8] 


Eliminating the shear forces from Equation [6] by using Equa- 
tions [7] and [8], and solving for »,, we find the displacement at 
k in terms of the three moments, Mz-1, M,, and Mr4i 


Mi — Me-r | Me — 

mL m,Lr+iw* 
By the elimination of the displacements from Equation [5] using 
Equation [9], an expression is derived which assures continuity 


of slope as well as equilibrium at station k. The resulting ex- 
pression is the five-moment equation 


| 
Mx-2 | + KE + 


6 


1 1 Dy'w? 


1 1 2 | 


1 1- 


1 —1 


In general, Equation [10] applies only for values of k = 2 to 
k =n—2. The analysis must be specialized for the first two 
and last two beam portions to insure the correct boundary condi- 
tions. 
Enp ConpDITIONs 


The forces acting on the first portion of the beam, shown in 
Fig. 7 are the moments My and M,, an inertia force at the left 


2 


Fie. 7 Lert Enp or 


_ end, a shear at station k = 1, and a possible end reaction Ro. 
Summing moments about the right end and PORTTANEINS the 
terms, we obtain 
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To insure the continuity of the deflection curve at k = 1, Equa- 
tion [5] gives 

6 
L (1% 
Substituting into this expression the values for v; and »; as given 


Mola! + 2Ms(la! + + Mala! = (01 —00) + 


by Equation [9] and solving for the quantity -* we find 


Ty'w* 1 1 
6 


| 2 1 1 


Ly’ 1 1 1 1 


+M; [=] [12] 


The end reaction Ro, may be expressed in terms of the bending 
2 

moments by eliminating oe from Equations [11] and [12]. 

Thus we obtain 


—Ro 1 1 


moL,? mL,L2 
1 2 1 
+ 3 3 mala? 
1 L/w? 1 1 1 


Setting k = 1 in Equation [3] 


2M.) — 


= + 


and making use of the value of 1, we find 


1 


Equations {11] through [14] are able to express any boundary 
condition at the left end of the beam in terms of the bending 
moments. To arrive at the corresponding relations for the right 
end of the beam it is only necessary to change the subscripts in 
the preceding four Thus 0%, Ro, Mo, mo, In, La, 
must be changed to »,, R,, — Bn, M,, Ma, Ly, Ln-a, . . Tespec- 
tively. 

If the left side of the five-moment equation, going from Mz-: to 
M+, is referred to as H,, Equations [10], [12],.[13], and [14] 
may be written in the following simplified notation 


(@) Ha = Boot + 

® 

Hy = — 

}..(15) 
(e) Hos = — 


Ls 


\ METHOD oF CALCULATION 


All of the relations used have been linear in the bending mo- 
ments so that we may take M, as a linear combination of two 
moments, M,’ and M,’, each of which is the result of applying 
the five-moment equation; thus 


m, = Invi = 


where nis a constant. We are also justified in assigning an arbi- 
trary value to one of the bending moments since the natural fre- 
quencies are independent of the amplitude of the vibration. In 
particular, the first unknown moment is set equal to unity; » 
is chosen as the numerical value of the second unknown moment. - 
For example, if the beam is simply supported at the left end 


M,=0 
=1 or M;' =1 and M;’ = 
or M,' =0 and =1 


Setting » = 0 and introducing the values of Mo, M,’ and M,’ 
into Equation [15b], we obtain M;’. M,” is found in exactly the 
same way. The five-moment Equation [10] is then applied re- 
peatedly giving the remaining moments through M,’ and M,’. 
With these moments, »,’, »,”, R,’, R,”, B,’, and are found 
from Equations [15e], [15f], and [15g]. 

If the right end of the beam is clamped, one of the boundary 
conditions is 


or 
H 
a-1 


according to Equation [15f]. If the frequency used in the cal- 
culations is a natural frequency, the second boundary condition 
will also be fulfilled, that is 


8, = 6,’ + = 0 
or, from Equation [15g] 
H, = H,' + »H,” =0 


The numerical computation is somewhat simplified if the five- 
moment equation is modified by making the coefficients of the 
moments dimensionless. This is accomplished by introducing 
the reference values of mass, length, and moment of inertia, m,, 
L,, and I,, and multiplying Equation [10] by m, L,?. The modi- 
fied five-moment equation is 


in mola? 
| 
| 


—M + 
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' TABLE 2 CALCULATIONS FOR UNIFORM CANTILEVER BEAM 


n L 1/0) (1) ] 2 
ty tk41 2 2 1b. in, int fe 
Ma} 26 — Yada? — 27 — 
ke 1 0 
1 914752 12.0000]2,5000] 1.0000 | 1.0000 2.0000 4.0000 
Meu Vp + + 2 | 014752 | 24.0000]2.5000] 2 1 1 1 
3 2914752 24,.0000}2.5000} 1 1 1 1 
4 2914752 24.0000]2.5000] 1 1 1 1 
Ly I, 6£I, (7915) | * 218) + (4)/(6)] 2(12)6 
m,L,?H, For a uniform beam of constant moment of inertia, all 2(7015) | | 2(12),) 
y, A, and are unity. 
Table 1 summarizes the application of the method to beams 1 | 2.0000 4.0000 | 6.0000 | 10 0.scebl> 
with various end conditions. Using the first part of the table, 2/1 2 5 6 . 4 
all of the bending moments are found for a particular trial fre- 3 }1 2 . 6 ‘ 4 
quency. The second part of the table determines whether the i 
frequency is a natural frequency of the system. If the appro- a 2 3 . ‘ " 
priate quantity in the last column of Table 1 is plotted against : cre 
the trial frequencies, the w intercepts of the resulting curve will 265000 line. 24.0000 ia, 
be the natural frequencies. 45.318 
B 
TABLE 1 APPLICATION OF THE FIVE-MOMENT E aimee TO 
MS WITH VARIOUS END CONDITIO (14) (as) (16) (17) (18) (19) 
ks 0 - 3.9966 | 3.9966 | -'1.9983 | 6.0017 3.0008 
1 20017 9.9899 3.9966 3.9966 5.0243 5.0243 
Right End] m,| Lp,, If is natural frequency 2 5.0034 - 5.9866 6.0370 = 6.0370 721531 721531 
3 4.0043 5.9866 8.2435 = 8.2425 9.5716 9.5716 
Free oo s 0 
4 20034 | = 5.9866 = 2.6161 3.0381 
3 n-1 5 3.0034 | = 1.9933 
¢ pa = 0 
w? = 7,410 sect” » €= -0033581 , - = .86110 
} (14) (1s) (16) (17) (18) (19) 
Norte: Eq. [16] in Table 1 should read Eq. [17]. : 
To illustrate the tabular method of computation, the approxi- ont! (24) (16)4(8) ont! (14) (18)4(8) 
mate solution of the first two modes of a cantilever beam of (15) | 0 
constant cross section is given in Table 2. For the purposes of | 0 | 
the present approximations the uniformly distributed mass of 
the beam is replaced by five equal masses as shown in Fig. 8. ic 
Table 2A, containing the physical constants of the system, is 
1 6.0690 = 9.5860 3,8525 - 35,8525 6.0053 6.0053 
independent of frequency and is computed but once. However, ja 
a table such as 2B or 2C must be calculated for each trial fre- set : ’ ' 
3 4.1380 5.4480 =17.7126 #17.7126 | 34.5208 34.5208 
quency. The value of Ms in Table 2C is sufficiently close to the 
4 4.13580 524480 |. -29.1599 56.8331 
desired value of zero for the expected accuracy. The squares of A ark sabiaasl 
the frequencies corresponding to the first and second modes — — 
respectively, are w? = 304,510 secs® , = .13800 2001598 = 81308 


w:? = 7410 


and we? = 304,510 sec™? 


These values are well within 4 per cent of the exact solutions of 
= 7290 sec? 
w,? = 295,000 sec™*? 


and 


M. & =.0007 in. lbs. 


5 


7 “Mechanical Vibrations,” by J. P. Den Hartog, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1940, p. 431. 


obtained for the uniform cantilever beam’ shown in Fig. 8. 
The foregoing problem is solved by Myklestad’s method in 
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TABLE 8 CALCULATIONS FOR UNIFORM CANTILEVER BEAM 4 ' : 
USING MYKLESTAD'S METHOD gaol 
1b. in, Fie. 8 Untrorm CanTitever Beam 
ie 
of o 12,0000] 75.0000 | .16000]  .9600 | 7.6800 TABLE 4 CALCULATIONS FOR WEDGE-SHAPED CANTILEVER 
1 .014752 24.0000] 75.0000 | .32000] 3.8400 | 62.4400 BEAM OF CONSTANT WIDTH 
2 014752 24.0000 | 75.0000 | .32000] 3.8400 | 61.4400 A 
014752 24.0000 | 75.0000 | 32000} 3.8400 61.4400 
a) (2) (3) (6) (5) (6) (7) 
| 014752 24.0000] 75.0000 | .32000] 3.8400 | 61.4400 
1b. int in. int 
~064760 oo 5 90000 
1 194282 10 -6667]27.0000 |1.66667} 1 1 
B 2 +323801 10 | 5.3333] 3.37500 |1.00000] 1 1 
3 0453321 10 18.0000] 1.00000 }0.71429| 1 
(9) $30) 10 | 42.6667] .421875 1 
2 -(6 8 219 5 5 71.4479] «251932 2 4 
=(5) (10) = 
For -1 
Ob a. (8) (9) (10) (11) (12) (13) 
1] 109.32 3.8400 1.0004 12.0000 (5)(6)(6) 2(8) (4)/(6) | 2(12)+ 
2] 109,31 103.69 1.0117 36.0096 
3] 109,32 480.44 1.0642 60.2904 6.66067 
| 109,31 1321.8% 1.2087 85.8312 1 1.66667 6.66667 | 8.33334 12.66668 |27.00000 60.7500 
5 | 109.32 2826.86 1.5177 14.840 2 | 1.00000 2.66667 |5.33334 | 6.38096 | 3.37500] 8.75000 
2 3 0.71429 1.71429 | 3.42858 4.41272 1.90000 | 2.84375 
ws sec? = .011571 1bs. . lbs, 
& | 1.26985 |3.09526 | 5.71433 | 0.421874 1.09568 
(11) (12) (13) (1a) (15) 5 2.22224 | 3.33336 2.22224 | 0.125964 0.25193 
(12)+(2)(15) (15) 
(12) (2 18.0000 igt 232 , L_= 10.0000 
(5) (9) [5 (29123) jae, 323801 1b.in? L,= 10. in. 
(11) 9 For -1 10 For -1 (15) > .999386 x 10°'w 
0.9600] 0 0 2.0000 +16000 B 
1| 8.6425 | 0.9600 |.0002 1.0000 
| (14) (15) (16) (17) (18) (19) 
2 24.0495 8.6432 20010497 | 1.0025 80523 
47.4290] 24.0546 |.0036791 | 1.0277 1.14822 | | My = | 
b | 79.5364 | 47.4395 |.0088647 | 1.1160 1.53938 oul (24) (16)4(6), foul | 
5 79.5545  |.0175608 | 1.3288 ou’ (15) uy My = 0 
' 
(14), 1 ou) (14), 20 
1 | 8.7420 | -11.7494 | 11.7494 | -11.7494] 5.3843 5.3843 
(7) (8) (9) (10) 
2 | sese43 | 6.2488 | 35.0772 | -49.1077] 12.2951 17,2103 
3 | 3.4437 | - 4.3698 | 102.9699 | <91.7722 | 33.2048 29.9651 
ey 4 | 3.1016 | - 5.6078 | 62.7239 17.8674 
5 3.33535 2.2184 52.8535 15.0557 
1 | 4492.13 3.8400 1.0172 12,0000 
w? = 151,100 sect? , F = .01510 , ps 5228558 = 35,5105 
2] 4492.13 104.21 1.4853 36.4128 15.0557 
-W = .0005 rad. sect" 
3] 4492.23 498.61 3.7252 72.0600 
| 4492.13 | 1535.23 40.5317 161.4624 
Table 3.8 Table 3A is independent of frequency; tables such as 
3B or 3C are computed for each trial frequency. 
Ww? = 304,510 secs* , Ry * «040579 lbs. , M, © -.0009 in. lbs. A comparison of Tables 2A and 2B with 3A and 3B shows that 
pare pe ears mas pens Table 3A requires less computation than 2A, but Table 3B 
SUR pcre - requires about one and a half times the computation of 2B. Thus 
(6) (23) if several trials are to be made, the present method is faster than 
519) - 
be In order to apply this method it is necessary to replace all | 
0.9600] 0 1.0000 +16000 distributed masses by a finite-number of concentrated masses; 
1] 8.7060 | 0.9600 . | .0043124 | 1.0000 +49656 the degree of approximation depends upon the number of masses : 
2] 26.0616 | 8.7725 | .043720 | 1.1035 1.01756 used.’ Also, the derivation necessitates a constant moment of 
3 | 63.4252 | 26.2703 | 16173 | 2.1528 2.32750 inertia between successive stations. Thus a beam of continu- 
4 1.155.539 | 63.9209 | 44890. | 6.0343 5.9823 ously varying moment of inertia is approximated by a “‘stepped”’ 
Myklestad’s notation has been slightly changed by the author. 


. 
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beam. The smooth curve of J, plotted along the length of the 
beam, is replaced by a series of steps. Again the approximation 
depends upon the number of subdivisions of the beam. 

To illustrate the numerical work for a beam of varying cross 
section, a wedge-shaped cantilever of constant width is approxi- 
mated by a stepped beam with five attached masses, and the 
square of the first natural frequency is found in Table 4 as - - 


w? = 151,100 sec~* 


This compares with the theoretical value for the wedge-shaped 
beam under consideration® of 


w? = 174,500 


By combining the foregoing principles properly, continuous 
beams may be solved. For example, for a beam of two spans 
resting on three simple supports the following procedure must be 
used. Considering the left span as a qmaly supported beam, 


®*See “Vibration Problems in E ” by 8. Tim 


D. Van Nostrand Company, Inc., New a orks N. Y., 1937, pp. 378- 
379. 
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choose a trial frequency and determine all of the bending moments 
for this span following Table 1. Also, using Equation [15g] 
find the value of 8,, where s refers to quantities at the intermediate 
support. Now, considering the right span, set M,’ equal to the 


known value of M,. Then 
4 M,’ =0 
May’ = 0 
Mian” = 1 


Making use of the known quantity 8,, apply Equations [15a], 
[15b], and [15d] in succession and calculate all bending moments 


* for the right span according to Table 1. If the last bending 


moment, M,, = 0, the trial frequency is a natural frequency of the 
system. 
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The Design of Vibration-Isolating 
Bases for Machinery 


By CHARLES E. CREDE! anp J. PAUL WALSH,* CAMBRIDGE, MASS. 


The isolation of rotating or reciprocating machinery to 
reduce the magnitude of oscillating forces transmitted to 
adjacent structuresiscommon practice. Where operating 
speeds are high and the oscillating forces are of moderate 
intensity, the solution is relatively easy because little care 
need be taken in design to obtain a sufficiently efficient 
isolator. However, a vibration testing machine requires 
careful design of the isolator because the forces to be 
isolated are of great magnitude and because such machines 
operate over a wide range of speed. This paper describes 
the technique used at the Naval Research Laboratory for 
mounting vibration testing machines. The machine is 
- secured rigidly to a relatively heavy mounting base and the 
mounted machine is supported upon helical springs. 
This method is generally applicable to the design of 
machinery bases and will be found to be of particular value 
where low-speed machines are involved. 


NOMENCLATURE 


The following nomenclature is used throughout this paper: 


W = total weight of assembled machine and 
mounting base, lb 


W,', Wz',... = weight of each component, Ib 
M = total mass of assembled machine and mount- 
ing base, lb sec?/in. 
M,', Mz’,... = mass of each component, lb sec?/in. 

H,', Hz’,... = distance from center of gravity of compo- 
nent to reference plane, in 

2M'H' 

H= : ere distance from center of gravity of assembled 
machine and mounting base to reference 
plane, in. 

U4, Uz,... = distance from center of gravity of each com- 
ponent to center of gravity of assembled 
machine and mounting base, in 

I,', Ig',... = mass moment of inertia of each component 


with respect to its own center of gravity, 
lb-in. sec? 
I= ZI'+2M'U? = mass moment of inertia of assembled 
’ machine and mounting base, lb-in. sec? 
(subscript denotes axis of rotation) 
Ky = stiffness of a single helical spring in vertical 
direction, lb per in. 
Ky’ = vertical spring stiffness of horizontally de- 
flected spring, lb per in. 
1L. N. Barry Company, Inc.; formerly Naval Research Labora- 
tory, Shock and Vibration Section, Washington, D.C. Mem. A.S.M.E. 
2 Naval Research Laboratory, Washington, D. C. Jun. A.S.M.E. 
Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
Amprican Sociery or MECHANICAL ENGINEERS. 
Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1947, for publication at a later date. Discussion re- 
ceived after the closing date will be returned 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society or of the U. 8S. Navy Department. 
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Ky = stiffness in a horizontal direction of a single 
helical spring with restrained ends, lb per 
in. 

K,,' = horizontal spring stiffness, neglecting verti- 
cal load, lb per in. 
; Fy = force on body parallel to Y-axis, Ib 
. Tz, Ty = torque on body about axes Z, Y, respec- 
tively, in-lb 

2, y = movement in direction of co-ordinate axes 

X, Y, respectively, in. 
a, 8 = angular movement of body due to torque 
: Tz Ty, respectively, radians 
= radius of gyration of assembled machine and 
mounting base with respect to Y, Z-axes, 
respectively, in. 
B,, Bz = horizontal distance between springs, in. 

C = one half horizontal distance between springs, 
in. 

C, = horizontal distance from springs to center of 
gravity of mounted assembly, in. 

A = vertical distance from mid-point of spring to 
center of gravity of assembled machine 
and mounting base, in. 

N = K,/Ky = ratio of horizontal to vertical spring stiffness 
w = frequency, radians per sec 
wy = natural frequency, radians per sec 
wy = vertical natural frequency, radians per sec 
fy = vertical natural frequency, cycles per sec 
wy = natural frequency about vertical axis, ra- 
dians per sec 
fy = natural frequency about vertical axis, cycles 
per sec 
f',f” = natural frequencies in modes about hori- 
zontal axes, cycles per sec 
a, b = horizontal dimensions of component, in. 
(subscripts designate components) ~ 
e = vertical dimension of component, in. (sub- 
script designates component) 

E = modulus of elasticity of steel in tension = 
29.5 X psi 

G = modulus of elasticity of steel in torsion = 
11.5 X 10° psi 

d = spring wire diameter, in. 
r = mean coil radius of helical spring, in. 

D = mean coil diameter of helical spring, in. 

h = working height of helical spring, in. . 
nm = number of active turns in helical spring 

P = vertical load on helical spring, lb 

S = horizontal load on helical spring, Ib 

by = vertical deflection of helical spring involving 

change in pitch of coils, in. 

$y = horizontal deflection of helical spring, in. 

5, = static deflection of helical spring due to 
weight of mounting base and machine, in. 
éy’ = vertical movement of mounting base due to 
lateral deflection of spring considered to 

have inextensible axis, in. 


Ry, Rz 
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5, = movement of block vertically due, eccen-_ 
' tric load on springs, in. 
5,’ = horizontal deflection of helical spring, 
neglecting vertical load, in. 
X, = total horizontal deflection of spring, in 
m = bending moment in spring, Ib-in. 
Io = area moment of inertia of spring in bending, 
in.‘ 
g = acceleration of gravity = 386 in. per sec? 
AV = total change in potential energy due to 
lateral deflection of base, lb-in. 
L = length of links in suspension system, in. 


DETERMINATION OF NATURAL FREQUENCIES 


HE requirements for a successful vibration-machine in- 
stallation are: (a) that the vibration amplitude of the 
mounting base be small relative to the amplitude of 
the vibrating table; and (b) that the forces transmitted to the 
supporting foundation be small. Requirement (a) may be met 
by employing a mounting base whose mass is large compared 
with the combined mass of vibrating parts of testing machine and 
apparatus undergoing test. Requirement (b) may be met by 
adjusting the various natural frequencies of the mounted machine 
on its springs. 
The transmissibility or percentage of impressed force trans- 
mitted to the foundation, may be determined from the conven- 
tional curve (1)? shown in Fig. 1. The transmitted forces become 


° 


Transmitted Force 
Impressed Force 


> 


0 - 
“0 0.5 1.0 1.5 


Transmissibility Ratio 


2.0 3.0 
Ratio Frequency of Impressed Force 2) 
Natural Frequency of Mounting \ @n 


Fie. 1 ‘TRANSMISSIBILITY OF MounTING SysTEM 


high unless the natural frequency of the mounting is substantially 
less than the frequency of the force impressed by operation of the 
machine. This applies to the natural frequency in any mode of 
vibration likely to be excited by an impressed force of appreciable 
magnitude. It frequently happens, particularly in vibration test 
work where the apparatus under test is excited to vibrate in ran- 

dom directions at many different frequencies, that large amplitude 
' vibration of the mounted machine results when the frequency of 
the impressed force becomes approximately equal to any natural 
frequency of the machine on its springs. The problem is thus 
resolved into one of controlling the natural frequencies of the 
mounted machine. For high-speed machines, it generally will be 
satisfactory to have a substantial difference among the several 
natural frequencies, provided = highest is not above the pre- 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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determined allowable maximum. For low-speed machines, 
isolation conditions place an upper limit on allowable natural fre- 
quencies and stability conditions set a corresponding lower limit. 


_. -The upper and lower limits are frequently very close together; 


the mounting system therefore must have all natural frequencies 
substantially equal. 

The natural frequencies of a body mounted on springs may be 
determined by the method described by E. H. Hull (2). Re- 


External Co 
Acting on Body, 


External Forces 
and Couples 
Acting on Body 


Fig. 2 Forces anp Coupies AcTING on Bopy 


ferring to Fig. 2, the differential equation of motion of the body 
in a vertical direction may be written as follows 


—Fy + 4Kyy — Myo? {1} 
Solving for w so that y is a maximum 


i iv= 


To find the natural hesmenne in rotation about the vertical Y- 
axis, the equation of motion for rotation about the vertical axis 
may be written as follows 


—Ty + 4K — IyBw? = 0............ [3] 
Solving for w so that 8 isa maximum and substituting MRy? for ly 


In a similar manner, natural frequencies for motions in a 
vertical plane and having horizontal components may be deter- - 
mined from the following simultaneous differential equations of 
motion 


Horizontal: Mxw? + 4aAKy = 0 [5] 
Rotation:— T'z — Izaw* + — Ky = 0[6) 


iy + — 
= 
| 
| 
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Solving Equations [5] and [6] simultaneously for x and a 


4T,AKy 
MI zw* — (41z,Ky —4A°*MKy + 4C?MK y)w? + 16C*K yKy 


T,(4K — Me?) 
MI — (412K y + 4A°MKy + 4C?2MK + 16C?K yKy 


Resonance occurs when z and a become infinite. Since the 
denominators of Equations [7] and [8] are equal, the natural 
frequencies can be determined by equating this denominator to 
zero and solving for w 
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[2]), Equation [10] reduces to 


2 
NR;z? 
B (+ 


The relation given in Equation [11] expresses the two other 
natural frequencies in the X, Y-plane as « function of the verti- 
cal natural frequency. For convenience, the vertical natural fre- 
quency is shown graphically in Fig. 3, as determined from Equa- 
tion [2], and employing the usual engineering units; the rotational 
natural frequencies, as defined by the 


1 2 NR;? 


two numerically different roots of 


oy = 


The following substitutions are now made: Iz = MRz?; Ky/Ky 
= N; and C = B/2. Both sides of the resulting equation are 


2A*Ky + 2Ky 
I, M 


ae and multiplied by Rz/B to obtain the follow- 


divided by u 


ing equation 


NA* 


NR;? NRz2. NA? I NR;,? 10] 
A A 4Ky 
Using the relations — = — » — and = @— (see Equation 
10° 
LA AIK AA 
AA 
7 
7 
oz 
LAL | 
L i 
L a DE | > 
r} WEIGHT OF MOUNTED MACHINE, POUNDS 
19 10° Te 10° ind 


Fie. VerticaL Narurat Frequency or Mountine SysTeM IN 
Terms or Tora VERTICAL SPRING STIFFNESS AND ToTAL WEIGHT 
or Mountine Base AND MountED MACHINE 


2A*Ky + 16C*Ky Ky 
Iz 


1,M Equation [11], are shown graphically 
-. [9] in Fig. 4. It is evident from an in- 
spection of Fig. 4 that the design ob- 
jective of equal natural frequencies may be attained by employ- 
ing springs having equal horizontal and vertical stiffnesses 
(Ky/Ky = 1) spaced apart a distance equal to twice the radius 
of gyration (Rz/B = 1/2) and supporting the mounted machine 
in a horizontal plane through its center of gravity (A/R = 0). 
In general, the rotational natural frequencies differ from the ver- 
tical natural frequency and may be determined by reference to 
Fig. 4. The corresponding natural frequencies in the Y, Z-plane 
may be determined by analogy. 


HMELICAL-SPRING CHARACTERISTICS 


In order to use Figs. 3 and 4, it is necessary to know the vertical 
2.2 VA 
20 
1.8 
> 1.6 
VV 
SAAA SZ 
aa 
AY, VAS 
Pd 
1.2 
ze 
—iz 
OS, 
VA 


08 Y WZ. 
a 
04 
0.2 = | 


Fie. 4 Retation BETWEEN VERTICAL AND ROTATIONAL NATURAL 
FREQUENCIES 


= 
a= 
yk 
M 
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and horizontal stiffness of the helical supporting springs. The 
approximate equation for the vertical deflection of a helical spring 
is (3) 


This equation is well known and has been made conveniently use- 
ful in the form of nomographs, slide rules, and tables. 

Information on the horizontal stiffness of helical springs is not 
so plentiful. Some recent analytical and experimental work (4) 
has established the validity, within a certain degree of accuracy, 
of the following equation for deflection in a direction perpendicular 
to the axis of the helix of a steel helical spring with restrained 
ends 


SDn 
= 2 2 
by 10°" (0.271D2 + 0.206h?2).......... 


Since Ky = P/dy and Ky’ = S/éy’, the following equation for 
the stiffness ratio is obtained from Equations [12] and [13] 

Ky h? 

Ky’ 1.4 + 0206 
Equation [14] neglects the effect of vertical load upon horizontal 
stiffness. It was pointed out by Wahl (5) that the vertical load 
lowers the horizontal stiffness by a factor a, a function of h/D and 
61/h. Equation [14] may then be modified as follows 


Ky h? 
— = 1. 1 
x, 7 “4 (0 271 + 0.206 *) [15] 


Fig. 5 is a graphical presentation of Equation [15] and provides a 
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HorizontTat SPRING STIFFNESS 


useful means of determining the horizontal stiffness of helical 
springs. 

One of the parameters in Fig. 5 is the ratio of static deflection 
to working height of spring. The static deflection may be deter- 
mined from Equation [2] by substituting M = W/g 


JOURNAL OF APPLIED MECHANICS 


MARCH, 1947 


1 [4k 1 
fr = — — = 3:18 
Qn 
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Equation [16] is shown graphically in Fig. 6. 
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Fic. 6 RELATION BETWEEN NATURAL FREQUENCY AND Sratie 


DEFLECTION 


EXAMPLE 


A convenient method of attaining equal natural frequencies in 
all modes is to utilize a concrete block whose end view is sub- 
stantially T-shaped. Such a block, shown in Figs. 7 and 8, was 
employed as a mounting base for a vibration testing machine 
having a range of operating speeds between 5 and 100 rps. Re 
strictions on the floor loading limited the weight of machine and 
mounting base to 4000 lb. The weight of the testing machine 
was 800 lb and its center of gravity was estimated to be 12 in. 
above the top of the concrete block. Largely by cut-and-try 
methods, the concrete block was designed to the dimensions 
shown in Fig. 7. The assembled machine and mounting base on 
springs is shown in Fig. 8. 

With a minimum operating speed of 5 rps, the maximum 
natural frequency for the spring system was set at 2.5 cycles per 
sec as offering the best compromise between isolation efficiency 
and stability. Since the vertical natural frequency of the 
isolating mounting is to be maintained approximately equal to 
the maximum natural frequency, a spring stiffness was selected 
from Fig. 3, to give a vertical natural frequency of 2.5 cycles per 
sec. For a weight of 4000 lb, the required spring stiffness is 2600 
Ib per in. for a total of four springs, or 650 Ib per in. for a single 
spring. A spring which appeared reasonable was selected from 
spring tables (6); its characteristics are wire diameter, d = °/siD-) 
mean coil diameter, D = 4 in.; number of active coils, n = 5'/« 
and vertical stiffness, Ky = 650 lb per in. The static deflection 
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-—— 6° —— From Fig. 5, using these ratios, the stiffness ratio K,/Ky was 
60" determined to be 0.80. The horizontal stiffness of the spring is 
i] | | z the product of this ratio and the vertical stiffness 
| 


Ky = 650 X 0.80 = 520 lb per in. 


Table 1 illustrates the method of calculating the several 
x a natural frequencies of the structure shown in Fig. 7. In calcu- 
f lating the moment of inertia of the combined assembly of machine 
and concrete mounting base, it is convenient in many cases to 
assume the machine to be a uniform-density structure. Such an 
-—— A,-——_> assumption is subject to large errors with reference to the machine 
alone but generally causes a relatively small percentage error in 
aa ¥ the moment of inertia of the complete assembly. The calcula- 
tions are carried through in the order shown in Table 1, involving 
at one stage a cut-and-try use of Fig. 4, to determine proper 
values for the distance between springs. These distances are 
chosen to give all natural frequencies as nearly as possible to, but 
i not above, the vertical natural frequency. The natural fre- 
coifere' BLOCK (C) quencies in the illustrated design could have been made more 
Y nearly equal by redesigning the block to bring the center of 
am: gravity at the level of the mid-point of the springs, i.e., so that 


A=0. 
kia. 7 Mountine Base ror VIBRATION MACHINE 


(A) 


Brock 


STABILITY 


The stability of a system in which the mounted machine rests 
upon helical springs and is restrained from horizontal movement 
only by the horizontal stiffness of the springs will now be in- 
vestigated. A condition of stable equilibrium exists when a 
system is in a condition of minimum potential energy (8). 

The stability of the spring-mounted machine can be investi- 
gated, then, by writing the equation for change of potential 
energy and noting the conditions for which the energy increases 
and decreases as horizontal movement of the mounting base 
takes place. As the mounting base is deflected horizontally, its 
elevation is lowered, due partly to bending of the spring axis and 
partly to the decreased vertical spring stiffness resulting from the 
‘ 3 s eccentric vertical load. This loss of potential energy must be 
4 balanced by an increase in strain energy in the spring due to 

i. wee horizontal deflection and to increased vertical deflection caused by 
eccentricity of loading. Assuming constant horizontal spring 
stiffness, the summation of energy changes is 


be 
1 
AV = 5 + Kybyd3y — Wiy’ — Wi,.. [17] 


in. | 
-try 
‘ions 
e on = 

— 
num 
pet Fic. 8 Mounting as INSTALLED aT NAVAL 
ResearcH LABORATORY 

ency 

the 
11 to 4, of the spring was found to be approximately 1.6 in. and the 
ected minimum possible working height, allowing 1'/, inactive coils at 
s per each end, was determined to be 73/, X 5/s or 4.84 in. In order to 
2600 provide a margin of ‘safety to prevent bottoming of the springs, 
ingle the working height, h, was established at 5!/, in., and the free 
from height, consequently, at 7.1 in. 
inj These values of mean coil diameter, w orking height, and static 
Bs deflection were used with Fig. 5 to obtain the horizontal stiffness 


stion of the spring. The ratio h/D is 1.37 and the ratio 6,/h is 0.29. 
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TABLE 1 CALCULATION OF NATURAL FREQUENCIES OF SPRING-MOUNFED MACHINES 
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AIS 


WITH RESPECT TO tho 4 


(A) (B) (Cc) (A) (B) (c) 


(A) (B) (c) 


1380(a) 
3.58 


1820(a) 
4.72 


1380(a) 
3.58 
4000 


800 


W=EW' 


1820(a) 


1820(a) 
4.72 


800 1380(a) 
3.58 
4000 


10.37 


5. Equation | mie ete) “a2, 2 b2) | 
258 486 251 720 1428 2004 775 1896 2004 


6. Values 
ef 


9. 

1o. 2131 5288 4675 
ll. 14.8 22.6 21.2 
3.4 3.4 

iz. 4 0.23 0.15 

4a. 0.88 0.88 

18. (g) 0.50 0.46 

16. 0.568 0.523 

17, 8 (4) Ba26.0 Be43.1 

18. 0.568 0.823 

19. (k) 0.442 0.440 

20. £ (1) 1.00 1.00 

22. f (m) 0.778 0.84 

22. ty (n) 2.5 2.5 

a5. 2.5 2.5 

24. 1.94 2.1 

25.fy _(o 2.62 


Machine assumed to be of uniform density. 
Reference plane is taken as bottom face of block. 


Determined from Figure 5. 

Found from Figure 4 by cut and try so that 
Item 15 divided by item 14. 

Item 1l divided by item 16. 

Determined from upper family of curves in Figure 4. 
Determined from lower family of curves in Figure 4. 
Item 18 divided by item 16 

Item 19 divided by item 16. 


Computed using equation[2] . 


It can be shown that, for small deflections, the second and 


Based upon an assumed density for concrete of 144 1b/ft5 
Mass moment of inertia of prism of uniform density material. (7) 


Based on « 18.6 as computed from items 2,4,7 and dimensions of springs 
(item 20) » 1.00 


Determined from Figure 3_using item 3 and spring stiffness obtained from tables (6) 


( 


[18] 


The equation for the developed length of a curve is (10) 


h 
avay 


6 


fourth terms on the right-hand side of Equation [17] are equal. 
In order to evaluate the remaining terms, the relation between 5y’ 
and X, is determined by considering the spring to be a column 
and applying the approximate flexure theory (9) to find the equa- 
tion for the axis of the spring. Referring to Fig. 9 


Ela = mdy dy 


dz 
where dy’ from Equation [18], is 


dx X,\/y y 
dy 6-2) 


This value, substituted in Equation [19], gives the following 
approximate expression involving 5y’ 


Letting y/h = r, and solving for 5y’/h 


by’ 


1 
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3. 
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0} 


Applying the test for stability, the term AV in Equation [17] 
must be positive if the structure is to be stable. Equation [17] 
then becomes 


Substituting W = Kyé,, Equation [22] may be written 


4 2 
2 L by’/h 
Ky; 


The factor in parentheses in Equation [23], as determined by a 
numerical evaluation of Equation [21], is equal to 1.666 as X, +0 
and increases as X, increases. Taking the equal sign in Equation 
[23] as the boundary between the stable and unstable regions, 
Equation [23] becomes the boundary equation as follows 


Ky _ 
nn 


This equation is shown graphically in Fig. 10. 

Buckling of the springs as columns, in contrast to instability in 
sidesway discussed in the foregoing, should be considered. It 
will be readily apparent from inspection and substitution of a 
few representative values in the equation for buckling load (11) 
that springs of the type used in applications described herein 
are loaded far below their critical loads. 
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PENDULUM SUSPENSION 


A pendulum-type suspension as shown in Fig. 11 is sometimes 
used for isolating machinery. The lateral stiffness of the spring 
is of small consequence in such a suspension because the hori- 
zontal restoring force is due principally to the weight of the 
mounting base when deflected laterally from its equilibrium 
Position. Equations [5] and [6] thus become applicable if 4K y 
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is replaced by W/L. Fig. 4 may then be used for computing 
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Fie. 11 Penputum-Type SusPENSsION 


rotational natural frequencies by taking the abscissa scale as 
R Ww 


B Y4LKy 

The pendulum-type suspension generally wil! be found inferior 
to the arrangement shown in Figs. 7 and 8 for installations in 
which it is desired to maintain all natural frequencies approxi- 
mately equal to an established maximum. One of the rotational 
natural frequencies in the vertical plane of the dimension B, in 
Fig. 11 will be substantially larger than the vertical natural 
frequency because the distance B, between springs usually will be 
much greater than twice the radius of gyration R of the mounting 
base. The other rotational natural frequency in this plane and 
both rotational natural frequencies in the vertical plane of the 
dimension B, can be adjusted within wide limits by varying the 
length L of the supporting links and the distance B; between 
springs. 


Mopet TEsts 


In order to check the validity of the curves shown in Figs. 3 and 
4 for finding the natural frequencies of the spring-mounted 
bodies, the model shown in Fig. 12 was constructed. The 


Fic. 12 Sprrnc-Mountep Bopy Usep 1n ExprerIMENTAL VERI- 
FICATION OF EQUATIONS 


natural frequencies of the model were determined experimentally 
by exciting the model manually at resonance, and the correspond- 
ing natural frequencies were calculated using equations similar to 
Equations [2] and [11], modified to include the six springs of the 
model. A comparison of the calculated natural frequencies with 
the experimentally determined natural frequencies is given in 
Table 2, and shows that the calculated and experimental natural 
frequencies differ by a maximum of approximately 10 per cent. 
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TABLE 2 COMPARISON OF CALCULATED AND EXPERIMENTAL 
NATURAL FREQUENCIES BY MODEL TESTS 


-——— fe 
Caleu- 
lated> 


” 


Caleu- Experi- Caleu- Experi- 
lated? mental lated® mental 


Experi- 


A/R mental 


2. 2.63 3.8 
2. 5.3 5.5 
2. 
2 
2 


3.8 


Kv = 196 lb per in. 
= 97 lb per in. 


W = 134 lb 


IT = 10.18 lb in. sec? 
M = 0.35 lb sec?/in. 


R= VI/M_ ¥V10.18/0.35 


* Calculated from fy and the curves in Fig. 4. 
6 Calculated from curves in Fig. 3. 
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Static-Load Tests on an Aircraft Gas Turbine 


to Simulate Loads Produced by 
Rapid Plane Maneuvers 


By A. W. BRUNOT! ano W. B. GODDARD,? WEST LYNN, MASS. 


This paper describes a method of loading statically 
an aircraft gas turbine to produce loads in the turbine 
structure similar to those produced by rapid plane maneu- 
vers, such as pull-outs and spins. The method consists in 
applying a finite number of loads to the whole power- 
plant structure simultaneously in such a manner that 
these loads produce the same bending and shear, and 
restraints in the structural members as would be en- 
countered in actual flight. Stresses and deflections can 
be measured directly on the unit, and these load stresses 
can be combined with thermal and internal load stresses to 
establish margins of safety. Static-load tests on a 
specific gas turbine are described in detail with results 
to illustrate the method used. 


INTRODUCTION 
Oe sta gas turbines are designed to meet specific 


structural loading requirements which are based upon 

the performance of the airplanes for which such power 
plants are intended. Sometimes wind-tunnel tests on scale 
models indicate the maximum possible performances of new 
airplanes from which maximum loading requirements are de- 
termined. A typical set of requirements is that the power plant 
shall exhibit no structural yielding under forces resulting from 
an 8-g acceleration loading during a pull-out nor any structural 
failure from 12-g acceleration forces or from gyroscopic forces 
resulting from an angular velocity of the power-plant axis of 
3 radians per sec. More briefly stated, these loadings are fre- 
quently referred to as 12-g pull-out and 3 radians per sec gyro- 
scopic. 

Without sacrificing reliability and sturdiness, it is desirable 
to keep the structural design as light as possible. It can be 
stated approximately that 1 lb of extra weight in the gas turbine 
necessitates up to 4 lb more weight in the rest of the airplane to 
give a prescribed performance for a long-range bomber and up 
to 2lb more weight for a pursuit plane. Stationary gas turbines 
do not need to be so weight-conscious and their structures do 
not need to meet such a wide range of loading requirements. 

All structural parts in an aircraft gas-turbine power plant are 
not designed for stress only. For example, some members are 
designed for limiting deflections or size to give ease of manu- 
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facture. However, it is necessary to know what the maximum 
stresses are in the parts. Since most of the parts are of a complex 
shape, calculated stresses must be compared with test results. 
In some cases it is impractical to make calculations, and only 
an experimental determination of stresses is possible. 

The gas-turbine structural designer must determine the 
suitability of his structural design to meet the wide range of 
requirements imposed upon it. It would be unsatisfactory to 
have to resort to flight experience wholly to determine the 
excellence of his designs, although there are many design features, 
such as the effect of repeated stresses due to vibration and re- 
sistance to impact loading, that ultimately have to be proved 
by long flight investigation. Therefore information on the 
deflection of the gas-turbine structure at different stages of 
loading, the intensity of loading which will produce the first’ 
appreciable permanent set, the maximum load-carrying capacity 
of the structure, and the loading which will produce the first 
appreciable buckling deformation must be determined prior to 
flight tests. 

In this paper a method is presented for loading aircraft-gas- 
turbine structures by means of static loads, which method 
reasonably simulates loading conditions of 12-g pull-out and 
3 radians per see gyroscopic. Briefly, the method consists in 
applying a finite number of loads to the power-plant structure 
in such a manner that these loads produce the same bending and 
shear in the structural members as would be encountered in 
actual flight. The method of load determination is described 
more fully later in the paper. All of the structural parts of the 
power plant are loaded simultaneously and as a unit, which gives 
nearly the same restraints for each member as would exist during 
an actual pull-out or gyroscopic spin. Stresses and deflections 
can be measured directly on the unit. Load stresses can be 
combined with other stresses produced in the gas-turbine struc- 
ture from thermal causes and internal loads to establish margins 
of safety. The static-load tests on a specific gas turbine will be 
described in detail to illustrate the method used. The load 
tests divide into three parts as follows: (1) The 12-g pull-out 
test; (2) the 3 radians per sec gyroscopic test; and (3) the com- 
bined load test of 3 radians per sec plus 3-g vertical pull-out and 
thrust loading. 


Loap DETERMINATION 


An aircraft gas turbine is usually mounted in the plane by 
three supports. Two are trunnions on either side of the engine 
which are placed along the length of the unit at approximately 
its center of gravity, and the third is a strut from the front gear 
casing, which is so designed as to allow for relative expansion 
between the power plant and the fuselage. In ground-testing 
the gas turbine, it is desired to reproduce flight loading as closely 
as possible. In actual flight, when the power plant is subjected 
to a 12-g pull-out, each elemental mass in the gas turbine will 
have a body force acting upon it equal to 12 times its weight, 
and all of these forces will act in the same direction. With this 
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12-G PULLOUT TEST 
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12G 3000 LBS 


LOAD FOR 
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~ =—SLOCATION OF TURBINE ROTOR AXIS 


FROM THE BAR 


NUMBERS ON CURVE REFER TO DIAL INDICATORS ON ENGINE ABOVE 


Fig. 1 Test ARRANGEMENT LoApING CURVES AND PLorrep RESULTS 


condition}of loading, a shear and bending-moment curve may 
be drawn] for the whole power plant. Such curves are shown in 
Fig. 1 and are called flight loading curves. These curves are 
derived by dividing the distributed forces that act on the gas 
turbine into a group of concentrated forces, each force being 
located at the center of gravity and having a magnitude equal to 
the sum of the distributed forces in the component or group of 
components that it represents. 

Table 1 gives the components with their weights and the dis- 
tances from their centers of gravity to the axis of the trunnion 
pads which are used to calculate the loading curves for pull-out 
conditions. 

Table 2 gives the magnitude of the gyroscopic loadings on the 
engine structure. 

The next consideration in testing is to try to approximate the 
flight loading bending-moment and shear curves in the power- 
plant structure during a static-load test by some means of 
loading. For the 12-g pull-out part of the test, a close approxi- 
mation is given by holding the machine as it is mounted in the 
plane and applying four concentrated forces as shown in 
Fig. 1. It probably should be noted here that when the pull-out 
load is applied to the turbine, the total load on the support 
structure is the same, but more load is carried by the turbine 
bearing supports than is encountered in actual flight. 


TABLE 1 DATA vos. CALCULATING LOADING CURVES FOR 


LL-OUT CONDITION 


Distance of center 
of gravity from 
axis of trunnions, 
Component lb in. 


Front truss ring 

Compressor 

Rear truss ring 

Air adapters 

Combustion system. . 
Turbine-bearing sup ort 

Turbine wheel and shroud 


TABLE 2 GYROSCOPIC LOADINGS ON ENGINE. STRUCTURE 


Compressor: 
Polar of inertia, in*lb 


Rate Pp a radians per sec 
Gyro-moment, in-lb 
Bearing force, lb 


Turbine: 
Polar of inertia, in*-lb 
Rate dn — radians per sec 


Gyro-moment, in-lb..... 
ng force, Ib. 
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Loading for the 3 radian per sec test is accomplished by apply- 
ing moments directly to the turbine and compressor rotors by 
means of four concentrated loads. The magnitude of the 
moments applied are given in Table 2. The combined loading 
consists of 3 radians per see gyroscopic load, 3-g acceleration, 
and a thrust load. The most serious combination of these loads, 
so that most of the components are additive, is used. Figs. 2 
and 3 show the loading points for the 3 radians per sec test and 
the combined test. 


INSTRUMENTATION DurRING TESTS 


Wire resistance strain gages are used throughout these tests 
and measurements are made by means of either the Baldwin- 
Southwark strain indicator or the Baldwin-Southwark 48-point 
strain-recording unit. Upward of 70 strain gages are used on 
all of the structural parts of the gas turbine. The basie structure 
of the gas turbine is essentially symmetrical about its rotor axis 
and, for any given plane perpendicular to the rotor axis, it was 
attempted to place four equally spaced strain gages, two in 
the vertical plane, which is the plane of loading, and two in the 
horizontal plane perpendicular to the plane of loading. Briefly, 
the location of the strain gages is as follows: 


Gages numbered 1 through 12 are located on the forward 
bearing support. Actually there are but four rectangular 
rosette-type gages (AR-1), each consisting of three separate legs. 

Gages numbered 13 through 16 are of the straight-type strain 
gage (A-7), and are located on the ribs of the front truss ring to 
measure strains along the rib. 

Gages numbered 17 through 28 are four rectangular-type 
rosette gages (AR-1), located on the rear bearing support. 

Gages numbered 29 through 32 are located on the ribs of the 
rear truss ring measuring strains along the ribs. 

Gages numbered 33 through 42 are mounted on the two trun- 
nion supports (see Fig. 4). 

Gages numbered 43 through 50 are located on the tie straps 
which tie the turbine shroud to the compressor housing. 

Gages numbered 51 through 54 are located on the exhaust- 
cone flange. 

Gages numbered 55 through 66 are placed at various critical 
areas on the turbine bearing support. (Fig. 5 shows the gages 
mounted on the turbine bearing support). 

Gages numbered 67 through 70 are located on the inside vanes 
of the diffuser casing so as to measure strain in an axial direction. 


Fie. 4 One or Main TruNNIONS FoR SuPPoRTING Gas TURBINE 
(Location of two strain gages is shown on legs.) 
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STRAIN GAGES 


Fic.6 Gaces Usep 1n Putt-Ovur Test 


Fourteen dial gages are located in the plane of the applied loads 
and are mounted so as to read relative displacements between 
structural members in the gas turbine. The locations of the 
dial gages are shown in Figs. 1, 2, and 3 for the three loading 
tests. Fig. 6 shows some dial gages used in the pull-out test. 

Loading is applied to the unit by means of hydraulic jacks 
equipped with calibrated pressure gages. Loads for the 12-¢ 
pull-out test are applied in the following increments and 
readings are taken on all dial and strain gages at each increment: 


1, 2, 3, 4, 5, 6, 7, 1, 7, 8, 1, 8, 9, 1, 9, 10, 11, 1, 11, 12, 1¢ 
For the gyroscopic test, load increments of 1/2: radian per 


Gare 

Nee 4 GAGE #37 (LEFT) 
¥ 

4 


sec are applied, and dial and strain-gage readings are taken. 
Loading for each test is taken in steps, each time going back to 
no load to check for permanent deformation. 

For the combined loading test only the maximum loading 
conditions are investigated. 


Unir Usep For TEst 


The gas turbine used for test is built up just as it would be used 
in operation except for certain parts that do not contribute to 
the strength of the unit; such as, air adapters, liners, turbine 
rotor, inlet guide vanes, oil jets, and oil and fuel piping. Mag- 
nesium castings are used wherever they are used in the pro- 
duction engines. Fig. 7 shows a view of the whole test arrange- 
ment of the aircraft gas turbine in the test frame, and the instru- 
mentation used with the strain gages. Fig. 8 gives a more 
detailed idea of the hydraulic jacks used for loading. 


Tesr Resvuits 


Strain Gages. A typical set of stresses under maximum pull- 
out load conditions is given in Table 3, as obtained from the 
strain-gage readings. No attempt has been made to give the 
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exact locations of the strain gages, but it was attempted to 
locate them in areas of maximum stress. It is true that not all 
of the high-stress areas were located, and no effort was made to 
measure stress concentrations; however, the table will give the 
general order of magnitude of the stresses encountered in various 
parts of the structure under maximum loading conditions. 


TABLE 3 EXPERIMENTAL DATA AT SELECTED LOCATIONS 
FOR 12-G PULL-OUT LOADING 


Gage Stress, Gage Stress, 
no. psi no. psi 
13 + 910 42* + 57300 
15 = 1300 io = 3300 
— 1300 4 —% 
29 + 6200 55 + 780 
32 + 2200 59 + 710 
34* — 51000 7 + 1100 
36* — 12400 68 — 4500 
37* +51000 69 + 3400 
= — 57300 70 — 1620 
— 4200 


Nore: Stresses calculated from strains and based on E = 30 X 108 psi 
for steel, and E = 6.5 X 108 psi for magnesium. 


— = Compression 


+ = Tension * = Steel 


GENERAL View oF Test ARRANGEMENT 


Test 


It is found that most of the gages in the plane of the loading 
did not register simple bending, and that the two horizontal 
gages in any plane read differently. 

In general, the measured strains or stresses are low. The high- 
est measured stresses are encountered on the trunnion supports 
where a maximum tensile stress of 57,000 psi, for the 12-g pull- 
out, is measured. On the magnesium parts, the highest meas- 
ured tensile stress is 6200 psi on the rear truss ring, and the next 
highest measured stress is 4500 psi compression on the diffuser. 
All are measured at 12-g pull-out. 

In calculating the results shown in Table 3, the measured 
strains, which are determined by means of the strain indicator, 
have been rounded off to the nearest 5 microinches per in. to con- 
form with those strains measured by the strain-recording*"unit. 

The error in the strains determined by means of the strain- 
recording unit may be as great as +15 microinches per in. This 
error may be attributed to misalignment of the recording chart, 
inadequate temperature compensation over the entire unit, and 
interpreting the chart reading when the strain changes are 
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relatively small. When large strains are encountered, the per- 
centage error of course decreases, and these strains will show 
good trends as the loads are increased. 

The error in the strains measured by means of the strain 
indicator may be as great as those measured by the strain- 
recording unit. Inadequate temperature compensation and 
variable contact resistance, when the 21-point switching unit is 
used, are the reasons for this error. 
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Fie.9 CHANGE IN IMPELLER CLEARANCE WITH Putt-Ovut LoapIne 


(Positions on circle represent points of clearance measurement near impeller 
outside diameter.) 


Dial Gages. Fig. 1 shows the plotted results of the dial-gage 
readings for the maximum loading of 12 g. The curves for the 
deflection of the rotor and the power-plant structure are given. 
Fig. 2 shows the plotted results of the dial-gage readings for the 
maximum loading of 3 radians per sec, and Fig. 3 shows the 
dial-gage results for the maximum loading under the com- 
bined load conditions. Location and magnitudes of the applied 
loads, as well as the position of the dial gages, are clearly shown. 
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The maximum deflection of the turbine structure is 14 mils. 
as measured during the 12-g pull-out test at the compressor casing 
relative to a horizontal line from the gear casing to the turbine 
flange. This indicates a rigid structure. 

The decrease of the impeller-tip clearance for the 12-g pull- 
out loading is 15 mils as shown in Fig. 9. Similar readings taken 
during the gyroscopic test were quite erratic and are not con- 
sidered representative of actual conditions. 


CONCLUSIONS 


Much valuable information may be obtained from static tests 
of this type which will assist in the structural improvement of 
initial designs and provide the basis for new designs of different 
rating. 

The deflection readings provide a check on the rigidity of the 
structure and indicate whether the running clearances will reach 
dangerous minimums, or whether the gas turbine is sufficiently 
rigid to run satisfactorily under operating conditions. 

In those portions of the structure which lend themselves to 
stress analysis, the test results provide a good check on the 
validity of the assumptions necessarily made in carrying out 
the analysis. This provides valuable information to be used in the 
design of new units. 

Stress determinations at points of maximum stress provide 
for the determination of physical properties of the material in 
order to meet the desired factors of safety. Stress values at 
sections which appear to be critical can be used to set up in- 
spection procedures during manufacture or may indicate that 
weight reductions may be realized. In the test herein described: 
the stresses in certain portions of the structure were found to 
be quite low, and on some stiffening parts added for strength 
the stress values indicated that they were not carrying much 


-load. Under these conditions, the reduction in size, or the re- 


moval of some parts of the structure would produce valuable 
weight reductions without impairing the strength of the structure. 

In general, it may be stated that static-load tests are necessary 
in the development of aircraft gas turbines. 
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The Initiation and Propagation of the Plastic 
Zone in a Tension Bar of Mild Steel 
Under Eccentric Loading 


By JULIUS MIKLOWITZ,' EAST PITTSBURGH, PA. 


The results of several tests with flat tension bars of mild 
steel under eccentric loading’ are presented. Particular 
attention is focused on the wedge-shaped plastic zones 
that form under this type of loading. A theory is formu- 
lated describing how the first wedges, which initiate at the 
fillets on the load side of the bar, are able to propagate 
two thirds of the way across the bar, under a practically 
constant and reduced yield load. The theory also de- 
scribes how further yielding of the initial wedges and the 
formation of additional wedges along the bar come about. 
Several tests, in which the loading was applied centrically 
areincluded. The results of these tests, in which the gage 
length of the specimen was varied, are used in a compari- 
son of yielding under both types of loading. 


INTRODUCTION 


ILD steels exhibit a well-defined plastic limit. The 

accompanying phenomena are influenced to a great 

extent by several mechanical factors, notable among 
which is the eccentricity of loading. 

Under ordinary centric loading, which is the customary way of 
testing a mild-steel tension bar, the discontinuous yielding that 
takes place is usually characterized by a well-defined yield point 
followed by a drop in load and a yield-point elongation which 
occurs at a constant load.? The stress-strain features are re- 
flective of the phenomena occurring in the test bar. At the yield 
point at least one plastic disturbance begins to form, usually at 
one of the fillets of the bar, and it continues to take shape through- 
out the drop of load. The boundary of this plastic zone, adjacent 
to the unyielded material of the bar, travels along the bar yield- 
ing the material it traverses. During the travel of the boundary, 
which usually occurs under a constant load, the remainder of the 
yield-point elongation is produced. The mechanical factors 
definitely influence the initiation, formation, and propagation 
of the plastic zone. 

A major mechanical influence has been investigated in the 
present work. In contrast to the ordinary testing procedure, a 
small amount of eccentricity was introduced in the loading. The 


1 Research Engineer, Research Laboratories, Westinghouse Elec- 
tric Corporation. 

? This work was done for Division 2, National Defense Research 
Committee of the Office of Scientific Research and Development. 

: ‘In materials that yield discontinuously, the yield-point elonga- 
tion is the amount of strain on the stress-strain diagram from the 
yield point to the point at which uniform strain begins. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
THE AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1947, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


initiation, formation, and propagation of the plastic zone was 
found to be quite different from that under centric loading. 

The present study has been centered on the wedgelike plastic 
zone that forms on a flat tensile bar. A theory of flow under 
these new conditions has been formulated. It is based on simul- 
taneous observations of the stress-strain features of both the 
plastic flow in the bar and the recorded machine reflections of 
this flow. The theory, relating the external and internal stress- 
strain characteristics, verified by the accompanying observations 
and data, presents an explanation of the yield-point phenomena 
which come about under eccentric loading. 

Several tension tests of the flat bars under ordinary centric 
loading were included in the work. The results were used for 
comparison purposes and did much toward explaining the transi- 
tion from centric to eccentric loading.‘ 


TesTING MAcHINE, AUXILIARY EQUIPMENT, AND SPECIMENS 


Fig. 1 shows the 10-ton constant-strain-rate machine that was 
used for the tests. The machine is of the screw-driven-head type. 
Suitable gear arrangements allow for a lower-head speed varia- 

4 Transition here meaning the cases where small eccentricities are 


present, which sometimes prevail in the ordinary centrically loaded 
specimen due to inaccuracies in the testing equipment. 
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tion of from 7.3 X 10-6 to 1.64 K 10-'ipm. An elastic member 
supports the upper head of the test bar and serves to measure the 
load. It is fixed to the upper crossbar of the machine. A re- 
cording mechanism plots an accurate load-elongation diagram by 
combining a suitable measure of the deflection of the elastic 
member with the elongation of the specimen on a circular drum at 
the top of the machine. The drum is geared to a small induction 
motor which is shown next to the drum. A flexible shaft is also 
connected to the induction motor, and at its other end to an ex- 
tensometer which was developed exclusively for this investiga- 
tion. This extensometer, which is adaptable to both round and 
flat specimens, is shown in Fig. 2. It has two knife-edge ends 
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Fie. 2. Evecrrican ExTENSOMETER 


connected by a telescopic link. The load causes the specimen and 
extensometer to elongate and a 0.0001-in. separation of the two 
contacts is enough to cause the motor to start. The motor closes 
the contacts by means of a micrometer screw which is driven by 
the flexible shaft. The movement of the micrometer screw (which 
is equal to the elongation of the specimen) is recorded on the 
drum, since the motor also turns the drum. Simultaneously, 
through an appropriate lever system, the deflection of the elastic 
member, which is a measure of the load, is plotted on the drum 
in the axial direction. The rotation of the drum, coupled with 
the load-pointer movement, produces a load-elongation diagram. 

The specimen used for the eccentricity experiments is shown 
in Fig. 3(a). The head was wedge-shaped to fit the special grips 
which are shown in Fig. 4, a view of the tension system. Since 
the gripping depended upon the area of the sides of the wedge 
head, it was necessary to build up this head. This was done 
by welding material twice the thickness of the specimen to the 
head. The weld areas were kept far enough away from the gage 
length of the specimen so that they did not introduce any further 
stress concentrations or changes in the grain structure. The ma- 
terial for these test pieces was an annealed low-carbon steel, 0.02 
per cent carbon. 

Diagrammatically in Fig. 5 the gripping arrangement for the 
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SPECIMEN FOR CENTRIC LOADING 
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Fie. 4 SysteM oF Eccentricity Tests 


eccentricity tests is shown. With this equipment two types 
of eccentricity could be introduced. In the first, called positive, 
the load-action line is shifted an amount ¢ to one side of the center 
line of the specimen. In the second, called positive-negative, 
the center line of the specimen and the load-action line intersect 
at the center point of the gage length. A comparison of the two 
types is shown in Fig. 6. There is no appreciable eccentricity 
in the plane of the thickness of the specimen, The applied eccen- 
tricity e refers to the distance of the knife-edge from the extended 
center line of the specimen and obviously is measured outside the 
specimen. In the elastic state in the case of the positive type, 
the eccentricity over the entire test piece is a constant and is 
equal to e. Calculations made showed that when the plastic 
limit is reached at the extreme fiber, the eccentricity at point 0 
is reduced slightly due to the elastic deflection. The reduction 
was only 4 per cent of e. In the positive-negative type, the ec- 
centricity is a linear function of the distance from point 0. The 
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maximum eccentricity is obviously on the fillet sections. 
elastic deflection was neglected in this case, too. 

The test piece, shown in Fig. 3(b), was used for the centric- 
loading experiments. The thickness and width of the specimen 
were kept the same in alicases. The gage length of the specimen 
was varied so that the length-to-width ratio could be investigated 
over the range from 1:1 to 5:1. The test pieces were also of 0.02 
per cent carbon steel. They were held in the 10-ton machine by 
& special pair of wedge grips (shown in Fig. 7). The grip exten- 
sion pieces were spherically seated to insure a more nearly perfect 
centric loading. 

Photographic reproductions show the flow patterns that were 
80 uniquely brought out by the stress-coat method. Ordinary 
stress coats are useful for elastic strains only, since these brittle 
coatings crack at very small strains. In order to use the stress- 
coat method for plastic strains (1 to 5 per cent) it was necessary 
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to have a brittle coating that was relatively soft compared to the 
ordinary coatings. A lacquer of this type would crack at large 
strains only ard remain on the test bar to show the patterns, 
whereas the ordinary coatings would crack at too small a strain 
and drop off the bar when the bar was strained plastically. The 
two special soft lacquers which were used were supplied by the 
Magnaflux Corporation. 


UNDER EccEntRIC AND CENTRIC LOADING 


Figs. 8 to 19, inclusive, present the outstanding feature of the 
eccentricity tests; namely, the wedgelike plastic zones that 
formed when the plastic limit was reached in the outer fiber of 
the specimen. Figs. 9 to 13, inclusive, show for various speci- 
mens both sides of the test piece aligned longitudinally. This 
enables the reader to compare the appearance of the wedge on 
both sides of the specimen and to note that the boundaries of the 
wedge, as they appear on the faces of the specimen, are really 
the traces of those slip planes inclined at an angle of approxi- 
mately 45 deg with the faces. This angle was measurable on 
the narrow edge of the specimen. The wedge, shown in Fig. 9 
(on the left side), is definite evidence of this effect; the two 
boundaries on one side are shifted longitudinally with respect to 
the boundaries on the other side of the specimen. Figs. 11, 12, 
and 13 show similar effects. 

The photographic reproductions clearly show that the ap- 
plied eccentricity, both positive and positive-negative, is in- 
creased as the wedge angle increases. 

Specimen E-4, Fig. 8, was subjected to the maximum positive 
eccentricity of e = '1/,in. At the maximum e value, the stress 
at the extreme fiber opposite the load side of the specimen was 
zero in the elastic state. Fig. 14 shows the original yielded con- 
ditions of the bar. The formation of the first plastic wedge be- 
came visible after the break of the load curve (sketched at the 
side of the specimen). The wedge initiated at point 1 near the 
middle of the bar (on the load side of the specimen). Progression 
of the localized small disturbance continued in a wedge-shaped 
manner to positions 2, 3, and 4, in that order. 
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Fie. 8 Formation OF SEVERAL PLastic WEDGES ON TENSION Bar OF MILD STEEL SuBJECTED TO '/¢-IN. Positive Eccentricity 
(Actually progressive yielding of specimen E-4.) 


Fie. 10 Inrtrat Formation or Piastic ZonE ON TENSION Bar oF To O Eccentricity; Specimen E-8 


Since the major portion of the initial wedge formed very sud- 
denly, it formed under practically a constant load (the load in- 
creased slightly; see Fig. 14). As additional wedges formed in 
other parts of the bar, the initial wedge and the two wedges at 
the fillets (which formed right after the major portion of the 
initial wedge had formed) widened out and propagated farther 
across the bar, under an increasing load. The increase in load 


was necessary for yielding to progress since the eccentricities on 
the bar sections were being reduced by the yielding, which con- 
tinually moved the center line of the bar toward the load line. 
Measurement of the permanent deflections of bar E-4 showed 
that the eccentricity on the initial-yield section had been reduced 
to 25 per cent of its value at the start of the test. The other sec- 
tions of the bar were at greater eccentricities than the center 
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section, and the wedges that formed at these other sections did 
not penetrate as far across the bar as the initial wedge did. Fig. 
14 brings this out. Since the fillet sections were under the great- 
est eccentricity after the initial-yield wedge formed, it is easy to 
see why the next wedges to form were at these sections. 

An attempt has been made, in the form of a theory, to explain 
the initiation and propagation of the initial plastic zone. Use is 
made of Donnell’s work.’ He explains how the plastic wedge 
that forms in a torsion bar of mild steel propagates over the cross 
section of the bar from the initiating point at the periphery almost 
to the center. Donnell] states that propagation proceeds with the 
help of a small stress concentration at the leading edge. Al- 
though this work was in torsion, the explanation given is in many 
respects analogous to the present theory of wedge propagation 
in eccentrically loaded tensile bars. 

The present theory accounts for the fact that even before any 
other wedges form, the initial plastic wedge propagates well into 
the region of the bar that was calculated to have been under 
elastic stresses far below the yield stress of the material. It is be- 
lieved that the propagation of the wedge point is helped by two 
factors: (1) The continual reduction in the eccentricity on the 
section that the wedge point traverses, which increases the stresses 
in the remaining elastic parts; and (2) the unstable equilib- 
rium of the stress distribution just before yielding commences. 
The hypothetical stress distribution over the section through the 
center line of the wedge is shown in five stages in Fig. 15. Since 
we deal here with a case of bending, it is clear that the unknown 
distribution of the stresses in a flat bar, under an eccentric load, 
must satisfy in all stages two requirements, namely, that 


fotA =P and foydA = Pe’ 


where a is the stress at any point y (y = 0 being at the bar center 
line) along the width of the bar, P the tensile load at an eccen- 
tricity of e’ [in stage (a) the elastic state, e’ = e, the applied eccen- 
tricity ], and dA the element of area on which the stress o acts. 
Measurements after testing showed that the bending of the 


5 “Plastic Flow as an Unstable Process,’’ by L. H. Donnell, Trans. 
A.S.M.E., vol. 64, 1942, p. A-91. 
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specimen out of the plane of its face was very small. This meant 
that any possible eccentricity in the thickness direction was a 
much smaller percentage of its dimension than the applied ec- 
centricity was of the width. Therefore the flat bar was consid- 
ered a case of plane bending, and o was taken a constant over the 
small thickness dimension. The element dA is therefore really 
the dy element times the unit-thickness dimension of the speci- 
men. Since P was practically a constant during the initial wedge 
propagation, the first integral was the same for all 5 stages shown 
in Fig. 15. The bending moment integral decreased with each 
stage since the eccentricity e’ was being reduced continually by 
the yielding. 

In (a) is shown the elastic-stress distribution just before yield- 
ing starts. This state of stress is unstable, similar to the state 
of stress in the vicinity of the upper yield point in tension. The 
stress o on the extreme fiber of the load side of the specimen is 
now far enough above the stable stress a) (which would corre- 
spond to the lower yield stress in tension) to cause yielding to 
commence. Just as in the tension case, yielding will now progress 
toward a state of equilibrium in the stress distribution. 

In (b) the wedge has advanced one sixth of the way across the 
bar, the wedge point having moved under the stress ¢, which is 
less now than it was in stage (a). The stress a is localized at the 
wedge point, but the adjacent areas are naturally affected too. 
In stages (c) and (d) the point under a yet smaller stress « moves 
on into the lower elastic-stress areas. The eccentricity reduction 
has somewhat built up these elastic stresses. 

In stage (e) o has dropped to ao, its stable value, and further 
progression of the point can come only by means of a greater re- 
duction of the eccentricity. The additional wedges that form 
now give the initial section this greater reduction of eccentricity 
and it will continue to propagate, but at a much slower speed 
than obtained through stages (a), (b), (c), (d), and (e). 

As shown in Fig. 15, the eccentricity on the initial yielding see- 
tion is reduced nearly 50 per cent when stage (e) is reached. The 
increase of the stress behind the advancing point in stages (//) 
and (e) is due to the strain-hardening effect. The mean stress 
om like the load P remains practically constant throughout. 

In specimen E-7, which was also subjected to a positive eccen- 
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tricity (e = '/s in.), two initial yield wedges formed simultane- 
ously at the fillets on the load side of the specimen. Here prob- 
ably the stress concentration at the fillets was the initiating in- 
fluence, but it is believed that the mechanism by which the initial 
vield wedges propagated was the same as that explained for 
specimen E-4. It must be realized, of course, that with the 
smaller applied e ('/s in.) the diagram shown in Fig. 15(a), if 
plotted for E-7, would show an elastic slope one half as great. 
There would be an increase in om, the amount depending upon the 
value o now necessary for yielding under this particular case of 
the unstable equilibrium. (The recorded load-elongation dia- 
gram verified the increase in yield load over that of E-4; om in- 
creases with load increase.) 

The succeeding diagrams, like (b), (c), and so forth, if plotted 
for E-7 would probably be similar to those shown, but stable 
equilibrium would come about sooner since the stresses in the 
elastic parts of the bar would now be much higher and closer to 
the yield stress oo of the material. The center line of the speci- 
men was shifted toward the load line by the initial yielding. The 
test was stopped before the initial wedges advanced very far 
(see Fig. 9). 

In the tests dealing with positive-negative eccentricity it is 
easy to see why yielding commenced at the load-side fillets of the 
specimen since these sections were under the greatest eccentricity 
(see Fig. 7). The actual eccentricities on the sections of the bar 
were much less than in the positive eccentricity cases. A */s-in. 
applied eccentricity (such as in tests E-2 and E-3) subjected the 
fillet sections to only 0.11-in. eccentricity. It is believed that in 
these cases too the mechanism by which the initial wedges propa- 
gated was the same asin E-4. Further propagation of the wedge 
point again was due to the permanent bending of the bar which 
reduced the eccentricity. Since the eccentricities were small, 
the yield loads were high. The recorded load-elongation dia- 
grams showed that tests E-2 and E-3 had higher yield loads than 
either E-7 or E-4. 

Following in line, E-5 (e = +'/, in.) had a greater yield load 
than E-2 and E-3 (e = ~+3/, in.) and, subsequently, E-6 (e = 
+1/, in.) had the greatest yield load. The actual maximum ec- 
centricity in E-6 was only 0.035 in., which meant that this speci- 
men approached the condition of a centrically loaded specimen. 
It was in this test that a small drop in load was observed when 
yielding commenced. One of the yield wedges in specimen E-6 
(left side in Fig. 13) has a very narrow wedge angle and might 
be compared to the yield band of specimen E-8 (subjected to zero 
applied eccentricity, Fiz. 10), a test that also showed a small 
drop in load at the initial yielding. 

After the formation of the wedges, further progressive yielding 
along the length of the bar comes about by the widening out of 
the wedges until the eccentricity is reduced to zero. Then the 
sections are centrically loaded, and yielding will proceed accord- 
ingly. This phenomenon was observed in the case of E-2, the 
initial yield condition of which is shown in Fig. 11. Specimen 
E-2 was gripped in the machine and stretched a second time under 
the same */s-in. positive-negative applied eccentricity (see Fig. 
16). Yielding, within the wedges already formed, was observed 
when the proper load was reached (this load was about 6 per cent 
lower than the initial yield load probably because of a stress con- 
centration introduced by the already yielded material). Soon 
after, the wedges extended completely across the bar and then 
the boundaries progressed into the heads and along the gage 
length of the specimen. Simultaneously the load increased very 
slowly. The boundaries of the wedges progressed under an in- 
clination similar to their original inclination with the tensile 
axis. 

In Fig. 16, E-3, which was subjected to the same loading as 
E-2, is shown by the side of E-2. It is in an earlier stage of yield- 


MIKLOWITZ—PLASTIC ZONE IN TENSION BAR OF MILD STEEL UNDER ECCENTRIC LOADING 


A-27 


SPECIMEN E-2 
j 


3-INCH POSITIVE™ NEGATIVE ECC. O ECCENTRICITY 


Fic. 16 CoMPARISON OF PROGRESSIVE YLELDING UNDER EccENTRIC 
Loapinec With THat CEentTRIC LOADING 
(See E-4, Fig. 8 also.) 


ing than E-2 and will help the reader to understand better th« 
foregoing explanation. Specimen E-8 is also shown after it was 
stretched a second time under the same conditions as those in 
the initial stretching, i. e., zero applied eccentricity. Its initial 
yield*condition is shown in Fig. 10. One side of the specimen 
gives slight evidence of a wedge formation which leads the author 
to believe that an unwanted small amount of eccentricity had 
been introduced by the gripping arrangement. 

Comparing both sides of E-8, it is obvious that the wedge- 
boundary slip planes again are inclined at an angle of 45 deg 
with respect to the faces of the specimen. This can be observed 
if viewed from the edge of the specimen. As with E-2, within the 
plastic portion of E-8 there were signs of further yielding, and 
then the boundaries of this portion moved into the heads and 
along the gage length of the bar. A short time later a second dis- 
turbance (band-shaped) formed at the other end of the bar at 
the fillet, the boundaries of which advanced like those of the first 
band. The advance of the boundaries of these yield bands was 
quite different from the advance of the boundaries of the wedges. 
Fig. 17 shows how the two types of progressive yielding (centric 
and eccentric) differed. 

The sketches are typical cases and number the order of appear- 
ance of the different areas of yielding. In the centric-loading 
example a band (1) would appear. Then a band of 45-deg planes 
(2) would shoot out from the border of (1). The area (3) would 
fill in, (2) becoming wider simultaneously. The planes of (3) 
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were inclined 45 deg to the tensile axis, viewed from the edge of 
the specimen. Another band (4) would shoot out from (3), area 
(5) again filling in, and so on. 

Under eccentric loading a wedge (1) formed, according to pre- 
vious explanation. The wedge expanded to conditions (2) and 
(3). The 45-deg planes could be observed only on the edge of the 
specimen. 

Fig. 18 is a close-up of the initial plastic wedge and two adjacent 
wedges that formed later in specimen E-4 (the whole’specimen is 
shown in Fig. 8). Fig. 19 is a close-up of an initial plastic wedge 


that formed in E-7 (see Fig. 9 for whole specimen). 

In his work with mild steel, J. L. M. Morrison pointed out the 
extreme influence of eccentric loading on the values obtained for 
the yield point and on the mode of yielding.® 


He finds that the 
slackness of the thread in an ordinarily cut specimen can cause an 
eccentricity large enough to make an error of 5 per cent in the 
yield point. The accompanying table gives Morrison’s results. 
Values of eccentricity that caused an error of 5 per cent in the 
yield point are given for different-size specimens: 


Diameter of specimen, in 0.5 0.25 0.125 
Eccentricity of load that caused 
error of 5 per cent in yield 
point, in.... -.- 0.0062 


0.0031 0.0016 0.0008 


Morrison noted, as was found in the present investigation, that 
as the eccentricity was increased, the average stress (correspond- 
ing to om of this paper) with which yielding spreads over the cross 
section of the bar, decreased. 

Some interesting data resulted from the additional tests on 
centric loading, in which the specimen gage length was varied. 
The specimens were all pulled at a constant head rate of 1.64 X 
10-! ipm. 

Table 1 presents the resulting yield stresses of the five tests 
made. The values given in Table 1 correspond to the stress at 
the break from the elastic portion of the stress-strain diagram. 
The yield stress is seen to increase with an increase in the gage 


TABLE 1 YIELD STRESS AS A FUNCTION OF LENGTH-TO- 


WIDTH RATIO OF SPECIMEN 
Ratio of Yield stress, 
length to width psi 


“The Yield of Mild Steel With Particular Reference to the Ef- 
fect of Size of Specimen”, by J. L. M. Morrison, Proceedings of 
ro _— itution of Mechanical Engineers, vol. 142, 1939-1940, pp. 

223. 
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Fie. 18 Crose-Up or Centra Init1at PLrastic WEDGE anp Two 
ADJACENT WipGes THAT ForMED LATER 


(Specimen subjected to '/4-in. positive eccentricity. see E-4, Fig. 8.) 


Fie. 19 or INITIAL Plastic WEDGE 
(Specimen subjected to '/s-in. positive eccentricity; see E-7, Fig. 9.) 


length very noticeably up to the length-to-width ratio of 3 to 1. 
The length thereafter has no noticeable influence on the yield 
stress. 

The results of these tests must be attributed to the stress con- 
centration introduced at the fillets when the gage length is small 
compared to the width of the specimen. This concentration re- 
sults from the restriction to lateral contraction of the gage length 
by the adjacent heads of the flat specimen in which the stress in 
the axial direction decreases. With this in mind, it is easily seen 
why the smaller gage lengths are affected more. The plastic 
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zone in a short specimen can be initiated by a smaller load or, 
stated in other words, the plastic zone is initiated by a higher 


stress concentration. Once initiated, yielding propagated along 
the bar without the length of the specimen having any noticeable 
influence. 

In his work with cylindrical specimens of soft steel, A. Nadai? 
also found that the load under which yielding starts is less in a 
short specimen than in a longer one. He concluded that the sud- 


a “Plasticity,” by A. Nadai, McGraw-Hill Book Company, Ine., 
New York, N. Y., 1931. pp. 93.96. 


den change of cross-sectional area introduces a stress concentra- 
tion which lowers the load at which yielding starts. The present 
work agrees with this conclusion. 

In specimens L-1 and L-2 it was noted that yielding initiated 
under a wedgelike formation similar to those observed in the ec- 
centricity tests. Evidently the slightest amount of eccentricity 
will introduce a wedge formation, and a small amount could have 
been present even though great care was exercised in gripping the 
specimens. The eccentricity, however, is not believed responsible 
for decrease in yield stress since it was very slight if it existed at all. 
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Specimen L-2, which had a length-to-width ratio of 2, is shown 
in Fig. 20. The first stage is characterized by a wedge formation. 
The second stage shows that as soon as the wedge completely 
crossed the bar other discontinuities formed. Since the wedge 
now covered the width of the test piece, the bar probably was re- 
lieved of its small eccentricity, as was verified by the new discon- 
tinuities, since they were typical of centric loading. The wedge 
formation again showed the 45-deg planes of yielding when viewed 
from the edge of the specimen. A widening of the discontinuities 
is shown by the third stage. Two stages of additional disturb- 
ances that formed in the central part of the bar are also shown. 
The second stage shows a great widening of these areas. 


SUMMARY AND CONCLUSIONS 


When a flat tensile specimen of low-carbon steel was loaded 
eccentrically, a certain stress o at the extreme fiber on the load 
side of the specimen initiated usually two plastic zones at the fil- 
lets of the bar. The stress o was believed to be far above the 
stress oo, which would correspond to the lower yield stress in ten- 
sion. The zones were wedge-shaped, the points having propa- 
gated at right angles to the tensile axis from the load side of the 
specimen into the region of the bar that was originally calculated 
to be under elastic stresses far below the stress oo. A theory 
has been presented describing how the first wedge to form was 
able to propagate two thirds of the way across the bar, while the 
load remained practically constant. The theory is based on two 
factors: (1) The continual reduction in the eccentricity up to an 
amount of nearly 50 per cent on the section that the wedge point 
traverses; and (2) the unstable equilibrium of the stress distribu- 
tion on the same section just before yielding commences. Meas- 
urements showed the factor (1) to be actual. Factor (2) is an 
assumption. The wedge progressed over the other one third of 
the bar under a further reduction of the eccentricity and an in- 
creasing load. Progressive yielding along the length of the bar 
came by the formation of more wedges or by the travel of the 
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boundaries of the already formed wedges. This action necessarily 
needed an increasing load, since the eccentricities on the sections 
of the bar were being reduced continually by the yielding. 

The boundaries of the wedge-shaped plastic zones, as they ap- 
peared on the face of the specimen, were the traces of those slip 
planes inclined at an angle of approximately 45 deg with the 
faces. As the applied eccentricity was increased, the angle be- 
tween the two boundaries of the wedge-shaped zone became 
larger. The greatest yield load was observed for the specimen 
tested under the smallest eccentricity. When the applied eccen- 
tricity was very small, a small drop in load was recorded when the 
initial wedge appeared. The angle between the boundaries of 
the wedge was now very small. This followed from the fact that 
as the applied eccentricity became smaller, the wedge that formed 
approached the shape of the plastic zone that formed in the cen- 
trically loaded specimen. 

Under the centric loading the yield stress was found to increase 
with an increase in the gage length of the specimen up to a length- 
to-width ratio of 3. Beyond this value there was no appreciable 
change. In the shorter specimens the plastic zone is initiated at 
the fillets under a higher stress concentration than in the longer 
ones. This high stress concentration is due to the restriction to 
lateral contraction of the gage length produced by the adjacent 
heads of the specimen. This restriction has a greater effect as 
the gage length becomes shorter. Once yielding has started, its 
propagation is independent of the length of the specimen. 
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The Initiation and Propagation of the Plastic 
Zone in a Tension Bar of Mild Steel as 


Influenced by the Speed of Stretching 
and Rigidity of Testing Machine 


The results of several tension tests with round and flat 
bars of mild steel and iron, under the influence of varia- 
tions in speed of stretching and testing-machine rigidity, 
are presented.?, The emphasis in this work has been 
placed upon explaining the yield-point phenomena, as 
viewed externally on a stress-strain diagram, by the ob- 
servations made and data taken on the internal localized 
yielding, as presented by the test piece. The study has 
been focused on the initiation of the plastic zone and the 
propagation of the boundaries of this zone, sometimes 
called the plastic working lengths, along the length of the 
tensile specimen. 


INTRODUCTION 


In a previous paper (1)* the author discusses the yield point 
and the accompanying phenomena in mild steel as influenced by 
an important mechanical factor, namely, the eccentricity of 
loading. Discussed in this paper are two other important fac- 
tors influencing the initiation and propagation of the boundaries 
of the plastic zone, namely, the speed of stretching and the 
rigidity of the testing machine. 

In the strain-hardeniyg range of plastic deformation of ductile 
metals, the yield stresses at a given permanent strain increase 
with the logarithms of the rates of plastic strain. Ludwik (2), 
Cassebaum (3), and Bailey (4) have independently arrived at 
this conclusion. 

The conditions at the yield point of mild steel are not as well 
established. The drop of the load from the upper to the lower 
yield point, and the fact that a mild-steel bar starts to yield dis- 
continuously during this drop, complicate the problem quite 
considerably. The discontinuous yielding necessitates a revision 


de 
of the measuring of the strains ¢, and the rates of strain a if the 


observations are recorded in a conventional manner for a finite 
gage length. Several investigators have studied the effect of the 


speed of stretching on the yield point of mild steel and some of 
their findings should be mentioned. 


1 Research Engineer, Research Laboratories, Westinghouse Elec- 
tric Corporation. 
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Korber (5) along with Schulz and Buchholtz (6) were among 
the first to note that both the upper and lower yield stresses in- 
creased with greater testing speed. Winlock and Leiter (7) not 
only found an increase in the lower yield stress, but were the first 
to note that the yield-point elongation increased with an increase 
in the speed of stretching. Elam (8) noted that the upper and 
lower yield stress and the yield-point elongation increased with 
greater testing speed. Welter and Gockowski (9) found that the 
upper yield stress increased with an increase in the speed of 
stretching, and also that the upper yield point was eliminated 
when the speed of stretching was slow enough. Davis (10) found 
that the upper yield stress increased with an increase in the rate 
of loading. He also states that in the plastic region the stress 
can be raised or lowered at any time by changing the speed of def- 
ormation. Davis points out that the yield-point elongation 
varies with the stress at which it takes place, which would mean 
an increase when the rate of loading is increased. Manjoine (11) 
also found that the lower yield stress and the yield-point elonga- 
tion increased with the speed of stretching. Extremely fast rates 
were used in this work and large effects were found. 

Mention might be made of the author’s work with nylon, a 
material that exhibits a definite yield point. This material showed 
an increase of both yield stresses and the yield-point elongation 
with an increase in the speed of stretching (12). 

In the present investigation, interest centered about the effect 
of speed of stretching on the shape and propagation of the plastic 
working length that travels along a mild-steel tension bar after 
the yield point is reached. 

Siebel and Schwaigerer (13) were probably the first to note that 
the shape of the first portion of the stress-strain diagram for mild 
steel was influenced by the rigidity of the testing machine. They 
have concluded that the drop of load would take the form shown 
in Fig. 1, according to the rigidity of the testing machine. Men- 
tion is made of the high 
strain rates‘ that accompany 
the upper yield point and the ~ ™ 
following drop of load. They 
note that the soft machine is 
able to keep up higher strain 
rates than the rigid machine. 

Using a special type of 
loading device, consisting of a 
horizontal beam along which 
a heavy weight could be 
moved, Davis (10) made 
tensile tests with the rate of 
loading at a constant value. 
Thus his machine represented what might be called, with refer- 
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ence to the foregoing statements, a tensile machine having an ex- 
tremely soft response. No drop of load was possible in it since 
under the moving weight the load could only increase. Very 
high strain rates were imposed by this machine. Davis con- 
cluded, ‘‘In the plastic region the stress can be raised or lowered 
at any time by changing the speed of deformation.” 

Welter and Gockowski (14) have called attention to the in- 
fluence of the rigidity of the testing machine on the yield-point 
phenomenon. Although a number of facts brought out in their 
work check the results of the present investigation, it is believed 
that they have not paid enough attention to the discontinuous 
mode of yielding along the test piece. The external and internal 
phenomena cannot be divorced from one another if a correct ex- 
planation of the problem is desired. 

Winlock and Leiter (15) have measured the strain of the 
boundaries of the spreading Liiders’ line at different times 
during the drop of load and have found that, as the load drops, 
the strain of the boundaries decreases. This, in other words, is 
another verification of a greater yield-point elongation at the 
higher stresses. 

The shape of the diagram is, of course, reflective of the yielding 
in the test bar, and the rigidity of the machinedefinitely influences 
this yielding. The present work was done to investigate this 
spring effect on the yielding characteristics in wrought iron. 


TresTING MACHINES, SPECIMENS, AND AUXILIARY EQUIPMENT 


The 10-ton constant-strain-rate machine used in the rigidity 
experiments has been described in a previous paper (1). Its 
spring constant was determined by loading a sample specimen of 
the type shown in Fig. 2 (a), and recording the elastic deflection 
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of the system against the load. The spring constant was found to 
be 100,000 lb per in. In order to reduce this spring constant, a 
large helical spring was put in the system in series with the speci- 
men. Two such springs were designed for this purpose by means 
of which the machine rigidity could be reduced to either 10,900 
or 2980 lb per in. This gave three different machine rigidities 
under which several tension tests were carried out. Fig. 3 shows 
the tensile arrangement. The spherical seats at each end helped 
to facilitate central loading of the specimen. The head speed 
was 1.64 X 10-!ipm in all cases. 

The rigidity specimens were made from a wrought-iron round 
bar of carbon content 0.02 per cent in its hot-rolled condition. 
This material was chosen because it exhibited a large drop in 
load; a drop of 30 per cent was observed in two or three cases. 
This property was important since interest in this particular 
series of tests centered about the drop in load. The specimens 
were well polished to eliminate any surface effects. The long 
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conical heads reduced the stress concentration at the fillets and 
helped to keep the yield point high. 

Fig. 4 shows the small constant-strain-rate machine used in the 
speed-of-stretching tests. It has a capacity of 83500 lb. Its screw- 
driven head has a speed range from 3 * 1077 to 6 & 107? ips. 
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This machine is similar to the 10-ton machine in its force-measur- 
ing system and recorder. The measurement of the elongation of 
the specimen differs in that, instead of the drum being rotated 
electrically, it is rotated by a system of pulleys, the cords of which 
measure the movement of the lower head with respect to the 
upper head. This, of course, is not a true measure of elongation, 
referred to the gage length of the specimen, and corrections are 
required when the proper elongation is calculated from the 
record. 

A number of tests with two different materials were run at 
various head speeds ranging from 8.6 &* 10>®to 15.4 ipm. The 
dimensions of the specimens in the series of tests on the speed 
effect are shown in Fig. 2(b). The 1 per cent silicon iron was 
chosen after observations showed that one or two plastic bounda- 
ries formed and traveled uniformly along the gage length when 
this material was stretched. Well-developed zones were im- 
portant in this series since measurements were made of these 
zones. The carbon content of the annealed 1 per cent silicon iron 
was 0.006 per cent. The dimensions of this specimen are given 
in metric units since a metric comparator was used for the analy- 
sis. The steel specimen had a carbon content of 0.02 per cent. 
A set of small wedge grips were designed to hold these small speci- 
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mens; these are shown in Fig. 5. These grips were unique in that 
they allowed for the initial gripping and final release of the speci- 
men by one single feature. The alignment back and clamps and 
the specimen guide were instrumental in gripping the specimen 
centrally. The illustration is self-explanatory. The specimen 
was assembled in its gripping arrangement, externally to the 
machine, and later the whole mechanism was inserted in the 
slotted heads of the machine. Split rings and spherical! seats 
afforded the insertion. 

The photographic reproductions in this paper show the flow 
patterns that were so uniquely brought out by the stress-coat 
method. Ordinary stress coats are useful for elastic strains only, 
since these brittle coatings crack at very small strains. In order 


to use the stress-coat method for plastic strains (1 to 5 per cent), it 
was necessary to have a brittle coating that was relatively soft 
compared to the ordinary coatings. A lacquer of this type would 
crack at large strains only and remain on the test bar to show the 
patterns, whereas the ordinary coatings would crack at too small 
a strain and drop off the bar when the bar was strained plastically. 
The two special soft lacquers which were used were supplied by the 
Magnaflux Corporation. 


INFLUENCE OF SPEED OF STRETCHING ON SHAPE AND PROPAGATION 
oF Piastic WorKING LENGTH 


Table 1 presents the resulting yield stresses and yield-point 
elongations of the silicon-iron tests. Fig. 6 is a plot of the results. 
A substantial increase of both the yield stress® and yield-point 


TABLE 1 YIELD STRESSt AND YIELD-POINT ELONGATION OF 1 
PER CENT SILICON IRON AS INFLUENCED BY SPEED OF 


STRETCHING 
Lower-head speed, Yield stress, Yield-point elongation, 

Specimen ipm psi per cent 
$-10 15.40 47500 4.0 
8-9 15 46000 3.5 
8-6 6.16 X 107 39800 2.8 
8-5 6.16 X 107! 38600 2.0 
8-7 2.56 X 1073 35900 1.8 
8-8 2.56 34900 1.6 
8-11 8.60 X 1075 1.4 
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elongation is evident over the 5-cycle speed range. Winlock and 
Leiter found a much larger increase in the yield-point elongation 
than was found in the present tests (7). They state, in one par- 
ticular case, a tenfold increase occurred over the head-speed 
range of 10-' to 10-5 ipm. The silicon-iron tests showed only a 
twofold increase over the same range. 


; * The yield stress here refers to the sharp break from the elastic 
line regardless of whether or not an upper yield point came about 
(see Fig. 6). 
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Fig. 7 shows three silicon-iron specimens after testing. It 
brings out the important fact that the plastic working length in- 
creases with an increase in the speed of stretching. Specimen 
S-11 (slowest test) developed a plastic zone at one fillet, the 
boundary of which slowly moved along the gage length of the bar 
toward the other head. When the working length had yielded 
approximately one half of the bar, the test was stopped. Care- 
ful measurements were then made of the widths within the yielded 
part of the specimen. It was found that the width contracted 
from the original dimension of 15.815 mm, see Fig. 7, at the 
most advanced point of the boundary, to 15.713 mm over a dis- 
tance of 8mm. Still farther into the yielded section, only a slight 
decrease in width to the actual 15.680 mm minimum was found. 
Therefore the plastic working length in this case was 8 mm, since 
by definition it is that part of the bar that is undergoing the 
major portion of its yield-point elongation.6 Compared to the 
rate of width decrease over the plastic working length, the rest 
of the plastic zone has practically a constant width. However, 
its minimum width of section is detectable. It is the difference 
between the smallest width of the plastic working length and 
this minimum that is indicative of the amount of strain’ con- 
tributed to the total yield-point elongation by the continuation of 
load on the specimen. 

Specimen S-7, pulled at a lower-head speed of 2.56 X 10-*ipm, 
developed a working length of 10mm. Specimen S-6, pulled at a 
speed of 6.16 X 10-! ipm, had a working length of 17.4mm. There 
was therefore better than a twofold increase in the plastic work- 
ing length over the 4-cycle speed range of testing.* 

Specimen S-11 showed a decrease in width of 0.033 mm due to 
the continuation of load on sections already yielded by the plastic 
working length. Specimen S-7 had a 0.023 decrease and S-6 a 
0.015 decrease. The time factor enters here and explains why there 
is more strain due to the continuation of load in the slower tests. 


6 In the author’s work with nylon (12), it was found that its com- 
plete yield-point elongation as it appears on a stress-strain diagram 
is composed of two parts: The strain in a section of material due to 
the plastic working length passing over it, and a small amount of 
additional strain due to the continuation of load on this section of 
material as the plastic working length advances to yield other sections 
of material. Nylon was useful in suggesting this point to watch. 
The silicon iron conformed in the present tests. 

7 Since only width dimensions were measured in the analysis of 
the working length, actual strain values were not calculated. 

® Since in test S-11 only one boundary advanced whereas in S-6 
two advanced simultaneously, the actual rates of strain of the mate- 
rial within the working length of 8-6 were only approximately 5000 
times as fast as those within the working length of 8-11. 
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The yield-point elongations of the three tests are 
given in Table 1. Since most of the yield-point 
elongation is attributed to the working length, it 
may be said that the yield-point elongation as it 
appears on the stress-strain diagram depends prin- 
cipally on the maximum strain in the working 
length, and since this strain increases with the speed 
of deformation, the yield-point elongation will in 
turn be affected in the same manner. 

An interesting fact is that in mild st2el (a erystal- 
line material) the plastic working length increased 
with an increase in the speed of stretching, whereas 
in the material nylon (an amorphous material) just 
the opposite effect was found (12). The increase 
of maximum strain in the working length and the 
decrease of strain due to the continuation of load 
occur for both materials with an increase in the speed 
of stretching. 

The complete measurement of specimen S-10 or 
8-9, the fastest tests, was not made since in these 
tests random yielding came about over practically 
the whole gage length when the yield point was reached. This 
was probably due to the high yield load which allowed most 
places along the gage length to yield, since smaller initiating 
stress concentrations were required when the load was high. In 
the slowest test, S-11, only one plastic zone formed. The yield 
load was much lower in this test than in S-10 or S-9, and evi- 
dently the stress concentration at the other fillet was not enough 
to initiate another localized disturbance. In the faster tests, 
8-7 and S-6, two propagating zones formed. At the higher yield 
loads this was possible. In the fastest tests, 8-9 and S-10, sev- 
eral localized disturbances along the gage length could and did 
initiate. This random yielding showed no one well-developed 
plastic working length on which to make complete measure- 
ments. 

The arrows at the plastic-zone boundaries in Fig. 7 indicate 
the direction of travel of these boundaries. The blocked arrow 
in the head of the specimen indicates that the movement of this 
boundary is prevented.® 

The results of the low-carbon steel tests are given in Table 2. 


LENGTH 
1.4mm 


TABLE 2. YIELD STRESS* AND YIELD-POINT OF 


LOW-CARBON STEEL AS INFLUENCED BY SPE 
STRETCHING 
f Lower-head speed, Yield stress, Yield-point elongation, 
Specimen ipm psi per cent 

G 15.4 49500 4.0 

F 15.4 46400 4.4 

6.16 X 1073 39000 3.2 

H 6.16 X 107! 39000 3.5 

I 2.56 X 1073 36600 2.6 

K 2.56 X 107? 35300 2.4 


Fig. 8 is a plot of the data. A large increase of both the yield 
stress and the yield-point elongation was evidenced as in the 
former group of tests. 

Views of the specimens are shown in Fig. 9. The flow patterns 
are uniquely brought out by the stress-coat applications. Again, 
as in the silicon-iron tests, the plastic working length increased 
with the increase in the speed of stretching. Specimen K de- 
veloped one plastic working length of 4mm. This was one of the 
slowest tests. Specimen H, a medium-speed test, developed three 
disturbances. One of the working lengths measured 8 mm. Ip 
both cases a small amount of strain due to the continuation of 
load on the specimen again was evidenced. The slower test agail 
showed more strain due to load continuation. The maximum 


® The boundary cannot move because the load is not great enough 
to cause yielding in the large cross-sectional areas of the head. 
10 See footnote 5 and Fig. 8. 
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strain in the working length (as shown by the yield-point elonga- 


tions in Table 2) increased with the increase in speed of stretching. 
In the two faster tests, F and G, random yielding over the entire 
gage length was noted again, see Fig. 9. This was expected at 


50; 10? 
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FIG.8 THE STRESS - STRAIN DIAGRAM 
' OF LOW CARBON STEEL AS 
INFLUENCED BY SPEED OF 
STRETCHING. | 


LOCAL CONVENTIONAL STRAIN 


Fic. 8 Srress-Strain Diacram or Low-Carnon STEEL AS 
INFLUENCED BY SPEED OF STRETCHING 


SPECIMEN I K 


LOWER 
HEAD SPEED 


2.56 x 1074 
IN./ MIN. 
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6.16 x 


Fic. 9 Errect OF SPEED OF STRETCHING ON PLastic ZONE ForRMATIONS IN Low-CARBON STEEL 


the high loads attained. The two slower tests, J and K, showed 
only one or two disturbances. Specimens O and H, the medium- 
speed tests, showed three disturbances. Note that the stress- 
coat patterns of the faster tests showed a large number of dis- 
turbances or a random type of yielding. In the stress-coat pat- 
terns of the slower tests more uniformity and a greater spacing 
of lines can be observed. This is probably due to the smaller 
strains and the slow progression of the advancing boundary. 
The dense and interrupted patterns of F and G are representative 
of the large strains at random places along the bar. 


INFLUENCE OF RiGipiry OF TESTING MACHINE ON LOCALIZED 
YIELDING IN WrovuGuT IRON 


The results of the present investigation substantiate the set of 
stress-strain curves shown in Fig. 10. In so far as the change of 
slope of the curve during the drop from upper to lower yield point 
is concerned, the results of this work are in agreement with the 
findings of Siebel and Schwaigerer (13), see Fig. 1; the more 
rigid the machine the steeper the drop. However, Fig. 1 fails to 
bring out, as was found in the present work, that the upper yield 
stress increases and the yield-point elongation’! decreases with 
an increase in the rigidity of the testing machine. Although not 
brought out in their figure Siebel and Schwaigerer mention a 
slight increase of the lower yield stress with a decrease in the 
rigidity. A larger effect in this direction was found in the present 
tests. 

The curves in Fig. 10 are based on the results shown in Table 3. 
These results were obtained from the load stress-elongation 
records shown in Fig. 11. These variations with rigidity demand 
an explanation. 


11 The yield-point elongation was taken as the average of local con- 
ventional strains measured at several sections along the gage length. 


The strains were calculated by means of the relation € = = — 1, where 


Ao is the original area of the section and A the final area of the same 
section. Since the gage length of the specimen was fully yielded, this 
was an accurate measure of the yield-point elongation. 
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STRESS 


Specimen 


Spring 
constant 
of machine, 


lb per in. 


100000 
100000 


10900 
10900 


2980 
2980 


2980 
2980 


TABLE 3 YIELD-POINT CHARACTERISTICS OF WROUGHT IRON AS AFFECTED BY VARI- 
ATION OF TESTING-MACHINE RIGIDITY 


Average 
Upper upper 
yield yield 
K, point, point, 
psi psi 
46600 46300 


46000 
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Average 
Lower lower Yield- Average 
yield yield point yield-point 
point, point, elongation, elongation, 
psi psi per cent per cent 
33400° 326004 5.90 5.14 


31800¢ 


41300 
42400 


40000 
37100 


343006 
318006 


* Taken at the lowest value within the yield-point elongation. 
> Not an upper yield point but an initial stress (see diagram). 


41850 


38550 


35500 
37200 


37600 
36800 
35200¢ 3 
34000¢ 3 


36350 6.05 


37200 6.03 


¢ This was not the lower yield point but an average value of the stresses within the yield-point elongation 
(see diagrams). 


| YIELD POINT 
ELONGATION 


STRAIN 


Fie. 10 INFLUENCE or RiaipITy or TEsT- 

ING MAacHINE ON First PORTION OF 

Srress-StraAin CurvVE ACCORDING TO 
Resvutts OF PRESENT INVESTIGATION 


4 Not representative of true case because of the low yield stresses throughout the yield-point elongation. 


The 


relation. 


Therefore a higher upper 


Therefore in a soft machine 


increase of 
the upper yield stress 
with rigidity can be 
attributed to the fact 
that wrought iron 
obeys a stress-speed 
In ascrew- 
type machine, such 
as was used in this 
investigation, the 
loading rate depends 
upon the elasticity of 
the tensile system. 
It can well be seen that in a soft machine the rate of loading is 
much less than in a rigid machine. 
yield point should be eviderrced in a more rigid machine. 

As shown by Figs. 1, 10, and 11, the drop in load from upper to 
lower yield point depends on the testing-machine rigidity. 

The total strain during the drop depends upon the time that 
elapses during the drop, since for equal strain rates a greater time 
will produce more strain. Observations show that the drop in the 
softer machine takes more time. 
more strain will be evidenced and the drop will be less steep. 


40- 
20- 


Actually, since the loading rate affects the position of the upper 
yield point, in the soft machine, the first strain rates acting when 
the load begins to drop are not as high as the first rates in a stiffer 
machine. However, the important thing is that, although the 
initial plastic strain rates are not as high, they act for a longer 
time and the result is a larger total strain. 

Evidence to substantiate this explanation was found in the 
tests. The first sections to yield during the tests were noted. In 
the tests RA and RG run in the very rigid machine, yielding 
started in the fillets of one of the heads. In Fig. 12 this initial 
yielding is at the fillet sections beneath the densely patterned 
stress coat. Just as in the speed tests, the dense patterns signi- 
fied large strains beneath. One of the initial yield sections of 
specimen RA showed a yield-point elongation of 6.2 per cent, 
while the average yield-point elongation over the whole gage 
length was only 5.9 per cent. In specimen RG, one of the initial 
sections showed a yield-point elongation of 4.9 per cent; the gage 
length average here was 4.38 per cent. The larger strain values 
in the initial sections are due to the higher loads which in turn 
cause greater strain rates. 

In test RC, which was run in the machine with the intermediate 
spring constant, yielding commenced near the center of the speci- 
men, see Fig. 12. One of the initial sections had a yield-point 

elongation of 8.5 per cent, 
40- whereas the average was only 
5.86 per cent. In specimen RE 
20- yielding started at the fillets of 
one of the heads and one of the 
" initial sections here showed 8.4 


per cent yield-point elongation, 


POINT. ELONG 6.89% 33 
SPRING CONSTANT 2,000 LB/ IN. 3.70 while the average over the gage 
length was 6.23 per cent. 
need sai In test RD, which was run in 
___ the soft machine, an initial yield 
20- section at the center showed 7.3 
% per cent yield-point elongation. 
The average was 6.89 per cent. 
One initial section of specimen 
; 10,900 LB./ IN, P RI had a yield-point elongation 
w of 5.8 per cent, as against the 
40- 40- 
3 5.17 per cent average. 
io) The illustrations give evidence 
of the densely yielded sections 
and the reader should note them. 
In the tests RA, RC, and 
= RG more plastic coating was used 
5.90 4.38 


Fic. 11 Errsct or 


Rieipiry or Trstinc Macuine on Loap Stress-ELoNGATION RecorDs OF 


100,000 LB./ IN. 


Wrovucut Iron 


than in the others, therefore 
larger strains in these cases did 
not disturb the coating as much. 
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MIKLOWITZ 
SPECIMEN 


RI 


SPRING CONSTANT 2,980LB./IN 


RC 


SPRING CONSTANT 10,900LB./IN. 


SPRING CONSTANT 100,000 LB. /IN. 


Fig. 12) oF Rictpiry or TestinG MACHINE ON LOcAL- 
1ZED YIELDING IN WrovuGHT IRON 


These experimental values are proof of the influence the time 
and strain rate have on the total strain (as referred to the gage 
length) that comes about during the drop of load. The initial 
sections that yield contribute to the total strain during the drop 
and new adjacent sections that yield during the drop contribute 
the rest. 

The tests run in the machine with the intermediate spring con- 
stant showed higher initiating strains than the tests in the soft 
machine. A higher upper yield point was accompanied by an 
appreciable time of load drop here, so that the initial yield sec- 
tions had the advantage of both factors. The total strain during 
the drop, however, was largest for the tests run in the softest 
machine, see Fig. 11. 

Table 3 indicates that there is a decrease of the lower yield 
stress with an increase in the rigidity of the machine. In the 
soft machine after the drop of load, practically a constant load 
(lower yield load) is maintained throughout the yield-point 
elongation, Figs. 10 and 11. The load line in this case is higher 
than at any point during the yield-point elongation of the test 
run in a very hard machine. Since in the first case a sudden 
yield will not affect the load as much as in a hard machine, it is 
possible to see how the load may be kept above its lowest yield 
value. The lower yield value depends on the plastic strain rate 
producing it. When a specimen yields in a hard machine this 
small extension, which comes about rapidly due to the high strain 
rates imposed by the upper yield point, is enough to drop the load 
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to its lowest possible value. This is because the speed of the lower 
head is far less than the speed with which the specimen elongates 
and therefore the lower head is unable to hold the load up. In 
a soft machine, even after a sudden yielding, the load cannot drop 
as much, and although the specimen elongates faster than the head 
travels during the drop of load, a point is reached where the 
head speed becomes equal to the speed with which the specimen 
elongates. At this point the load becomes constant and at a value 
above the lowest possible yield load because the lower-head rate 
is now imposing the strain rate. The imposed sti ain rate is above 
that of the lowest possible rate and, naturally, Jue to the speed 
effect, the load will be higher. 

In Fig. 11 the curves corresponding to the tests in the rigid 
machine are not as smooth as those of the soft machine because 
of the difference in load sensitivity of the machines. The value of 
the lower yield point in the rigid cases was taken at the lowest 
point within the yield-point elongation. The explanation of a 
diagram such as that for test RA is as follows: The localized 
disturbance that forms at the upper yield point and during the 
drop of load sets up a stress concentration about itself which 
diminishes with the distance from thedisturbance. Oncethe rate 
with which the specimen elongates becomes equal to the head 
rate (after the drop), in order for the working length of the dis- 
turbance to progress, the load must increase. This is because the 
working length is now moving into material which is under less 
and less stress concentration. Finally, when the load is built up 
to the first crest in the diagram, the excess load and the stress 
concentration still present are enough to cause another sudden 
yield, and a drop in the load comes about which is similar to the 
yield-point drop (but not as great). This sudden yielding as the 
working length progressed along the bar was evident in tests RA 
and RG. 

In the soft machine the specimen elongates faster and more 
smoothly than in the rigid test, since the load is maintained at 
a value above the lowest possible yield value. Here the working 
length is given a fast rate of travel and it moves smoothly over 
the entire gage length. This was observed in the tests. 

The yield-point elongation is a pronounced function of the 
stress at which yielding occurs. As was explained in the section 
dealing with the speed effect, at the higher speeds where yielding 
occurred at higher stresses, the yield-point elongation was found 
to be larger. Since in the test run in the soft machine the lower 
yield stress is higher, which of course is due to the higher strain 
rates imposed, the yield-point elongation naturally is larger. 

In a few of the tests run in the soft machine (RF and RH are 
shown in Fig. 12) the load increased slightly in the first portion 
of the recorded diagram. In both tests RF and RH, the initiating 
stress was much smaller, see Table 3, than the upper or lower 
yield stress of specimen RD or RI which were supposedly pulled 
under the same condition. Bending was probably present in the 
tests RF and RH, since the diagrams were typical of eccentrically 
loaded specimens.'? The low yield-point elongation values were 
caused by the low stresses. The sparsity of the lines in the pat- 
terns of the stresscoat, Fig. 12, is indicative of the small strains 
beneath. Specimens RD and RI, on the other hand, show dense 
patterns. 


SuMMARY AND CONCLUSIONS 


In the 1 per cent silicon iron that was tested, it was found that 
the yield stress* increased 50 per cent for a 100,000-fold increase 
in the speed of stretching. The low-carbon steel showed an in- 
crease of 40 per cent over a 1000-fold speed range. 

In the silicon iron the yield-point elongation showed an in- 
crease of 185 per cent over the 100,000-fold range of testing. The 


12 See diagrams of reference (1). 
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yield-point elongation of the low-carbon steel showed an increase 
of 83 per cent over its 1000-fold range. 

It was found that both silicon iron and low-carbon steel are 
similar to nylon® in that their yield-point elongation, as it appears 
on the stress-strain diagram, is composed of two parts, namely, 
the strain in a section of material due to the plastic working 
length passing over it, and a small amount of additional strain due 
to the continuation of load on this section of material as the plastic 
working length advances to yield other sections of material. Since 
most of the yield-point elongation is attributed to the plastic 
working length, it may be said that the yield-point elongation 
as it appears on the stress-strain diagram depends principally 
upon the maximum strain in the working length and, since this 
strain increases with the speed of deformation, the yield-point 
elongation is affected similarly. The amount of strain on a sec- 
tion due to the continuation of load on that section decreases 
with an increase in the speed of stretching. The time factor ex- 
plains this. 

The plastic working length increases with an increase in the 
speed of stretching. The silicon iron showed an increase of 118 
per cent in the working length over a 10,000-fold increase in the 
speed of stretching. The low-carbon steel showed an increase of 
100 per cent when the speed of stretching was increased 25 times. 
It is interesting to note that an opposite effect was found in nylon 
(12). 

The number of plastic-zone formations along the gage length of 
a specimen depends upon the stress concentrations and the yield 
load. If the speed of stretching is very slow, usually one or two 
disturbances will initiate at the fillets where the largest stress 
concentrations form. Under a large concentration, yielding can 
start at a smallload. In the faster tests many more disturbances 
can form because the load is high and therefore only small con- 
centrations at random places along the gage length are necessary 
to initiate yielding. The tests in this work offered evidence of the 
foregoing. 

In the wrought-iron tests, head rates being equal, a 20 per cent 
increase of the upper yield stress, a 12 per cent decrease of the 
lower yield stress, and 15 per cent decrease of the yield-point 
elongation were noted when the rigidity was increased 33.5 times. 

The drop in load from upper to lower yield point becomes 
steeper as the rigidity of the testing machine is increased. Al- 
though not as high as in the rigid machine, the initial plastic 
strain rates in specimens tested in the soft machine are high 
enough so that since they act for a longer time, they produce 
a greater total strain during the drop of load. 

The sections of material that yield during the drop of load 
show the greatest strain values (yield-point elongations). The 
greatest yield-point elongation of a section of material will be 
produced by the combination of a high yield stress and the action 
of that yield stress on the section for along time. Therefore the 
specimen tested in the machine of intermediate softness should 
and does show larger strain values for its initially strained sections 
than the specimen tested in either the hard or the softest ma- 
chines. 

The yield stress within the yield-point elongation depends 
upon the rate of strain producing it. If a machine is soft enough, 
and the speed of the lower head fast enough, so that the lower- 
head speed is faster than the speed with which the specimen 
elongates, the yield stress will actually increase throughout the 
yield-point elongation. A constant load line within the yield- 
point elongation means that the speed of the lower head equals 
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the speed with which the specimen elongates. With equal head 
speeds, the rigid machine will show a large drop of load due to 
sudden yielding whereas the soft machine will not show an ap- 
preciable drop. 

Within the yield-point elongation a rigid machine may pro- 
duce a ragged stress-strain curve of many dips in load. This is 
due to the sudden random type of yielding which slowly progresses 
along the gage length of the bar. The soft machine produces a 
smooth uniform slope within its yield-point elongation after 
the drop of load. This is due to the smooth and rapid movement 
of the plastic working length along the length of the bar. 
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From a study of cavitation, the author has worked out 
the independent theory outlined in the paper. An ideal- 
ized problem is demonstrated, in which a small hemi- 
spherical cavity, with vacuum inside, in a semi-infinite 
mass of homogeneous incompressible fluid acted upon by 
no body forces, the pressure at infinity being supposed con- 
stant, is seated at rest on a solid infinite plane surface: To 
investigate the motion. 


infinite mass of homogeneous incompressible fluid acted 

upon by no forces is at rest and a spherical portion of the 
fluid is suddenly annihilated. It is required to find the instan- 
taneous alteration of pressure at any point of the mass and the 
time in which the cavity will be filled up, the pressure at an in- 
finite distance being supposed to remain constant.” Working 
on this problem Rayleigh derives velocities and hydrodynamic 
pressures which come out as infinity at the center of the spherical 
cavity at the time of complete collapse. 

In the theoretical investigations of the problem of cavitation, 
the aforesaid work of Rayleigh is not infrequently used. In order 
to avoid the embarrassing infinite pressure, an assumption is 
sometimes introduced (2), namely, that the spherical cavity is 
formed not on the metallic surface, but at a small, finite dis- 
tance away from it. Or for a finite solution an arbitrary assump- 
tion regarding the final size of the cavity is made (3). 

Photographs (4) of cavitation show that cavities are formed on 
the metallic surface; experimental data supporting the impact 
hypothesis (5) also necessarily support this view. At the time of 
their maximum growth the cavities may be taken to be hemi- 
spherical. Thus it becomes of importance to study the behavior 
of the collapse of a hemispherical cavity seated on a solid sur- 
face, e.g., metallic. 

It should be realized that a spherical cavity in an infinite mass 
of homogeneous fluid, acted upon by no body forces, retains its 
spherical form; and this simplifies the problem materially. But 
as soon as a hemispherical cavity seated on a solid surface, 
say, metallic, is considered, complications appear. For, in the 
case of a spherical cavity, the motion of the fluid being a function 
of the radius of the cavity alone, no problem of slip of a fluid ele- 
ment over another, and therefore of viscosity, arises. In case of 
a hemispherical cavity seated on a solid surface, however, the 
friction factor between the fluid and the surface material cannot 
be overlooked, especially because the cavity is small enough to 
give friction a sufficient prominence. Thus a hemispherical 


| ORD Rayleigh (1)? proposed the following problem: “An 
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Cavity Seated on a Surface 
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cavity as just described cannot be looked upon as an exact half 
of the spherical cavity considered by Rayleigh. Therefore 
Rayleigh’s results cannot be applied, as is very often done. In 
view of this the following idealized problem is proposed. 


Tue IDEALIZED PROBLEM 


A small hemispherical cavity, with vacuum inside, in a semi- 
infinite mass of homogeneous incompre.sible fluid acted upon by 
no body forces, the pressure at infinity being supposed constant, 
is seated at rest on a solid infinite plane surface: To investigate 
the motion. 

We have a hemispherical cavity initially at rest. The motion 
that ensues, in virtue of the friction, will not be symmetrical in 
the sense of being a function of radius alone. The smallness of the 
cavity, however, enables us to make the now well-recognized 
assumption of parabolic distribution of velocity. 


Az 
ey 
Fie. 1 


Thus initially, we assume that the velocity distribution on the 
hemisphere, of radius r, follows the law (see Fig. 1) 


v =f (r) 2? 


It stands to reason that on a hemisphere of radius r, the 
multiplier of z? is a function of r. The velocity v is assumed purely 
radial. 


The fluid being incompressible, we get for continuity 


rd@2xrcos@p = F (t) 
a function of time only, i.e. 
2r (r) sin? cos 6d@ = F(t) 
giving 


3 mor f(r) = 


. 
or, ifC = ie constant with respect to r and 6 
3 
sin? 6 
v= 
r2 


It is obvious from the velocity expression that the initial 
hemispherical shape of the cavity surface will not be maintained. 


ey 
‘ 
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It will be shown that the shane degenerates into a semioblate 
spheroid; the oblate spheroid being a surface generated by the 
revolution of an ellipse about its minor axis. 

To this end we first choose suitable co-ordinate axes. The 
plane solid surface on which the cavity is seated is taken as the 
z, y plane with O, the origin, at the center of the projection of the 
cavity on this z-y plane. The axis of z is normal to the z, y plane 
at O. Obviously the cavity surface is always symmetrical about 
the axis of z and therefore it will be convenient to speak of its 
common section with the plane through the z-axis. Thus in- 
stead of a semioblate spheroid, we shall speak of a semiellipse 
whose minor axis is along the z-axis and major axis is along the 
z-axis. 

From the velocity expression we see that the velocity at the 
boundary between the fluid and the solid plane surface is zero. 
Therefore the ellipse will have the same length of major axis as 
the diameter of the hemispherical cavity, say, 2a. If e be the 
eccentricity of the ensuing ellipse after time dt, and r, 6 the co- 
ordinates of a point on this ellipse, then, since 


cos? @ sin? @ 
a? + b? 


r 


Fic. 2 


therefore, since b? = a*(1 — e?), we have 
e? sin? 0 


2 1 — e? cos? 6 


e? sin? 6 


The velocity is normal to the cavity surface and also varies 
assin?9@. The foregoing result therefore shows that, after a time 
dt, the semicircle degenerates into a semiellipse whose eccen- 
tricity eis given by 


e?sin?@ =a—r 


or 

= — dl 
a* 


The next step is to see if the shape continues to remain ellipti- 
cal, of course the eccentricity ever increasing; but here comes an 
important assumption. As the curve becomes flatter, the ve- 
locity will rapidly rise near the contact points and then slowly 
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reach the maximum value at 9 = This means that we may 


with greater justification consider v as varying with sin? , in- 
stead of sin? @, where ¢ is the eccentric angle of a point on the 
ellipse and @, as before, a simple polar angular co-ordinate. Also, 
we expect v to be a function of e, the eccentricity. These factors 
together with the requirements of continuity give 

sin? 


a*V/ 1 — e* cos? ¢ 


for e > 0, where ¢ is the eccentric angle; a the semimajor axis; 
e the eccentricity; and C a function of time. 

This assumption is consistent with the parabolic one; for at 
r=aande = 0 


C sin? 
a? 


sin? 


as before. It is assumed that vp = over hemispheres 


It is not difficult to verify that continuity is satisfied; for the 
flow through an oblate spheroid is 


w/2 
I dsacos @ pv 


2 
= rp 
3 
which is independent of e and which is also the same as over the 
hemispheres r > a 

We eliminate C in v by expressing the latter in terms of the 
velocity at r= a,@ = 7/2, which is 


therefore 
sin? @ 


7 
V 1 — e* cos? ¢ 


a? 
. sin? @ over hemispheres r > a. 
It should be the next step to determine LU’ in terms of the vary- 
ing element of the oblate spheroid which is the semiminor axis 


b given in terms of the eccentricity by \ 


fore >Oandr=U 


b? = a? (1 — e?) 
Kinetic ENerGy or Mass 
To this end the kinetic energy of the mass will first be deter- 
mined; this being done in two parts as follows: 
(a) Kinetic energy (KE) of the mass enclosed between the 


boundary surface and the hemisphere r = a. 

(b) KE of the rest of the mass enclosed between the hemi- 
spheresr = aandr = ~, 

Solving (a), KE of the mass enclosed between the boundary sur- 
face and the hemisphere r = a is equal to (Fig. 3) 


4 pv? a cos ¢ d(—a cos ¢)db sin 


a 
db 
Sh b 1—e? cos? 


= mpa*U? 


0 a? tan? ¢ + 


‘ 
ens 
a 
= 1 (see Fig. 2) 
2 
‘ 
Tr, sincé very sma 
a 
2 
= vdt 
= C —d 
tore 
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ELEMENT OF AREA 
dA=a(-acosé) 


And since ¢ is the eccentric angle and independent of b, therefore 
part (a) is solved as follows 


x/2 ‘a 
sin® db 
KE = 2U2 a’ — 

w/2 a 

sin® 1 b 
= f de —— | tan7! 
0 cos } a tan atan 


b 
= sin’ @ (: — tan"! do 


We shall do the integration separately of each term. 


sin‘ ¢ cos 4 { —sin? @ cos 2 


therefore 


w/2 
0 0 
+f do S dp 
0 
cos 8 


149 
995 


It also can be shown that 


/2 
sin’ @ tan~! dg = — 
0 atan 15 


en — 2 t 
30 b(a? — tan 


2(5a? — 8b?) 
b2)2 


Summing up the three components, we thus find the following: 
(a) Kinetic energy of the mass enclosed between the contract- 
ing cavity surface and the hemisphere r = a is 


15 225 15 30 b(a? — b2)*/s 


2 b 2(5a? — 8b?) 


(b) The kinetic energy for the rest of the mass, that is, the mass 
enclosed between the hemispheres r = a andr = ©, is equal to 


Se? Sor 400 2x cos rd¢ dr 


But over the hemisphere, for r > a 


a? 
v = U — sin’? 
r? 


therefore the solution for part (5) is 


mpl sin‘ ¢ cos do 


KE 
5 


Summing up (a) and (0), we find that the kinetic energy of the 
whole mass at any time when the semiminor axis is 5, is 


< 


ab[ Sat — 200%? + 
5) 


Work Done By Hyprostatic PRESSURE 


The work done by the hydrostatic pressure P at infinity is the 
product of the pressure and the change in volume. The change 
in volume at infinity will be the same as the change in volume of 
the cavity. Therefore, work done by hydrostatic pressure P 


=P ; — b) 


Our interest is centered on what happens at the time of com- 
plete collapse, that is, when b = 0. Putting b = 0 in the expres- 
sion for the KE, we get 


Total KE = xpa*U? ( 


607 — 
225 


While the expression for work done by hydrostatic pressure 
gives, forb = 0 


gre P 


Also, at b = 0 the work contribution of surface tension S, equals 
S times the change in cavity surface, or 


If now we neglect the rise in the internal energy due to viscous 
effect, and equate the KE to the work done 


therefore 


and 


Fic. 3 
< = 
: 
r{ 8 4r 
0 2 2 \15 15 
i 
60 — 104 2 
i | ———_———. ] = - ra'P + 
3 \607 — 104 p 607 — 104 ap 
225 1/2 S 
U = - | -P + 
F 607 — 104 p \3 a 
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When a liquid and a solid body collide,a pressure arises in 
the plane of collision given by 


where p is the density and 8 is the modulus of volume compres- 
sibility. 

It is seen from the velocity expression that U is also the velocity 
atr = b, ¢ = x/2, which is the maximum velocity on the cavity 
surface. Therefore from Equations [1] and [2] we get for the 
pressure at the center of collapse 


225 2 S 
1.633 | P+ 
3 a 


Taking 38 = 3 X 10" dynes per square cm 
V/s 
2 75 
p = 2.83 X (2p 
3 a 


For different P and a the values of p are given in Table 1. 


3 


TABLE 1 VALUES OF PRESSURE, p 


ain P in atmospheres ~ 
em when P = 1 atm when P = 2 atm when P = 3 atm 
0.01 230.5 325 398 
0.005 232 326 399 
242 333.5 405 
0.00015 302 380 441 
0 1 333.5 405 465 
CoNCLUSION 


The pressures arrived at are rather small; but this is as it 
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should be when it is remembered that the derivation is under 
certain idealized conditions. In actual cavitation, however, the 
water has initial momentum. Also, due to turbulence, the major 
axis of the cavity tends to contract to as little as one third of its 
original size, as the photographs seem to show (6); and this 
factor alone will increase 9 times the pressures calculated in the 
foregoing. 

As is apparent, the derivation in this paper arose out of a study 
of cavitation, although the presentation stands by itself as an 
independent theory. 
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Geometrical and Metallurgical Changes in 
Steel Surfaces Under Conditions 


of Boundary Lubrication 


Changes taking place in metal surfaces during running- 
in tests are reported. The surfaces were lubricated during 
the tests which simulated conditions encountered in in- 
dustrial practice. In all tests the geometry of the surfaces 
was changed. Furthermore, under certain conditions, 
metallurgical changes could be observed. The material 
of the transformation was considerably harder than the 
martensitic steel of the test samples, and the etching 
characteristics of the transformed material were markedly 
different from those of the underlying steel. For initially 
smooth surfaces, the metallurgical transformations had 
the form of ridgelike eruptions protruding over the sur- 
face of the test specimen by several microns. Different 
tests for the identification of the nature of the trans- 
formation are discussed. Heat-conductivity calculations 
made it possible to estimate the temperature reached 
during running-in. A tentative explanation of the origin 
of the transformations is presented. 


INTRODUCTION 


T was the aim of the research reported here to study the 

changes taking place in steel and cast-iron surfaces during 

running-in tests performed under conditions of boundary lu- 
brication. The running-in experiments extended over a period 
of 16 hr; the friction force and the relative speed between the 
surfaces were kept constant at values of 3 lb and 1000 fpm, re- 
spectively. In order to maintain this value of the friction force, 
the normal pressure between the surfaces had to be varied be- 
tween 10 and 400 psi, the most common value being about 80 
psi. 

It was shown by Bowden and Leben (1)? that in friction experi- 
ments the local pressure exceeds its nominal value; they further 
demonstrated that the local temperatures might be very high. 
In the present experiments these temperatures might reach such 
values that the lubricant becomes unstable and decomposes. It 
is to be expected that under such conditions important local 
changes might take place in the sliding surfaces. This paper is 
particularly concerned with changes observed in steel surfaces. 

The first section specifies the test conditions of the running-in 
experiments. Furthermore, the methods are discussed which 
were used for the investigations of the surface changes. 
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The second section, which is divided into parts (a) and (b), con- 
cerns itself with the results of the tests. Part (a) gives illustra- 
tions of the purely geometrical changes which were more con- 
spicuous for initially rough surfaces than for smooth ones. In 
part (b), the phenomenological aspects of the metallurgical trans- 
formations are described. In the friction specimens showing the 
transformations, three regions could be distinguished; the bulk 
steel, the transformed material which usually had the shape of 
ridgelike eruptions protruding over the surface of the test speci- 
mens, and an intermediate transition region. 

The third section, consisting of parts (a), (>), and (c), describes 
the experiments made with the aim of identifying the transformed 
material. Part (a) of this section deals with the results of various 
etching tests some of which revealed the microstructure of the 
transformation. Part (b) deals with the results of x-ray diffrac- 
tion experiments and microhardness measurements of bulk steel, 
transformed material, and transition region. In part (c) there 
is a discussion of the effect of various heat-treatments on etching 
properties, microstructure, and hardness values of transforma- 
tions and transition regions. 

The fourth section deals with heat-conductivity calculations 
which made it possible to estimate the local temperatures reached 
during the tests. 


Test Procepcre AND METHOD OF INVESTIGATION 


The running-in tests to be described were performed on a 
friction-test machine which consisted of a disk rotating at con- 
stant speed; the stationary flat test specimens, whose surface 
changes were to be investigated, were pressed against the disk. 
The disk was superfinished for each test, while the surface finish 
of the rider was varied. The flat test specimen, which was 1 in. 
long, '/2 in. wide, and !/s in. thick, was held in such a way that it 
could tilt by a small angle in any direction; the friction flat could 
thus conform to the shape of the oil wedge formed under it. 
From the speed and the friction force between flat and disk, the 
rate of heat production was found to be 16 cal per sec. 

A pure mineral oil, Shell Talpa S.A.E. 20, was applied at the 
rate of 10 drops every 36 sec; an organic pour-point depressor 
was the only addition agent of this oil. The temperature of the 
oil was measured by a thermocouple behind the trailing edge of 
the specimen. For most of the tests described here the tem- 
perature of the oil varied between 50 C and 80 C (120 F and 
175 F). From the thermocouple readings it was impossible to 
draw any conclusions as to the maximum local surface tem- 
perature reached during running-in. However, it seemed proba- 
ble that the reading of the thermocouple approximated the aver- 
age temperature of the friction sample at a great distance from 
the actual area of contact. 

Heat-conductivity calculations, to be discussed in the last sec- 
tion, made it possible to estimate the maximum temperature 
reached during the running-in. 

Before and after the friction test the weight of each specimen 
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was determined. The difference in weight was sometimes positive 
or negative depending on whether the rider lost weight or picked 
up material from the disk. For most tests described the differ- 
ence in weight amounted to several tenths of a milligram. 

For purposes of comparison there was available a blank having 
a preparation and surface finish identical with that of the test 
specimen. After running-in, the surface roughness of each test 
specimen and of each blank was measured with an Abbott profil- 
ometer and by means of taper-sectioning according to the method 
of Nelson (2). The latter method gave the most detailed infor- 
mation about the changes taking place in the surface of the fric- 
tion flats. 

The absolute values of the surface roughness as determined by 
the profilometer and by means of taper-sectioning disagreed by 
about a factor 4 for ground surfaces, while for lapped and super- 
finished surfaces the disagreement was even greater. In all cases 
the profilometer gave the lower readings for the surface roughness. 
A comprehensive study of the relation between the profilometer 
reading and the peak-to-valley surface roughness was published 
recently by Tarasov (3), who determined the conversion factor as 
a function of surface roughness and surface finish. In the present 
work the two methods were found to be in qualitiative agreement 
inasmuch as they gave similar values for the relative change in 
surface roughness due to running-in. If, for instance, an initially 
rough surface was smoothed during the friction test, both methods 
showed about the same relative decrease in the value of the sur- 
face roughness. 

A tapered section, which is prepared by cutting the surface at a 
small angle, gives a magnified and distorted picture of any 
irregularities perpendicular to the plane of the surface. The 
taper-sectioning method is particularly suited for the investiga- 
tion of two-dimensional surface irregularities, such as grinding 
marks or the grooves and scratches produced by the friction tests 
discussed here. In the laboratory in which these tests were con- 
ducted, the taper-sectioning method has been successfully applied 
to three-dimensional problems; however, in these cases the inter- 
pretation of the section is more difficult and cumbersome. 

A brief description of the preparation of the oblique sections 
follows: 

The run-in specimens were cleaned in ether and an alkaline 
cleaning solution; a copper flash was then applied, and the sam- 
ples were nickel-plated. After plating, the samples were ground 
on a surface grinder in such a way that the normals to the original 
and ground surfaces included a small angle. The intersection 
line of the old and new surfaces was normal to the scratches pro- 
duced by the friction test. For the tapering angle of 2° 17’ used 
here, the ratio of apparent scratch depth, as seen by inspection of 
the tapered section, to the real scratch depth was 25:1, i.e., the 
magnification of the tapered section in a vertical direction was 25 
times that in the horizontal direction. 

After grinding, the specimens were metallographically polished 
and etched with various reagents. It was improbable that the 
preparation of the tapered sections produced any of the metal- 
lurgical changes discussed later. Any disturbed layer which 
might have been left by the grinding operation was removed by 
subsequent polishing of the flat. Furthermore, the fact that none 
of the blanks showed any structural changes in the surface was 
the best indication that the observed transformations were caused 
by the running-in tests rather than by the preparation of the sec- 
tion. The blanks were taper-sectioned in the same way as the 
run-in flats. 


or Runninc-In TEsts 


(a) Geometrical Changes. It was the object of the first group 
of experiments to imitate conditions prevailing in journal-bearing 
assemblies. Steel surfaces of 250-300 Brinell were run-in against 
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babbitted disks. Steel flats of carbon steel (S.A.E. 1040) and 
chromium steel (S.A.E. 52100) were run-in against superfinished 
babbitt disks. In addition to the different steel specimens, flats 
of chilled cast iron (M.S. 891) were tested against babbitt. The 
finish of the flat rider was varied from rough-ground surfaces with 
a profilometer reading of over 50 microinches to ened 
flats with a surface roughness of less than 1 microinch. 

Weight determinations of the flat friction specimens before _ 
after the tests showed that the friction flats could lose or gain 
weight. The difference in weight was in the order of 0.1 mg. It 
was not surprising that the steel flats could pick up material from 
the considerably softer babbitt disk. 

The three rider materials which were tested had the composi- 
tions shown in Table 1. 


TABLE 1 COMPOSITION OF FRICTION SPECIMENS 
M.S. 891 chilled 


8.A.E. 1040 8.A.E. 52100 cast iron 
3.1 -3.4 total 
Cc 0.35-0.45 0.95-1.10 0. os: 95 combined 
2.25-2.85 graphitic 
Mn 0.6 -0.9 0.2 -0.5 0.5 -0.6 
— 8 8 1.2 -1.5 0.6 -1.0 
0.25-0.40 
Ph 0.045 0.03 max 0.25 
8 0.055 0.035 max 0.1 


In this first group of experiments the only changes that could 
be observed in the surfaces of the flats were of a purely geometri- 
cal nature. These geometrical changes caused by running-in 
were more conspicuous for initially rough surfaces. The tapered 
sections showed that the grinding peaks of rough-ground speci- 
mens were flattened. This was surprising as the babbitt disks 
were considerably softer than the steel riders. The geometrical 
changes which were observed with steel and cast iron on babbitt 
were of the same nature as the ones which were found in later ex- 
periments when the same materials were run-in against much 
harder steel and cast-iron disks. To illustrate these geometrical 
changes it is possible to refer to sections of friction flats run-in on 
cast-iron disks. Figs. 1 to 5, inclusive, which will be discussed in 
more detail, illustrate the geometrical changes. The results 
gained by comparison of tapered sections of blanks and run-in 
surfaces were confirmed by roughness measurements made with 
the profilometer. 

In this first group of tests in which steel flats were run-in on 
babbitt disks no metallurgical transformations due to running-in 
were observed. However, it was found that the taper-sectioning 
method was capable of revealing such transformations. The fact 
that an alcoholic solution of nitric acid did not attack the steel 
under the deepest grinding marks indicated that the cold work of 
the grinding operation changed the etching characteristics of the 
material under some of the more severe grinding scratches. This 
difference in etching characteristics might have been caused by 
decarburization of the steel due to high local temperatures, an 
observation which would confirm Wulff’s (4) views that the local 
temperature in grinding may be very high. It was thus shown 
that the taper-sectioning method was capable of revealing metal- 
lurgical transformations. However, blanks as well as run-in 
friction flats showed these transformations. Therefore it was 
concluded that the metallurgical changes were caused by the 
preparation of the surface rather than by the friction tests. The 
results of this first group of tests may be summarized by the state- 
ment that any metallurgical changes which might occur when 
steel was run against babbitt were beyond the resolving power of 
the taper-sectioning method. 

In numerous problems of lubricated friction both surfaces have 
to be made of hard materials. It was the aim of the second group 
of experiments to imitate conditions which prevail in practice if 
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SAKMANN—GEOMETRICAL AND METALLURGICAL CHANGES IN STEEL SURFACES 


both rubbing surfaces are made of hard materials. This series of 
tests, in which friction flats and disks were made of comparable 
hardness, can be divided into two groups. Chromium-steel flats 
(S.A.E. 52100) of different surface finishes were tested against disks 
of chilled cast iron (M.S. 891), and flats of chilled cast iron were 
run against chromium-steel disks. The hardness values of steel 
and cast iron (which were approximately the same) varied be- 
tween 550 and 600 Brinell. The surface finish of the flats meas- 
ured with the profilometer varied from 50 microinches for rough- 
ground to less than 1 microinch for superfinished flats. The disks 
were superfinished in all cases. Before the friction tests the pro- 
filometer readings of the disks varied between 3 and 6 microinches. 
Weight determination of the flats before and after the test showed 
that, in this series of tests, the friction specimens never gained 
weight. As the hardnesses of the two rubbing surfaces were com- 
parable, it was not surprising that the riders did not pick up 


Fig. 1 Taperep Section or RovGuH-Grounp CHROMIUM-STEEL 

Fiat, S8.A.E. 52100. Berore Test 

(Profilometer reading 46 microinches. Etch, nitric acid. Magnification 
of original, in horizontal, 2500 in vertica! direction.) 


Fie. 2. Tarerep Section or Same Fuart as Fic. 1, AFTER FRIc- 
TION Test 


(Profilometer reading, 37 microinches. Etch, nitric acid. Magnification 
of original, X 100 in horizontal, 2500 in vertical direction.) 


Fie. 3) Tarerep Section or Cast-IRON SURFACE, 
MS891, Berore Friction Test, Ercuep Nirric <Acip 


(Profilometer reading. 55 microinches. Magnification of original, 100 
in horizontal, X 2500 in vertical direction.) 


100A 


Fie. 4 Part or SurFACcE or SaME as Fig. 3, AFTER FRICTION 
Test, Ercuep Nirric Acip 


(Profilometer reading, 40 microinches. Magnification of original, 100 
in horizontal, X 2500 in vertical direction.) 


material from the disks. This time the geometrical changes 
which were analogous to the ones observed when babbitt disks 
were used were more conspicuous. As in the previous tests, 
initially smooth surfaces were roughened, while the peaks of 
rough-ground surfaces were abraded. 

Figs. 1 and 2 show the tapered sections of a rough-ground 
chromium-steel flat before and after the friction test. For the 
two cases, the profilometer indicated a roughness reading of 46 
and 37 microinches, respectively. The grinding peaks were not 
worn off uniformly over the whole surface of the steel flats. The 
cross section of Fig. 2 represents a comparatively smooth part of 
the surface. 

Figs. 3, 4, and 5 illustrate the wearing-in effects on a rough- 
ground cast-iron surface. Fig. 3 shows the appearance of the 
cast-iron surface before running-in; the profilometer gave a value 
of 55 microinches for the surface roughness of the flat. Figs. 4 
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Part OF SURFACE OF SAME Fiat as Fig. 3, AFTER FRICTION 
TrEst 

(Profilometer reading, 40 microinches. Magnification of original 

in horizontal, X 2500 in vertical direction.) 


Fie. 5 


100 


and 5 show different parts of the worn-in surface. After the fric- 
tion experiment the profilometer indicated an average value of 
40 microinches for the surface roughness of the flat. Fig. 4, which 
gives an exaggerated idea of the beneficial effect of wearing-in, 
was included in order to show to what extent a surface can be im- 
proved by running-in. However, the surface condition, as il- 
lustrated by the section in Fig. 5, was more typical of this parti- 
cular friction flat. 

Additional running-in experiments were made on a bearing-test 
machine in which a steel shaft was run against a steel bearing. 
The results of these tests confirmed the conclusions of the experi- 
ments performed on the friction-test machine. Moreover, the 
experiments of the bearing-test machine showed that the smooth- 
ing of the roughness peaks could be accelerated by suitable addi- 
tion agents in the lubricant. 

Even superficial inspection of the surfaces of samples run-in on 
the bearing-test machine made it evident that the running-in 
tests improved the geometry of the surface. Part of the surface 
of the sample of the bearing-test machine had a glossy appear- 
ance. Taper sectioning of the surface showed that this increase 
in reflectivity was caused by flattening of the roughness peaks. 

(b) Metallurgical Changes. Most of the changes observed in 
the surfaces of the run-in friction flats were of a purely geometri- 
cal nature, as illustrated in Figs. 1 to 5, inclusive. However, in 
many of the run-in chromium-steel flats and in some of the cast- 
iron specimens, metallurgical transformations were observed be- 
sides the purely geometrical changes just discussed. This fact 
became evident when various etching reagents were applied to the 
section. All the experiments performed with the aim of identify- 
ing the transformations were made with chromium-steel flats. 
The complex composition of the cast-iron flats seemed to make 
such identification a rather difficult task. Moreover, the trans- 
formations of the chromium-steel flats were larger and occurred 
more frequently than in cast-iron specimens. In addition, the 
chemical composition of the steel was simpler than that of the 
east iron. Forty per cent of the run-in chromium-steel flats 
showed the transformation. This percentage seemed to be high 
enough to warrant the belief that the transformations were not 
accidental but that they were typical of the running-in process. 

Fig. 6 shows the surface of a superfinished chromium-steel flat 
before the friction test; the profilometer indicated a surface 
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Fic. 6 TAPERED SECTION OF SUPERFINISHED CHROMIUM-STEEL 
Fuat, 8.A.E. 52100, Berore Friction Test, Ercuep Nitric 
AcID 


(Profilometer reading, 0.8 microinch. Magnification of original, 100 
in horizontal, X 2500 in vertical direction.) 


roughness of 0.8 microinch. After running-in, the greater part of 
the worn-in flat looked like the blank in Fig. 6. Another part of 
the surface which looked markedly different from the superfin- 
ished blank is shown in Figs. 7 and 8, with an etch of picric acid 
and potassium ferricyanide, respectively. It is evident from 
these two figures that fundamental changes took place in some 
parts of the surface of the friction flat. The ridgelike metallur- 
gical transformation, depicted in Figs. 7 and 8, extended over 
more than one half of the length of the friction specimen which 
was lir.long. This particular flat had four such eruptions which 
protruded over the superfinished surface by several microns, One 
of the four ridges of this friction flat was comparable in size and 
height to the one shown in Figs. 7 and 8. The other two erup- 
tions which were smaller and shorter were lost after the nickel- 
steel boundary of the oblique section had been shifted by several 
millimeters through repeated repolishing of the specimen. 


| 


Fie. 7 Part or SuRFACE OF SAME Fiat As Fia. 6, AFTER FRICTION 
Test, Ercuep Picric Acip 
(Profilometer reading, 0.8 to 35 microinches. Magnification of original. 


100 in horizontal, X 2500 in vertical direction. The lines are traces of 
micro-hardness tester.) 
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Fic. 8 
WitH Potassium FERRICYANIDE 


(Profilometer reading, 08 to 35 microinches. 
100 in horizontal, X 2500 in vertical direction.) 


The greater part of the run-in flat had the appearance of a 
superfinished surface; the ridgelike transformations, however, 
were very rough. The inhomogeneous appearance of the surface 
of the run-in flat, as shown by inspection of the tapered sections, 
was borne out by measurements of the surface roughness with the 
profilometer. Depending upon the part of the surface over which 
the profilometer was moved, the value of the surface roughness 
varied between 0.8 and 35 microinches. 

Likewise, with the other run-in flats, the observed transforma- 
tions had nearly always the shape of ridges. The heights of the 
protrusions varied between 2 and 12 microns; their widths cov- 
ered a range from 100 to more than 1000 microns; some of the long- 
est ridges were more than 15 mm long. In one ease the trans- 
formed material extended to a considerable depth of 40 microns 
below the plane of the originally superfinished surface of the flat. 


Fig. 9 Microstructure OF TRANSFORMED MATERIAL oF Run-IN 
CHROMIUM-STEEL SURROUNDED BY NICKEL Piate, Ercuep 
WITH SOLUTION OF Sopium PicraTE 
(Magnification of original print, « 500 ) 


Same Part oF SuRFACE oF FLAT, SHOWN IN Fic. 7, EvcHep 


Magnification of original, 
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In the oblique section of Fig. 7 one can distinguish four 
regions, i.e., nickel plate, transformed material, trans- 
ition region, and bulk material of the steel. Because of the 
fact that neither nickel plate nor transformed material was 
attacked by picric acid, the boundary between the two 
regions is not very distinct in Fig. 7. The transition region 
was etched dark with pieriec acid, and the bulk steel re- 
vealed the structure of a fine-grained tempered mar- 
tensite. The dark transition region shows few and very 
small precipitated particles. The lines across the section 
are traces of the diamond of a seratch-hardness test to be 
discussed. 


EXPERIMENTS FOR IDENTIFICATION OF TRANSFORMED 
MATeRIAL 

(a) Etching Tests. There is available a series of etch- 
ing solutions which serve as a useful guide for the iden- 
tification of the more common constituents of steel. The 
specimens showing the transformations were etched with 
more than a dozen different etching reagents. All these 
etching tests seemed to indicate that one was dealing with 
a carbide-rich phase. Solutions of sodium picrate and 
ferricyanide which are among the etching 
reagents commonly used for the identification of and dif- 
ferentiation between carbides and nitrides attacked the 
transformed material. The fact that the ferricyanide so- 
lution stained the material of the eruption made it improbable 
that one was dealing with nitrides. This conclusion was im- 
portant as some of the physical properties of the transformations 
which will be discussed suggested the possibility of the presence 
of nitrides. Only after one of the run-in friction flats had been 


potassium 


overetched for more than 20 min in a boiling solution of sodium 
picrate did it become apparent that this etching solution not only 


would stain the material but also could reveal its microstructure. 

Fig. 9 shows the microstructure of the transformed material at 
a magnification of 500 diam. Inspection of the transformation 
at a higher magnification of 1500 diam, as shown in Fig. 10, made it 
evident that one was dealing with a two-phase system. One phase 
consisted of the large grains, the second phase was precipitated 


‘ For a discussion of various etching reagents see reference (5). 


Fie. 10 MicrosTrRucTURE OF TRANSFORMED MATERIAL OF SAME 
CHROMIUM-STEEL as IN Fic. 9, EtcHeED SOLUTION OF 
Sopium PicraTe 
(Magnification of original print, X 1500.) 
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although the relative intensity of the iron-carbide lines seemed to 
be stronger when the x-ray beam was focused on the trans- 
formed material. Despite the fact that the tests were incon- 
clusive because of the difficulty of focusing the x-ray beam on 
the relatively small spot of the transformation, it seemed proba- 
ble that the only materials giving rise to x-ray diffraction lines 
were alpha iron and iron carbide. 

It was hoped that hardness tests of the eruptions and the tran- 
sition region might give additional information regarding the na- 
ture of the transformation. Because of the small size and the 
shallowness of the transformed material, it was not feasible to 
make macrohardness tests on a Vickers or a Rockwell machine. 
The tests discussed in the following were made with a microchar- 
acter developed by Bierbaum (6). The material whose hardness 
was to be tested was scratched with a diamond under a given load; 
the width of the scratch is a measure of the hardness of the metal. 


TABLE 2 SCRATCH HARDNESS OF DIFFERENT REGIONS 
Scratch width, microns 


Fig. 11 TRANSFORMED MaTERIAL SHOWN IN Fias. 7 AND 8, 
ArTerR Heat-TREATMENT aT 450 F, Ercaep Wira Picrio Acip 


(Magnification of original print, X75.) 


along the grain boundaries. The increase of the grain size 
with temperature is discussed in the section dealing with the 
effect of different heat-treatments on the properties of trans- 
formed material and transition region. It seemed desirable 
to check the conclusions reached by the etching tests in an 
independent way. 

(b) Physical Properties of Transformation. Next it was 
decided to study the x-ray diffraction pattern of the trans- 
formed material in a Phragmén camera. The largest erup- 
tion was chosen for these investigations. The transformed 
material of this specimen was 1.1 mm wide, 15 mm long, and 
extended to a depth of 0.04 mm below the plane of the origi- 
nally superfinished surface. Several x-ray diffraction photo- 
graphs of the transformed material and the bulk material 
of the steel were taken. The only diffraction lines that could 
be seen were those of alpha iron and iron carbide. Trans- 
formed material and bulk steel exhibited the same lines, 


Fic. 13 Same SaMPLES AS IN Fia. 11, Heat-TREATMENT AT 
850 F, Ercuep WirTH Picric Acip 


—— (Magnification of original print, X75.) 


With a load of 9 g on the diamond of the microcharacter, 
the scratch widths of the different regions had the values 
shown in Table 2. 

The Brinell hardness of the bulk material of the steel 
had a value of 580. Some attempts have been made to estab- 
lish a relationship between scratch hardness and indentation 
hardness. However, it seemed hardly feasible to compare 
the two methods as the nature of the two tests was fundamen- 
tally different. This conclusion was borne out by the fact that 
the relationship between scratch width and Brinell hardness 
published in the literature could not be reproduced with the 
microcharacter used for the present experiments. The width 
of the scratches was measured under a magnification of 1000 
to 2000 diam. 

An indication as to the approximate value of the Brinell 
hardness of the transition region was gained by the following 
experiment: One of the chromium-steel blanks, which had 
been heated to a temperature of 900 C (1650 F), and sub- 
sequently water-quenched, showed an indentation hardness of 
700 Brinell and a scratch width of the microcharacter of 3 


Fie. 12 Same SamMpue as IN Fia. 11, ArreER Heat-TREATMENT AT 
650 F, Ercuep Wirs Picric Acip 
(Magnification of original print, X75.) microns. As composition and structure of the water-quenched 
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blank and the material of the transition region were similar, one 
might conclude that the hardness of the transition region had a 
value of approximately 700 Brinell. This hardness value is 
near that of martensite, while the hardness values of cementite 
as quoted in the literature (7) vary between 660 and 840 Brinell. 

(c) Heat-Treatments. The microstructure and hardness values 
of the transition region seemed to indicate that one was dealing 
with martensite which had been tempered at a lower temperature 
than the bulk material of the steel. The following mechanism 
might account for the formation of the material of the transition 
region: After the eruption had been formed, the load on the 
friction flat rested on the ridge of the transformed material. The 
heat, generated during the friction test, heated the eruption and 
the underlying material to a temperature above the upper critical 
of the steel. It will be shown in the section on heat-conductivity 
calculations that it was possible to reach such temperatures dur- 
ing the running-in tests. The lubricating oil served as a quench- 
ing agent. The transition region was tempered to its final hard- 
ness value by the heat generated during subsequent running-in. 
It seemed desirable to see whether the results of the heat-treat- 
ment test would corroborate these conclusions. 

The effects of different heat-treatments on structure, etching 
characteristics, and hardness values of the transition region and 
transformed material were studied separately. The effects of heat- 
treatment on the properties of the transition region are discussed 
first. 

The sample, shown in Figs. 7 and 8, was heat-treated succes- 
sively at 450 F (232 C), 650 F (343 C), and 850 F (454C). The 
results of the heat-treatments are shown in Figs. 1] to 13. After 
the heat-treatment at the highest temperature of 850 F (454 C), 
the transition region had the appearance of the bulk material of 
the steel; at this stage, all the carbon which was in solution in the 
transition material had been precipitated in the form of iron car- 
bide. 

These heat-treatment tests cleared up one more point related 
to the nature of the transformed material: At the beginning of 
these investigations it seemed possible that the ridges consisted 
of tetragonal martensite which has etching properties similar to 
those of carbides. Already the first heat-treatment at 250 F 
excluded such a possibility. As tetragonal martensite transforms 
to cubic martensite at a temperature slightly above 100 C, and as 
the etching properties of the ridge did not change as a consequence 
of the heat-treatments, the tempering tests showed conclusively 
that the transformed material of the eruptions did not consist of 
tetragonal martensite. 

Next the effect of different heat-treatments on structure and 
hardness of the transformed material was studied. The sample 
which showed the transformation, illustrated in Figs. 9 and 10, 
was sealed in an evacuated pyrex tube. To prevent decarburiza- 
tion of the steel during the heat-treatment, the flat was embedded 
in cast-iron chips. The sample was heat-treated at successive 
temperatures of 1000 F (537 C), 1100 F (593 C), and 1200 F 
(650 C). The microstructure of the material after the heat-treat- 
ment at 1000 F (537 C) is shown in Fig. 14. The section in Fig. 
14 was taken at the same magnification as Fig. 9. Comparison 
of Figs. 9 and 14 made it evident that the grains of the trans- 
formed material grew as a consequence of the heat-treatment. 

Next, the sample in Fig. 15, which showed the largest region of 
transformed material, was heat-treated at temperatures of 1150 
F (621 C) and 1400 F (760 C). As in the previous tempering 
tests, the sample was embedded in cast-iron chips and sealed in 
an evacuated pyrex tube. Before and after the heat-treatment 
the run-in friction flat was etched with nitric acid and picric acid. 
The first heat-treatment at 1150 F did not change the microhard- 
ness, and the etching characteristics as revealed by the two etch- 

ing reagents. The temperature of the second heat-treatment was 


Fig. 14 MicrosrrucTtrRE OF TRANSFORMED MATERIAL SHOWN IN 
Fig. 9, ArreR Heat-TREATMENT aT 1000 F 
(Magnification of original print, X 500.) 


Fie. 15 TRANSFORMED MarertaL or Faiction Fuat 
ErcHep WitH Nitric Acip 
(Magnification of original print, 50.) 


well above the softening point of pyrex glass, and the evacuated 
tubing was flattened by the atmospheric pressure. Despite the 
deformation, the tubing seemed to give the sample adequate pro- 
tection from the oxygen of the air. After this heat-treatment 
structural changes were visible in the transformed region as re- 
vealed by a nitric-acid etch. The transformed region of the sam- 
ple after the last heat-treatment is shown in Fig. 16. The 
scratches traversing the section are traces of the diamond of the 
microhardness tester. 

Before the heat-treatment the transformed material appeared 
white with a nitric-acid etch. Fig. 16 shows that the heat-treated 
transformation revealed structural details with a nitric-acid etch. 
The central part of the tongue-shaped transformation was not 
attacked by an alcoholic solution of nitric acid. However, in the 
parts of the transformation bordering on the bulk material of the 
steel, a nitric-acid etch revealed a disperse phase. This could be 
shown more clearly under a high magnification of 2000 diam. 

Fig. 17 shows the upper part of the transformed region. The 
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Fic. 16 Same SpEcIMEN ASIN Fia. 15, HEAT-TREATMENT AT 
1400 F, ErcHep Nitric Actp 


(Magnification of original print, X50.) 


middle part of the transformed region is at the left-hand side in 
Fig. 17, while the bulk material of the steel is to the right. |. Micro- 
hardness tests revealed that the part of the transformation with 
the dispersed particles was softer than the part of the transforma- 
tion which was not attacked by nitric acid. The results of this 
last heat-treatment seemed to support the assumption reached 
through the etching tests, i.e., that the transformed material con- 
sisted of a phase rich in carbides. When the specimen was heated 
to a temperature above the critical temperature of the steel, the 
iron of the steel went into solution in the carbide-rich transforma- 
tion; during subsequent cooling iron and carbide were separated. 

In the next section it will be shown that the temperatures 
reached during the friction tests were compatible with this hy- 
pothesis. Heat-conductivity calculations led to the conclusion 
that during running-in the local temperatures of the friction flat 
could be well above the critical temperatures of the chromium 
steel. 


Fic. 17 Microstructure oF Upprer Part oF TRANSFORMATION 
SHOWN IN Fic. 16, Ercoep Witn Nitric Acip 


(Decreasing number of dispersed particles toward left. Magnification of 
original print, 2000.) 
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Heat-Conpuctiviry CALCULATIONS 


For the determination of the temperature distribution in the 
flat, certain simplifying assumptions had to be made. Moreover 
the following facts had to be considered: 

It was pointed out previously that most of the transformed 
regions had the shape of ridges protruding over the surface of the 
flat by several microns. After the transformations had been 
formed, the load on the flat was resting on one or several of the 
protrusions, and the heat generated during the test could be con- 
sidered to originate from the area of contact between flat and disk. 
Part of the heat was conducted through the material of the trans- 
formation and the stationary flat, while another part was carried 
off through the rotating cast-iron disk. The ratio of the two 
parts depended upon the values of the heat conductivity of the 
cast-iron disk and transformed material. Because of the uncer- 
tainty as to the nature of the transformed material and the value 
of its coefficient of thermal conduction, it was arbitrarily assumed 
that the frictional heat was evenly distributed between rotating 
disk and stationary flat. 

Furthermore, the amount of heat carried off by the lubricating 
oil was neglected. The heat absorbed by the lubricant could be 
estimated from the rate of oil flow, the specific heat of the oil, and 
the temperature rise of the oil, determined from the reading of the 
thermocouple at the trailing edge of the flat. Such estimates 
showed that the amount of heat carried off by the lubricant con- 
stituted only a very small fraction of the heat generated during 
the friction test. 

Most of the ridges had as irregular configurations as the ones 
shown in Figs. 6 to 17, and it was difficult to arrive at an estimate 
of the area of contact between flat and disk. Some of the trans- 
formations, however, had a more uniform shape. For instance, 
the surface of the eruption depicted in Fig. 18 was fairly flat, and 
its surface area seemed to give a good approximation for the con- 
tact area between flat and disk. More particularly, it was certain 
that the true area of contact between flat and disk was smaller 
than the surface area of the ridge. For that reason, any calcula- 
tion based on the foregoing assumption for the contact area would 

lead to a lower limit of the running-in temperature. 

The problem was treated as two-dimensional; this assumption 
seemed to be justified because nearly all the ridges observed were 


Fic. 18 Taprerep Section oF TRANSFORMED MATERIAL OF CHRO- 
MIUM-STEEL FLAT 


(Etch, nitric acid. Magnification of original, X75 in horizontal, 1875 ia 
vertical direction.) 
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several times as long as they were wide. The length of the trans- 
formation in Fig. 18, for instance, was equal to 3 times its width; 
for other ridges the corresponding factor was as high as 10. In 
order to simplify further the geometry of the configuration, the 
problem was treated as if the contact area of ridge and disk had 
been in one plane with the surface of the friction flat and the rotat- 
ing disk. The treatment of the problem would have been consid- 
erably more difficult if account had been taken of the fact that the 
ridge protruded over the surface of the flat. 

In view of the fact that the friction flats were run-in for the 
comparatively long period of time of 16 hr, it seemed justified to 
restrict the discussions to the steady flow of heat. With the ex- 
ception of the area of contact between flat and disk there was no 
heat source anywhere, and the temperature 7 satisfied the equa- 
tion 

V?7 =0 {1] 
where VY? is Laplace’s operator. 

Elliptic co-ordinates (u, ¢) were used for the solution of Equa- 
tion [1] with the following relation to Cartesian co-ordinates 
(x, y): 

xr = c/2 coshucos¢ 
y = c/2sinhusi ¢ 


» = const represents a family of confocal ellipses and yg = const 
a family of confoeal hyperbolas; ¢ is the distance of the two foci 
which, in the present ¢ase, was chosen equal to the width of the 
ridge in Fig. 18. The area of contact between flat and disk is 
characterized by u = 0, and the boundary line along which flat 
and disk were not in actual contact by 


{0 
and ¢ = 


In elliptic co-ordinates, Laplace’s equation has the following 


form 
oT 0 [2] 
+ 


4 (22 

c2(cosh*u — cosy) \ Ou? 

The solution of Equation [2] is determined by the boundary con- 

ditions of the problem. The heat-conductivity problem can be 

solved for the case of perfect lubrication as well as for the case of 
dry friction. 

The first boundary condition is common to both eases. The 

amount of heat carried off from the actual area of contact per unit 


time is equal to one half the rate of production of frictional heat 


Q, that is 
Sa grad TdA = [3] 


where k is the coefficient of thermal conduction, and T is the tem- 
perature; the integral is extended over the actual contact area A. 

The second boundary condition is different for the case of per- 
fect lubrication and that of dry frietion. The case of perfect 
lubrication is discussed first. The temperature of the boundary 
area of flat and disk not in actual contact is equal to the tempera- 
ture 7, of the lubricant. It can be seen that the following solu- 
tion of Equation [2] satisfies these boundary conditions 


n=l 


The Fourier coefficients A, are determined from the first bound- 
ary condition, Equation [3]. In elliptic co-ordinates, the gra- 
dient has the following form 
—2 or 


cosh2u — cos*¢ Ou 
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If Equation [3] is written in differential form, and if the value of 
the gradient of Equation [5] for « = 0 is inserted into Equation 
[3], one gets 


2k Q 
nA, sin ne = —........ 
sin ¢ l 
n=l 


where l is the length of the ridge. It is evident from Equation 
(6] that all Fourier coefficients vanish except for n = 1. The 
particular solution of Equation [1] for the temperature distribu- 
tion in the friction flat is therefore 
Implicit in the solution, Equation [7], is the assumption that the 
heat source is evenly distributed with respect to the cartesian co- 
ordinate 2, i.e., 
dx c 
source along the area of contact, it is possible to work out other 
solutions; the Fourier coefficients of these solutions can be deter- 
mined from Equation [6]. 

It was pointed out previously that the lubricant was so spar- 
ingly applied that actual conditions during running-in resembled 
more the case of dry friction than that of perfect lubrication. 
Evidently it becomes necessary to use different boundary condi- 
tions for the case of dry friction. While the first boundary con- 
dition still holds, the temperature of the boundary area between 
flat and disk is not that of the lubricant; instead it was assumed 
for the second boundary condition that the temperature at a great 
distance from the actual contact area equals the measured tem- 
perature of the lubricant behind the trailing edge of the friction 
flat. The thickness of the friction flat was chosen as this distance 
from the contact area; for this distance » = yw. If it is 
assumed that the heat source is evenly distributed along the ¢ 
co-ordinate, the line of contact 1 = 0 is an isotherm, and the solu- 
tion of Equation [2] is 


For different distributions of the heat 


tl 


For the particular geometrical configuration of the ridge, 
shown in Fig. 18, the maximum temperature is found to be 
Tmax = 880C, if it is assumed that the coefficient of thermal con- 
duction is k = 0.1 eal/(sec)(em)(deg C). The conclusion is, 
therefore, that the maximum temperature during running-in was 
well above the upper critical temperature of the chromium steel 
of the friction flat. It was pointed out previously that, for both 
solutions [7] and [8], it was assumed that the whole surface area 
of the ridge was in contact with the rotating disk. If, sometime 
during the test, only part of the surface of the ridge was in contact 
with the disk, the maximum temperature might have been con- 
siderably higher than the value thus determined. 


CONCLUSION 


The geometry of steel and cast-iron surfaces was changed dur- 
ing running-in tests. The peaks of initially rough surfaces were 
flattened; initially smooth surfaces were roughened. The geo- 
metrical changes were similar when the surfaces were run against 
a soft bearing material such as babbitt or against a material of 
comparable hardness such as cast iron. The geometrical changes 
were more pronounced when two hard surfaces were run against 
each other. When the surfaces were run against a soft bearing 
material, only geometrical changes were observed. 

On the other hand, when two hard surfaces were run against 
each other, metallurgical transformations were observed besides 
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the purely geometrical changes. To the author’s knowledge such 
transformations have not been reported elsewhere in the litera- 
ture. Microstructure, and etching characteristics, as well as some 
of the physical properties of the transformed material, were de- 
scribed in this paper. Furthermore, it was shown how some of 
these properties changed with different heat-treatments. The 
etching tests and results of some of the heat-treatments seemed to 
indicate that a carbide-rich phase was being dealt with. 

The formation of carbides could be accounted for by the fol- 
lowing mechanism: During the running-in tests the local tem- 
peratures were high enough to cause decomposition of the lubri- 
cant. The nascent carbon set free in this process combined with 
the iron of the steel to form carbides. In this connection it 
might be mentioned that iron carbide was prepared by heating 
iron in liquid hydrocarbons (8). Furthermore, the chromium 
content of the steel was favorable to the carbide formation. The 
volume increase connected with the carbide formation caused the 
load on the flat to shift to the transformation. As a consequence 
the region of the transformation was heated still more. At the 
present time this assumption concerning the origin of the trans- 
formed material is only a hypothesis which should be checked by 
further experiments. 
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A method has been derived for determining the way the 
spring material influences the volume of space required for 
a particular application for a helical spring. It is found 
that this volume is proportional to the material constants 
of the spring in the following manner 


Va \ 

where G is the torsional modulus of elasticity and S is the 
limit of maximum stress. Using a multiplier to give this 
factor a value of 1.00 for music wire, it is found that the 
value for stainless steel is 1.06, beryllium copper 1.34, and 
phosphor bronze 2.66, for the springs on the brushes of 
small motors where springs must operate at temperatures 
uptol00C. Different fields of application requiring differ- 
ent limits of maximum stress will change these values but 
the method still remains the same. 


springs for countless mechanical, electrical, and thermal 
devices have been the subject of considerable study by 
design engineers and the manufacturers of spring materials. 
One of the problems in designing any piece of apparatus is to get 
the required spring properties into the minimum space or to get 
the greatest spring efficiency into a given space. 

Considering the differences in the various properties, this is not 
always a simple problem. The allowable limits of maximum 
stress vary with the application. For example, an instrument 
spring must not be stressed above a point which will give a frac- 
tion of a per cent change in the spring characteristics, although 
these springs operate usually at room temperatures. On the other 
hand, brush springs for small motors and springs on other types 
of electrical and thermal equipment are permitted to change 
several per cent in their properties over a given period of time, 
but they must operate at temperatures up to 100 C, 

The first problem then is to determine the maximum limit of 
allowable stress for the application for the various spring mate- 
rials which come into consideration. 

Table 1 shows the values of the limit of maximum stress S 
and the accepted values of the torsional modulus of elasticity G 
of the spring materials usually considered for small motor brush 
springs. The values of S have been determined by test and ex- 
perience on many applications. 

The problem now is to determine which of these materials will 
provide the required design characteristics in the smallest space. 


The quantities used in the derivation of the formulas are listed as 
follows: 


Be springs for small motors, instrument springs, and 


S = limit of maximum stress, psi 
G = torsional modulus of elasticity, psi 
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Maximum Performance of Helical Springs 


By E. I. SHOBERT, 2np,! ST. MARYS, PA. 
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= force delivered by spring at deflection F, lb 
F = maximum deflection, in. 
N = active turns in spring 
D = mean diameter of the spring, in. 
d = diameter of wire, in. 
J = deflection per turn = F/N, in. 
TABLE 1 VALUES OF LIMIT OF MAXIMUM STRESS AND OF 


TORSIONAL MODULUS OF ELASTICITY FOR SPRING MATERIALS 
FOR SMALL MOTOR BRUSHES 


Torsional modulus 


Limit of maximum of elasticity G, 


Spring material stress S, psi psi 
90000 11500000 
Stainless-steel wire.......... 80000 10000000 
Beryllium-copper wire....... 60000 7500000 
Phosphor-bronze wire....... 38000 6250000 


Fig. 1 shows a typical example of a brush-spring application. 


BRUSH HOLDER 


CARBON BRUSH 


\ 
COMMUTATOR 


Fic. 1 Carson-Bruss-Sprine APPLICATION 


The volume of space V, taken up by one coil of the spring when 
it is completely compressed is 


= 


The problem is now to choose a spring material for a given set of 
operating conditions which will give the lowest value of V. 
The limit of maximum stress S is given by the relation? 


2 “Formulas for Stress and Strain,” by R. J. Roark, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1943, p. 181. 


"7 
| 
| 
| RS 
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2.55 PD 
and the deflection per turn J by the relation? pene 
PF 
J = — = 8] 
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In Equations [2] and [3] the Wahl correction factor has been 
neglected. The Wahl factor corrects Equation [2 for the limit 
of maximum stress for the curvature of the wire in the helix of 
the spring. Where the Wahl factor must be taken into con- 
sideration, it has the effect in the calculations of decreasing the 
limit of maximum stress. Where necessary, it may thus be intro- 
duced into these calculations by using a lower value of S than 
would be necessary on springs where the correction is not re- 
quired. This allowance has been made in the values of stress 
given in Table 1. For brush springs the stress is decreased by 


about 10 per cent. 
Rewriting Equations [2] and [3], we have from Equation [2] 


and from Equation [3] 


5) (6 | 


where m and n are unknown exponents whose values are to be 
determined. Since the exponents of both d and D must satisfy 
Equation [6], we have 


1 — 3m = 2n (exponents of ee (7) 
4m —3 =n (exponents of d)f 


We now write 


Solving these two equations for m and n, we have 


m = 7/11 


Substituting these values into Equation [6], we have 


d?\/ 
= 
d3\"/8 / D3\"/s 


r 8P 


or 
But 


This becomes 


2.55)" 


Thus all of the factors determined by the application are under the 
first root sign and those determined by the material are under 
the second root sign. The smallest spring for any given applica- 
tion will then be that for which the value of the volume factor W, 


defined as 
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W = \ 
Si 
is the smallest. 


Table 2 shows the values of this factor and the ratio of this fac- 
tor for the different materials based on the value of 1 for music 
wire. 


TABLE 2_ VALUES OF THE VOLUME FACTOR OF VARIOUS 
SPRING MATERIALS FOR SMALL MOTOR BRUSH SPRINGS 


5 
Spring material su Volume ratio 
Stainless-steel wire.............. 0.103 1.06 
Beryllium-copper wire........... 0.130 1.34 
Phosphor-bronze wire........... 0.258 2.66 


From Table 2 it is seen that there is very little difference be- 
tween the space requirements of music wire and stainless-steel 
wire for carbon-brush springs. Beryllium copper requires some- 
what more space, and phosphor bronze requires considerably 
more space. Among the first three materials it is often the case 
that the available wire sizes limit the number of different possi- 
bilities so that the steps from one wire diameter to the next are 
sometimes greater than the differences in the materials. In those 
cases, however, where a new design is being considered, in which 
the space is being kept to a minimum, advantage may be taken of 
the relations given. 


CONCLUSIONS 


A method has been derived for calculating the space require- 
ments for various spring materials which rates the different mate- 
rials in their order of preference from the standpoint of space 
needed to satisfy a given set of conditions. The method is derived 
for and applied to the helical brush springs for small motors and 
generators, but it is applicable to a wide variety of helical-spring 
applications. 

It can also be shown that the method described may be used 
to derive the volume factor for other types of springs. The 
volume factor is not necessarily the same function of the elastic 
and stress constants but it serves the same purpose. For example, 
for a cantilever beam rigidly supported at one end and loaded 
at the other, the volume factor is Y/S? where Y is Young’s modu- 
lus. For a cantilever beam rigidly supported at one end with a 


couple at the other, the volume factor is A 


amples are for round or rectangular sections. By use of the vol- 
ume factor, the density of the materials and the cost per |b, it is 
possible to evaluate the materials from a cost standpoint. This 
does not apply to the formula given above for helical springs, 
however, because it was derived on the basis of the volume of 
space occupied by the spring and not the volume of spring ma- 
terial. On this latter basis the volume factor of the material in 
helical] springs becomes G/S?. 


These two ex- 
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The exact solution of thin rectangular plates clamped on 
all or part of the boundary requires the solution of two in- 
finite sets of simultaneous equations in two sets of un- 
knowns. A method of obtaining an approximate solution 
based upon minimization of energy and requiring the 
solution of the first i equations of a single infinite set of 
simultaneous equations is described and illustrated in this 
paper. The approximation functions are derived from 
functions representing the normal modes of a freely vi- 
brating membrane for the same region. Solutions are ob- 
tained for a rectangular clamped plate supporting a uni- 
form or a central point load and for a square plate clamped 
on two adjacent edges and pinned on the other two edges 
with either a uniform or a central point load. Analytical 
results are compared with experimentally determined de- 
flections and stresses. 


INTRODUCTION 


HE study of the behavior of elastic plates has interested 

scientists for many years. During the last 40 years vari- 

ous exact and approximate solutions for clamped rec- 
tangular plates have been presented. The exact solutions (1)? 
have all required the simultaneous solution of two infinite sets 
of dependent equations in two infinite series of unknowns. Two 
methods of obtaining approximate solutions based upon the mini- 
mization of energy have been proposed, one by Ritz (2), and the 
other by Trefftz (3). The reliability of the results obtained by 
either of these methods depends upon the choice of the approxi- 
mation functions. The solution presented here is based on 
Trefftz’s approximation in which the differential equation is 
exactly satisfied, but some of the boundary requirements are 
relaxed. The approximation or correction functions are obtained 
from functions representing the normal modes of freely vibrating 
membranes and of membranes subjected to static loading. This 
method was proposed by Weinstein (4) and later applied to a 
square plate with a uniform load by Weinstein and Rock (5). 
The method is extended here to include rectangular plates with 
uniform and with point loads and also plates clamped on part of 
the boundary and pinned on the other edges. The advantages 
of this method are: (a) It is necessary to solve only a single set 
of simultaneous equations; (b) the element of judgment in the 
selection of the approximation functions is eliminated; and (c) 
a satisfactory solution is assured if the solutions of the static and 
vibrating membranes for the same region are available. 
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Bending of Clamped Plates 


By W. B. STILES,? AMES, IOWA 


GENERAL SOLUTION 


The deflection ww, of a thin elastic plate over the region S and 
clamped along the boundary C satisfies the Lagrange plate equa- 
tion 


Vw(z,y) = = in S 


where 


o? 
v2 
Ou? + oy? 


w(x, y) = deflection of middle surface of plate 
q(x, y) = load per unit area normal to surface of plate 


Eh? 
D= 120 — ») is plate stiffness factor 
h = thickness of plate 
E = Young’s modulus for material and 


vy = Poisson’s ratio for material. 


In addition w(s) must satisfy the boundary requirements 


on 


where n and s are co-ordinates normal and tangential, respec- 
tively, to the boundary. 

If part of the boundary is pinned (free to rotate) instead of 
being clamped Equation [3] is replaced by 


aw (Ow 


where M, is the bending moment (per unit of length) normal to 
the edge of the plate. For a polygonal plate this is equivalent 
to requiring that the Laplacian of w vanish along the pinned 
edge since in this case 


that is 


.... [4a] 


The approximate solution presented here for a rectangular plate 
satisfies Equations [1], [2], and [4] or [4a] exactly, but Equation 
[3] along the clamped boundary is replaced by a series of 7 less 
restrictive conditions 


ou; 


where p,(x, y) is one of a series of harmonic functions, and the 
integral is evaluated along the clamped portion of C. 

The procedure for obtaining the ith approximation to the solu- 
tion is outlined in the following steps. Justification of this 
solution is included in the Appendix. 

1 Obtain a function wo(z, y) which is a solution of the “‘pri- 
mary problem” defined by 


= q/DinS 
wels) = = fo 
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This primary function represents the deflection of a plate sub- 
jected to the Navier requirements, and for a polygonal plate is 
the same as the solution with the edges pinned. The primary 
function may be obtained from the solution of two successive 
static membrane problems.‘ 

2 Obtain the expression for the normal forms of the deflection 


u;(x, y) of a freely vibrating membrane for the same region from 
the equations 


V2uj + = Oin§ [7] 


where w; is a characteristic value or eigen value of the function. 
The u; functions must be arranged in order of increasing values 


of Wj. 
3 Construct the harmonic functions p;(z, y) satisfying 


V2p;(z, y) = Oin S 
ra) 

pi(s) = on the clamped contour [8] 
n 


and p;(s) = 0 on the pinned contour- } 


4 Construct the correction functions v;(z, y) from the equa- 
tions 


V2u;(z, y) = p;(z, y) in S 


5 Set up and solve the following set of simultaneous linear 
equations for the 7 constants ay. 


uf f pipedr dy = — ff 
j=l 


[10] 


The integrals are evaluated over the entire region S. 
6 The ith approximation may now be written as 


y) = wol(x, y) + {1l] 


j=1 


This method of obtaining a solution will be applied to a rec- 
tangular plate clamped on all edges and subjected to a uniform 
load and to a central point load; and to a square plate clamped 
on two adjacent edges and pinned on the other edges also sub- 
jected to a uniform load and to a central point load. 


CLAMPED RECTANGULAR PLATE 


In applying the procedure to clamped rectangular plates it is 
convenient to choose axes as shown 

y in Fig. 1. The primary func- 
tions for a uniform load q, and for a 
central point load P, may be ob- 
tained either in the form of a double 


S series (Navier solution) or in the 
form of a single series.® 

a The primary function expressed 

as a single series is given by Equa- 

g tion [12a] for a uniform load q, and 


by Equation [12b] for a central 
point load, P 


4 See Timoshenko (1), p. 99. 
5 See N&dai (1), pp. 118-119; and 
Timoshenke (1), pp. 128 and 230. 
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[12b}] 
b 
where \ = . Equation [12b] is valid only for y > 0 but from 
symmetry 


wo(a, y) = wo(z, —y) 
The functions of the normal modes of a vibrating membrane 
for the rectangular region in Fig. 1 are of the form 


COS cos 
“uj = or or 
sin ajz) (sin Byy 


where 


In order to satisfy the boundary requirement in Equation [7], 
m and n must be odd in the cosine terms and even in the sine 
terms. Since the examples to be considered here are symmetri- 
cal with respect to the co-ordinate axes, only even functions need 
be retained and the characteristic membrane functions become 


uz = cos (mrz/a) cos (nry/b) m,n = 1,3, 5..... {13} 


When u; from Equation [13] is substituted in Equation (7), 
the eigen values w; are found to be 


2 
= (m* + m,n = 1, 3,5, ... 


where again \ = b/a. 


The eigen values w; should be arranged in order of increasing 
magnitude. For example, when \ = b/a = 2 


w = 1.25%?/a* 
we = 3.2527/a? 
ws = 7.2527/a? 
ws = m=3, n=1 
ws = 11.252%?/a? m=3, n=3 
we = 13.2547/a? m=1, n=7 
etc. 


The following harmonic functions p;(z, y) are determined ac- 
cording to Equation [8] 


cosh cos Byy 
cosh B;a/2 


where m and n assume values of 1, 3, 5 ... for values of j = 


m=l1, n=1 
m=1, n=3 
m=il, n=5 


cosh ajy COs (14) 


ajb/2 


pilz, y) = a; 
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1, 2, 3, ... according to the series of eigen-values, w;. Thus for 
p,m=n=1; forp,,m = 1,n = 3,etc., fora plate ratiod\ = 2. 
Only even functions of x and y are retained in Equation [14] be- 
cause of the symmetry. 

The correction functions v;(z, y) may now be constructed by 
obtaining the solution to Equation [9], in which p;(z, y) is sub- 
stituted from Equation [14] 


y) = pi(z, y) in S 
vj(#a/2, y) = =b/2) = 0 


Assume 
= U; + 
and let 
a; COs Byy 
cosh B;a/2 
and 
> 8; COS ajz 
Then 
= + Uj) 
(X." — 71008 Biv 8; COS 
(X; B; ;) cosh 8,a/2 + (Y; aj Y;) b/2 


pi(z, y) 


From which 

X;’ — 8;?X; = cosh 
and 

— aj*¥;= cosh ayy 


The solutions of these ordinary differential equations are 


X; = Aj; cosh 6;z + B; sinh + sinh 


Y; = C; cosh ajy + sinh ay 


The constants A;, B;, C;, and D; are obtained from the bound- 
ary conditions 


a 
A,= tanh 8;a/2 


b 
C; = — — tanh a;h/2 
4a; 


The biharmonic correction functions then are 

a; cos ( a B;a 
(2, y) cosh 8,a/2 6; 2 tanh cosh 6,2 


8;Cos a,x b ajb 
sh a,b/2 (2 sinh tanh cosh a)... [15] 


The a; constants may now be obtained by substituting Equa- 
tions (14] and [15] in Equation [10]. Let as = rx/a, and Be = 
#x/b in addition to the expressions for a; and 8;. The first in- 
tegral in Equation [10] becomes 


ntr-3 m+s—2 
SS pip, dz dy = \*mnrs + (—1) 2 | 


+ nt)?” + 
nr 
+ bn. 8n ( tanh 4 
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+ ( tant + sech . (16] 
where dn,. is unity for n = s and zero for n # s, and similarly 
bm,r is unity for m = r and zero for m = r. 

Equation [16] for the coefficients of a,; in Equation [10] is 
independent of the loading, except that the deflections are as- 
summed to be symmetrical with respect to the co-ordinate axes 
which requires a symmetrical loading. 

The right-hand side of Equation [10] must be evaluated for the 
particular type of load being studied. For a uniform load g over 
the entire plate the integral becomes 

-1 


8 
_ 240? 2 | sx 
r-1 
s(—1) 2 | rev rar 
+ sech — tanh | {17} 


For a point load, q¢ is zero except at the point of application of 
the load where it becomes infinite. The integral may be evalu- 
ated by assuming a uniform load over a small area in the vicinity 
of the load point. If, as the area decreases, the intensity of the 
load increases in such a manner that the product of the intensity 
of the load by the area remains constant and equal to the concen- 
trated load, the limit of the integral, as the area approaches zero, 
is the desired result for the point load. The same result may be 
obtained by multiplying the value of », at the load point by P/D. 
Thus for a central point load 


P 
dz dy = 5% (0, 0) 


cosh 95 2 


When the coefficients determined from Equation [16] and either 
Equation [17] or [18] are substituted in Equation [10], the result 
is a system of simultaneous linear equations which may be solved 
for the a,; constants. The equations in Table 1 are the result 
when \ = 2andi = 5. Since the left-hand side of each equation 
is the same for all symmetrical loads, it is not repeated for the two 
types of loading considered here. The solutions for these two 
sets of equations are given in Table 2. 

The fifth approximation for uniform and central point loads 
may now be written from Equation [11], since w» is given by 
Equations [12a] and [12b], is given by Equation [15], and the 
as, constants are in Table 2 for these twoloads. These solutions 
satisfy the plate equation, Equation [1], and the boundary con- 
ditions, Equation [2], exactly. The boundary requirement for 
the slope, Equation [3], is not exactly satisfied, but the norma! 
slope along the edges is reduced in general to less than 3 per cent 
of the edge slope of the same plate with pinned edges, see Table 
3. The resultant slope will be reduced still further if more terms 
are used in the approximation but this is usually not necessary 
since it is difficult to obtain even this degree of fixity in practice. 


RECTANGULAR Piate Wits Two Apsacent Epces CLamPEpD 
AND Two Epcss PINNED 
The procedure outlined in the foregoing may be applied to 
plates clamped along part of the boundary and subjected to the 
Navier requirements (pinned edges for polygonal plates) along 
the restofthecontour. To illustrate this, consider the rectangu- 
lar plate in Fig. 2, clamped along the edges z = 0 and y = 0, 
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TABLE 1 SIMULTANEOUS EQUATIONS IN aij, EQUATION [10], CLAMPED RECTANGULAR PLATE; 


COEFFICIENTS IN ay, “ff, p, dx dy “ff(a/r) v,, dx dy 
852 Unif ora Central Point 
Load 
3 4 2 3 4 5 
3 
k ml, ol | orl, 3 | ol, 5 | | mult, by mult, dy 
| 8,613,402 | 2,837,225 | 5,297,206] 22,683,896 | -0,957,257] =0,246,217,95 or 0,269,023,85 
2 
#3 | 2,837,225 | 4,130,885 | 4,871,500] 5,831,111 | 4,350,962] =0,082,676,99 or 0,095,213,43 
rel, | 5,297,206 | 4,871,500 | 12,224,972| 9,535,501 |-4.453,852| =0,158,526,31 or 0,111,367,41 
4 
| 22,683,896 | 5,831,111 | 9,535,501| 62,317,403 | 0,290,474 | =0,644,123,87 or 0,742,641,12 
|-0,957,257 | 4,350,962 | -4.453,852| 0,290,474 | 22,539,624 | =0,035,559,01 or 0,092,304,08 
TABLE 2 VALUES OF aij COEFFICIENTS, CLAMPED RECTAN- g 
GULAR PLATE; 2 = 2,1 =5 
Uniform load Central point load . 
multiply by — by 
Pa 
D D 
au 0.031,290,3 0.015,162,3 
au 0.000;511,8 —0_002;178;4 
ass —0.000,072;3 0. 000,156,0 
x 
Fie. 2 
TABLE 3 EDGE SLOPES FOR CLAMPED RECTANGULAR PLATE; \ = 2 =2 
and 0 0.1 0.2 0.3 0.4 0.5 
Pinned slope, —0.03263 —0.03145 —0.02797 —0.02183 —0.01230 0 
1 
Blq 8 vj 
Correction slope, 0.03291 0.03163 0.02783 0.02151 0.01257 
oP 
3% Resultant slope, St 0.00028 0.00018 —0.00014 —0.00032 0.00027 0 
5 
BB sw Pinned slope, 5* —0.01975 —0.01885 —0.01621 —0.01198 —0.00641 0 
ps a 
3 beg ~ Ovj 
Correction slope, 0.01907 0.01835 0.01614 0.01236 0.00696 0 
j=l 
Resultant slope, <* —0.00068 —0.00050 —0.00007 0.00038 0.00055 0 
Pinned slope, a“ —0.04501 —0.04040 —0.02971 —0.01842 —0.00877 0 
SIN 
5 
Correction slope, 0.04376 0.03996 0.03037 0.01890 0.00843 0 
Resultant slope, —0.00125 --0.00044 0.00066 0.00048 —0.00034 0 
ag Pinned slope, 5 —0.01369 —0.01301 —0.01106 —0.00805 —0.00422 0 
DIN 
5 5 
Correction slope, 0.01586 0.01448 0.01099 0.00681 0.00308 0 
oy 
j=l 
Resultant slope, —— 0.00217 0.00147 —0.00007 —0.00124 —0.00114 0 
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and pinned along the edges z = a and y = b. The vibrating- 
membrane characteristic functions are 


uy = sin a,x sin 
where 
a; = mr/a, B; = nx/b, and m,n = 1, 2,3, ... 


The eigen values for these functions, from Equation [7], are as 
follows 


2 
wo; = (a;? + = (m? + 
and should be arranged so that w,; increases as j increases. 


The harmonic functions p,(z, y) must be constructed subject 
to the conditions 


du; 
p,(a, y) = 0, p,(z,b) = 0, p,(0, y) = a] 


and 


= 
Pil ) oy y=0 


from Equation [8]. The function 


p; = 8;(cosh ayy — coth a,b sinh a jy) sin a;z 
+ a;(cosh — coth £,asinh sin B,y 


eevee 


satisfies these requirements. 
When Equation [20] is substituted in Equation [9] the correc- 
tion functions »,(z, y) are found to be 


v; (x, y) = (8;/2a;)(b esch? a,b sinh a;y — y coth a,b cosh ay 
+ y sinh a,y) sin a;t + (a;/28;)(a esch? sinh 
— z coth cosh + z sinh 8,2) sin 


In order to determine the values of a,; from Equation [10], 
the two area integrals must again be evaluated. The results in- 
cluded here apply to a square plate, \ = 1. If m and n are dif- 
ferent in a, and §,, or if r and s are different in a, and §,, there 
will be two identical rows and columns, for each combination of 
m and n or of r and s, in the simultaneous equations for a,,;. 
Since this is an indeterminate system, these terms are omitted, 
that is, the only terms retained are those in which m =n andr = 
s. This procedure applies only to a square plate. The result of 
the first integration in Equation [10] is 


2m?r? 


SSP dz dy = (m? + 


+ 8m, (= coth mx — 2mz esch? mr) 
where as before 5m, is unity for m = r and zero for m # r. 


TABLE 5 CLAMPED EDGE SLOPES FOR §S 
EDGES AND PINNED 


(Each value is to be multiplied by % 1 for the 


Uniform loa 


Pinned Correction Resultant 
slope, slope, 
owe ov; ows 
y/a oz oz oz 
j=l 
0 0 ‘ 0 
0.1 0.004,481 —0.004,521 —0.000,040 
0.2 0.008,290 —0.008,24 0.000,042 
0.3 0.011,138 —0.011,136 0.000,002 
0.4 0.012,894 —0.012,920 —0.000,026 
0.5 0.013,480 —0.013,468 0.000,012 
0.6 0.012,894 —0.012,870 0.000,024 
0.7 0.011,138 —0.011,155 —0.000,017 
0.8 0.008,290 —0.008,307 —0.000,017 
0.000,028 
0 
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Equations [23] and [24] are the result of the integration of the 
right-hand side of Equation [10] for a square plate with a uniform 
load q, over the entire plate and with a point load P, at z = a/2, 
y = b/2, respectively. 


a? 
SS (q/D)v; da dy = esch*rzr (cosh rr — 1)(rxr 


—sinh rr), r = 1, 3, 5 


dz dy = 


[sinh rx/2(2 esch? rx + 1) 


— coth rr cosh rx/2] r = 1, 3, 5, 


The value of Equations [23] and [24] is zero for r = 2, 4, 6, ... 
Equations [22], (23], and [24] were evaluated for values of 
m and r (j and k) from 1 to 5 and the results substituted in Equa- 
tion [10], giving two sets of simultaneous equations in a,;, one 
for a uniform load and one for a point load. The values of the 
constants a;; are given in Table 4. The solution wo, of the pri- 
mary problem is the same as the preceding problem, and the ap- 
proximate solution ws; may be written from Equation [11]. 


TABLE 4 VALUES OF ou COEFFICIENTS, SQUARE ae 
CLAMPED ON TWO ADJACENT EDGES AND PINNED ON TH 
OTHER EDGES; i = 


Uniform load, load, 


multiply by mul ¥ y by 

qa* ‘a 

D D 
an 0.021,428,7 0.045,596,1 
ass —0.001,845,0 —0.003,716,6 
ass —0.000,105,2 —0.002,083,7 
au —0.000,251,7 —0.000,416,7 
au —0.000,056,2 —0.000,153,1 


This solution satisfies the plate equation, Equation [1], and the 
boundary requirement, Equation [2], exactly, and the normal 
bending moment along the pinned edges vanishes. Thus the 
value of the solution depends upon the degree to which the edge 
slope of the surface represented by the approximation approaches 
zero along the clamped edges. The resultant slope along the 
clamped edges is given in Table 5, together with the slope when 
the edges are pinned. The resultant slope is seen to be very 
small in comparison with the slope when the edges are pinned. 

Values of the clamping moment and the deflection along the 
diagonal of symmetry, which includes the maximum deflection, 
are of particular interest. These are shown in Fig.3. The maxi- 
mum edge moment for a uniform load is about 0.069 qa? and oc- 
curs at approximately y = 0.57 a, and, for a point load, the maxi- 
mum moment is about 0.163 P at y = 0.554. The maximum de- 
flection with a uniform load is about 0.0023 ga‘/D atz = y = 
0.54 a, and with a point load is 0.0067 Pa?/D at zx = y = 0.554. 


UARE PLATE CLAMPED ON TWO ADJACENT 
N THE OTHER ae EDGES 


uniform load or by “3 


Central point 


for the point load.) 


Pinned Correction Resultant 
slope, slope, 
dwo dws 
ox 22 oz 
j=l 
0 0 0 
0.008,615 —0.008,679 —0.000,064 
0.016,644 —0.016, 0.000,062 
0.023,372 —0.023,368 0.000,004 
0.027,943 —0.027,985 —0.000,042 
0.029,576 —0.029, 0.000,033 
@.027,943 —0.027,918 0.000,025 
0.023,372 —0.023,397 —0.000,025 
0.016,644 —0.016, —0.000,012 


ae 
be 
3 
[24] 
2 
[22] 
Q } 
r 
5 
. 
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Fic. DrrLecrion anp CLamMpInG MomENT oF SqQuaRE PLATE 
CLAMPED ON Two EDGES AND PINNED ON Two EDGES 


EXPERIMENTAL PROCEDURE 


Deflections and strains were measured on a clamped rectangu- 
lar plate with a central point load to get experimental verifica- 
tion of the approximate solution. A piece of '/,-in. steel boiler 
plate was bolted between frames of ’/s-in. X 4-in. bar stock and 
the entire assembly clamped to the bed of a testing machine. 
The clear spans between the clamping frames were 14 in. and 28 
in., respectively. Deflections were measured with dial indica- 
tors, and strains were secured by means of Huggenberger tens- 
ometers with 1.00-in. gage lengths. A load of approximately 1000 
lb was applied through a */,-in-diam loading die at the center of 
the plate. The value of Young’s modulus of 29,200,000 psi was 
obtained from a simple beam test, and Poisson’s ratio was as- 
sumed to be 0.30. 

The measured deflections for a 1000-lb load are shown in Fig. 4 
together with the calculated deflections for the same plate with 
pinned and with clamped edges. The stresses determined from 
strains measured at two points, and the computed stresses for 
the same points are given in Table 6. The experimental results 
are seen to be between the calculated results for a pinned plate 
and those for a clamped plate. This indicates that the clamping 
frame was not entirely rigid and that some rotation occurred at 
the edges. Previous experiments (6) have also indicated the dif- 


TABLE 6 COMPUTED AND MEASURED STRESSES 
(14 X 28 in. clamped rectangular plate; central point load of 1000 Ib) 


Note: A negative sign (—) indicates compressive stress. 
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Point z= 56in., y = 0 z=0, y = 56in. 
Sy, Sy, 
psi psi psi psi 
Pinned edges (theoretical) —2800 —2940 —8590 —1717 
Clamped edges (theoreti cal) 7220 1270 —3960 713 
Clamped edges (measured) 5070 1190 —4390 100 
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+ Measured deflection; clamped plate 
ec Calculated deflection; clamped p:ate 
O Calculated deflection; pinned plate 


Fic. 4 Deriecrion or Pirate Wits CENTRAL 
Point Loap or 1000 Ls 


ficulty of preventing rotation at the edges and, since this is proba- 
bly true in most instances, the theoretical requirement that the 
normal derivative vanish at the edges seems to be less important 
than the other requirements. 
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Appendix 
The strain energy Vi, of a thin plate is given by the expression 


D d*w 


2 
Oxrody 
and the change of the potential energy V2, of the load is 


Vi = —S Sq dz dy 


If the edges of the plate are clamped or if the plate is po 
lygonal the second term in the integral for V; vanishes identi- 
cally and the total change of energy is 


A= 
. 
| 
| 
® 
Whee 


STILES—BENDING OF CLAMPED PLATES 


Any deflection function w, which satisfies Equation [1] mini- 
mizes V in Equation [25], and if it also satisfies the boundary 
requirements it is a solution of the plate problem. An approxi- 
mation to w may be obtained by determining a primary function 
0, which satisfies Equations [1] and [2], but for which the bound- 
ary condition of Equation [3] is withdrawn, and adding to wu, 
a series of correction functions which make the normal derivative 
along the clamped edges approach zero. The correction func- 
tions must also satisfy Equation [1] with g = 0, and Equation [2]. 

In order to determine the primary function wo, a “natural” 
boundary condition may be obtained by a variational procedure. 
Since the energy V is a minimum, the variation of the energy 
éV vanishes for stable equilibrium, that is 


= SS — dx dy = 0 


and when the first term of the integral is transformed by Green’s 
formula, the variation becomes 


6 
= SS — q) dx dy + D ds 


—— ds =0 
on 


— DS iw 
The first and third integrals are zero, since by hypothesis DV ‘tw 
= qin S and w, = 0 on the boundary, which means there can be 
no variation of won C. As a result, the second integral above 
must be zero on C, that is 


The requirement of Equation [26] is called a ‘‘natural’’ boundary 
condition because it is obtained as a result of Equations [1] and 
[2] and the minimization of Equation [25]. 

The function wo. thus satisfies the Navier boundary require- 
ments, W = V2we = 0 on C, which, for a polygonal plate, are the 
same as the conditions for pinned edges. The primary function 
may be obtained as the solution of two successive static mem- 
brane problems.‘ 

The solution of the clamped-plate problem is obtained as the 
limit of a series of intermediate problems with modified boundary 
conditions. The ith approximation is of the form 


= Wo + (27] 


j=l 

where the v,’s are a complete set of biharmonic functions of z 
and y which vanish on the contour and whose Laplacian’s vanish 
along the pinned edges, and the a,,’s are undetermined constants. 
The function w, thus satisfies Equations [1], [2], and [4a], since 
= q/D and Vy, = Oin S, wo(s) = »;(s) = 0 on C and 
= 0 on the pinned edges. The a,; constants are determined from 
the i boundary requirements 


ow 
SP = ds = 0 on the clamped boundary, k = 1, 2, 3, ... 4, 


where p, = V%,. 

The demands of Equation [28] are less restrictive than requiring 
du; 

that > = 0 on the clamped edges. 


we “natural” boundary condition for w, is (from Equation 


‘ 
V2w, = a3; V0; a,, on Cc. [29] 
j=l 
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The correction functions v, are biharmonic by hypothesis and 
since by definition p; = V*v,; the p; functions are harmonic, that 
is, V*p; = 0. 

When Green’s formula is applied to Equation [28], the bound- 
ary condition becomes 


Sp ds = as + SS de dy 
—S dz dy = Sf Sf pm Vw; dz dy = 0 


as wy, = Oon C and = Oin S. 
If, for convenience, f; is set equal to V?w, the following equa- 
tions may be written 


Vf, = = q/D 
or, since V*p; = 0 


aups) = 9/Din 


j=l 


@ ous) = OonC 


j=l 


and 


from Equation [29]. 
The solution of the preceding differential equation is 


got 


a;;p; = G(q/D) 


or 


f, = G(q/D) + a;;p; in S 

j=l 

where G(q/D) is a function whose Laplacian is equal to ¢/D 
throughout the region and which becomes zero on the boundary. 


Thus 
V*[G(q/D)] aus | = q/DinS 


j=l 
and G(q/D) = OonC. 
Similarly, since V*w,; = f,in S, and w, = 0OonC 


= Gf; 


= a| + 


j=l 
= G G(q/D) + a,;Gp; 
j=l 


‘ 
= we + 
j=l 
and since f; = VY *w,, Equation [30] may now be written 
SS dz dy = SS ps G(q/D) az dy 


+S Sf > de dy = 0....{31] 


j=l 


> 
- 
9 
| 
4 
= 
‘ 
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, 
| 
H 
: 
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Applying Green’s formula, the second integral in Equation [31] 
becomes 


SS px G(q/D) dz dy = S G(q/D) dz dy 


= S Sn¥°G(q/D) dz dy + SG(q/D) ds 


— Sn 
= SS VG(q/D) dx dy 
= SS (q/D)u dz dy. 


The line integrals vanish because »% = 0 on C by hypothesis and 


G(q/D) =f; — a;;p; = OonC 


j=1 
from Equation [29]. Equation [31] may now be written 


+ 


a; S S dx dy = —S (q/D) dx dy 
j=l 
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The preceding set of 7 linear equations thus provides a means 
of determining the constants . . . ai in terms of the har- 
monic functions p; and p,, the biharmonic functions v:, and the 
load function g. The value of the approximation obtained by 
substituting these constants together with the », functions in 
Equation [27] depends upon the choice and completeness of the 
set of correction functions, »;(z, y). Weinstein has shown (4) 
how the »,(z, y) functions may be obtained from the p,(z, y) 
functions which in turn are obtained from the functions of the 
normal modes of a freely vibrating membrane for the same region 
8. 

The procedure is outlined at the beginning of this paper, and 
a set of correction functions so constructed assures a satisfactory 
solution since it constitutes a complete set of independent func- 
tions. 
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The Influence of Size on the Brittle Strength 
of Steel 


By N. DAVIDENKOV,' E. SHEVANDIN,! ano F. WITTMANN!, LENINGRAD, RUSSIA 


In this paper the influence of size effect on the impact 
cold brittleness of carbon steel is discussed. Static bend- 
ing of notched specimens shows the same size effect, so 
that an assumption of the special role played by high 
velocity must be rejected. The experiments on the deter- 
mination of the critical temperature of brittleness for 
impact-tension tests also display the size effect and 
therefore exclude any possible influence of the stress 
gradient. Experiments on static tension and bending of 
cylindrical specimens of brittle phosphorous steel in 
liquid air reveal the statistical nature of the size effect 
and give a good qualitative verification of Weibull’s theory. 
Weibull’s homogeneity exponent m calculated from ex- 
periments with tension and bending is found to have 
nearly identical values (namely 23.5 and 25.4). The theo- 
retical values of the brittle strength of small specimens 
calculated with this value of m differ from the experi- 
mental ones by about 3 per cent; the ratio of the strengths 
in the case of bending and tension is found experimentally 
to be 1.40 against 1.39, according to the theory. The 
“scatter” in particular values for large specimens, as 
predicted by theory, is smaller than for small ones. 


fluence of the size of the test bar on the impact strength 

of steel was discovered, until now the physical nature of 
this phenomenon has remained obscure. At the Sixth Congress 
for Testing Materials in 1912, Charpy (1)? presented data showing 
that a threefold increase of all the dimensions of a notched speci- 
men did not produce a threefold increase in the energy absorbed 
by the specimen. The factor of increase instead of being 3° = 27 
was only 12-18, i.e., about one half the amount predicted by the 
Barba-Kick law of similarity. 

These observations have since been fully confirmed by other 
investigators (2) who have established that the tendency to de- 
velop crystalline fractures, characterizing impact brittleness, is 
better manifested on large specimens than on small ones. In 
analyzing impact tests, a theory was developed (3, 7) which 
satisfactorily explained the influence of low temperature, high 
striking velocity, and state of stress, including the notch influence, 
on brittle fractures. It is well known that these factors change 
the ratio between the resistance to deformation and resistance to 
brittle failure, or the ratio between the shear and normal stresses; 
the size effect by itself does not fit any of these explanations and 
no explanation is so far available. The only theory capable of 
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‘ LTHOUGH more than 30 years have elapsed since the in- 


explaining this effect is the statistical one. This, however, has 
not been verified by a sufficient number of tests nor has it been 
universally accepted. It appeared therefore that this question 
deserved serious attention, especially since there is considerable 
practical danger in estimating the strength of large brittle pieces 
based on tests of small-size specimens. 


Tests TO DETERMINE CAUSES OF EXCESSIVE 
BRITTLENESS IN CARBON STEEL 


With the foregoing considerations in view, the authors carried 
out an investigation of the real causes of the excessive brittleness 
of large specimens of carbon steel which are manifested by the rais- 
ing of the critical temperature of cold brittleness and by the small 
mean value of the absorbed specific energy (referred to unit vol- 
ume). 

Preliminary considerations enabled a number of possible causes 
of failure of the similarity law to be rejected. 

In the first place, it was natural to suspect the influence of non- 
homogeneity of the material due to the absence of ‘‘inner’’ 
similarity: Compared with the external size of the specimen, the 
crystallites (grains) appear smaller with increase in specimen size. 
This assumption, however, must be rejected because a number of 
investigators including the present authors (4) have shown that a 
decrease in grain size shows not a decrease but an increase in im- 
pact strength and, accordingly, a decrease in the critical tempera- 
ture of cold brittleness. 

It could be further supposed that the impact strength of a 
specimen depends upon the quality of the surface which is cold- 
worked in machining. Since, with increase in size, the ratio of the 
surface to volume decreases, its influence on the test results must 
be smaller for large specimens than for small ones. This explana- 
tion must, however, be rejected for the authors’ experiments have 
shown that cold-working of the surface increases the brittleness of 
the specimen, raising the critical temperature of cold brittleness, 
i.e., acts in a contrary direction. 

An attempt to explain the influence of size by micro-nonhomo- 
geneities of the metal over the cross section of the bars from which 
the specimens were prepared was also refuted by the authors by 
adopting various methods of cutting out the samples. 

There arose a further question whether or not the size effect is 
connected with the impact type of testing. It is known that the 
similarity law requires certain conditions concerning the impact 
velocity, which usually are not fulfilled. In order to sustain a con- 
stant rate of deformation (necessary for canceling the influence 
of this rate on the flow stress and, consequently, on the critical 
temperature), the weight and the impact velocity of the hammer 
must be changed in direct proportion to the size of the sample 
(the inertia forces being considered) (6). 

If the impact velocity is a real cause, then in the case of static 
tests the size effect should vanish. This was checked in 1914 by 
A. Dragomirov (7) who performed static bending tests with 
notched specimens of various sizes and showed that the brittle 
failure is accompanied by a drop of load in the bending dia- 
gram. In the case of large specimens, this drop took place rela- 
tively earlier than for small ones; this proved that the size effect 
is not connected with the impact velocity of testing. 
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The authors repeated Dragomirov’s experiments by prescribing 
stricter conditions of similarity. When the sizes of the Mesnager 
type of specimens and their spans were changed, as was done by 
Dragomirov, the radii of curvature of the supports’ and of the 
knife-edges were also changed by the authors. The tendency to 
cold brittleness was expressed, Fig. 1, by the ratio K of the maxi- 
mum load Pmax to the load Py of the first (and usually the main) 


drop of load in the bending diagram, k = Hast (The larger the 
f 


value of k, the later the drop takes place, and the smaller the 
tendency to brittle fracture.) 

Specimens of normally annealed steel (0.45 per cent C) of the 
three sizes, 10 X 10, 15 X 15, and 20 X 20 mm, a total of 13 pieces, 
were compared. 

The results obtained are represented in Fig. 2, and in Table 1. 


TABLE 1 VALUES OF & = 2@**IN CASE OF STATICAL BENDING 


Sise of specimens 
(cross section), mm -—Particular values of k&—— Average k 
10 X 10 1.33; 1.37; 1.41; 1.52 1.41 
15 X 15 1.07; 1.07; 1.10; 1.30; 1.21 
20 X 20 1.00; 1.00; 1.00; 1.26; 1.44 1.12 
160 
150 
140 
130 
110 9 
1 
10x10 15x15 20%20 
Dimensions am 
Fia. 2 


In spite of the small number of points and the narrow range of the 
variation of the size, they show definitely that by increasing the 
size of the specimen the mean value k steadily decreases (from 
1.41 to 1.12); and consequently the size effect is manifested not 
only in impact-testing but also in static-testing. 

It should be mentioned that individual values of k show a large 
“scatter” and that this scatter overlaps the intervals between 
the figures for neighboring sizes so that the development of a 
functional correlation is out of the question. This will be dis- 
cussed later in the paper. 

Based upon these results, one more explanation brought for- 
ward by Fettweis (8) had to be rejected. This involved the as- 
sumption that the end of a brittle crack, acting as a notch, be- 
comes relatively sharper as the size of the specimen ‘is increased. 
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The foregoing experiments show that the decrease of the ab- 
sorbed energy is a consequence of an earlier appearance of a 
brittle crack and not of the change of energy needed for its propa- 
gation, which, in general, is insignificantly small. 

One more explanation could be proposed, which takes into 
account that, in the case of a nonhomogeneous state of stress (for 
instance, bending, torsion, and so on), the stress gradient varies 
with a change of size; for the same values of stresses on the sur- 
face it will be larger the smaller the size of the body. A certain in- 
fluence of the gradient of the stresses on the propagation of a 
brittle crack seemed to be not improbable. It could be assumed 
that large stress gradients make crack propagation more difficult 
and therefore make small specimens less inclined to cold brittle- 
ness. 


SENSITIVENEsS TO S1zE Errect In SPECIMENS 


In order to check this assumption, experiments were carried out 
to examine whether there was a sensitiveness to the size effect in 
specimens subjected to a uniform tension. 

In these experiments, plain-carbon steel of 0.25 per cent carbon 
was used, annealed for 2 hr at 1000 C, in order to obtain large 
grains and brittle fractures at temperatures above that of liquid 
air. Unnotched specimens for tension tests of three different 
sizes (d = 2,5, and 10 mm) and for bending tests of four sizes 
(d = 2, 6, 10, 16 mm), 35-40 pieces for each size, were prepared. 

For precise fulfillment of all conditions of similarity at impact, 
the following measures were taken: (a) The weights of the im- 
pact hammers were varied in direct proportion to the size of the 
specimens; (6) the impact velocities were altered in the same 
ratio; (c) in the case of bending tests, the radii of the knife-edges 
and of the supports applying the load were altered propor- 
tionately. 

In the tests the critical temperature of the transition to the 
brittle state was determined by measuring the necking in the case 
of tension, and the fracture angle in the case of bending. The 
upper limit of the critical interval was defined as that temperature 
(which was varied through intervals of 5 deg) at which 6 consecu- 
tive specimens displayed tough fractures; the lower limit for 6 
specimens that failed by brittle fracture (earlier work (9) by the 
authors has shown that the strain completely replaces the ab- 
sorbed energy as a measure of the critical temperature of brittle- 
ness). 

The results obtained are represented in Table 2 and in Fig. 3. 

These data show definitely that in the case of tension the in- 
fluence of size not only does not vanish but is even more evident: 
An increase of the diameter from 5 to 10 mm increases the average 
critical temperature in the case of bending by 20 deg C, and in the 
case of tension by 38 deg C. Static tension tests of specimens of 
the three sizes given, at room temperature, have shown nearly 
complete identity of mechanical properties at plastic failure; the 
reductions in area were fouiid to be equal to 54.6, 55.2, and 55.5 
per cent for diameters 2, 5, and 10mm, respectively. 


SraTisTIcAL TuHeEory or Size Errecr 


Considering now the statistical theory of the size effect, it may 
be recalled that this approach was the (qualitative) explanation, 
proposed long ago by Alexandrov and Jurkov (10) in their in- 
vestigation of the great strength of thin glass threads. It is true 
that this effect was found using filaments with a diameter of only 
a few microns, while in this case the diameter was of the order of 
millimeters. Nevertheless, the essentially larger nonhomogeneity 
of steel as compared with glass may easily explain this difference. 

The statistical theory of strength, whose mathematical interpre 
tation was given independently by W. Weibull (11) and T. Kon- 
torova and J. Frenkel (12) is based upon the assumption that 
brittle failure is determined not by the value of the average, but 
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TABLE 2 CRITICAL TEMPERATURE FOR IMPACT TESTING 


i ter 
~~ Lower limit of | Upper limit Average Width of 
cylindrical the critical of the critical critical critical 
specimen, temperature, temperature, —* interval, 
mm eg C eg C eg C deg C 
I—TeEnsI0Nn 
2 —160 — 100 —130 60 
5 —120 — 90 —105 30 
10 —100 — 85 — 92 15 
II—BeEnp1no 
2 —150 —130 —140 20 
6 —130 — 105 —120 30 
10 —125 —115 —120 10 
16 —130 —110 —120 20 
-80 
Sensi. on 
AA 
Gi 
4S 
ys x 
r -140 
- 1650 
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of the local stress in the piece, at the locus where the most danger- 
ous structural defect is located. 

The specimen can be represented as consisting of a set of vol- 
ume elements of various strengths connected in series, the strength 
being distributed among them according to the probability law. 
The larger the piece, the lower the strength of its weakest element 
and therefore the lower the strength of the piece itself. 

According to Weibull the distribution of local strength of the 
material is arbitrarily assumed to be described by a power law. 
In the expression for the “risk of rupture” B = fn(o)dv, the func- 
tion n(c) is written as (o#/o.)™ where m and a» are constants of the 
material, m being a characteristic of the degree of homogeneity of 
the material and is larger the higher the homogeneity. Both con- 
stants must be determined experimentally, and it is only necessary 
to know a set of strength values for a number of specimens. Using 
the methods of the mathematical theory of probability, Weibull 
established the dependence of the strength on the volume of the 
specimen, and determined the ratio of the strengths for various 
types of stressing such as tension, torsion, bending. For the same 
state of stress but various dimensions of the specimens, the ulti- 
mate strength changes as v~ !/"(p is the volume of the specimen). 
The dispersion obtained is larger the smaller the specimen. 

The ultimate strength o, for pure bending is connected with the 
ultimate strength in tension o, by the relation 


(2m + 2)1/m 


In the case of transverse bending of a round bar by a concen- 
trated force, this ratio becomes 


| (m + 1)x 
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For the torsion of a rod of a circular cross section, the theory 
gives 


2m +1 


According to the theory of T. Kontorova and J. Frenkel, the 
distribution of the faults is assumed to follow the normal Gaussian 
law, while the number of constants characterizing the material 
increases to three. In spite of its advantage over Weibull’s theory 
in the sense of stricter physical foundation, this theory is, how- 
ever, less convenient for practical purposes and has not been used 
so far by the authors. 

It should be remembered that the statistical theory of strength 
is applicable only for the case of brittle failure, e.g., glass or 
quartz, and for metals only in the range of cold brittleness. In- 
deed, the plastic deformation levels out the local stress concentra- 
tions at the various faults, inclusions, and so on, and makes the 
average stresses responsible for the failure, which are but slightly 
connected with the nonhomogeneity of the material. The size 
effect is present therefore only in those tests in which a brittle 
failure takes place or, more generally, a failure due to concentrated 
stresses (sharp notches), unaltered by plastic deformation. 


SraTIsTICAL THEORY APPLIED TO CoLp BRITTLENESS 


In the work of the authors’ laboratory, the statistical theory has 
been applied in a somewhat different way to the phenomena of 
cold brittleness. Wittmann and Salitra (13) have shown that the 
increased dispersion of the values of impact strength of steel 
within the critical-temperature range can easily be explained by 
the dispersion of the brittle strength, following Gaussian normal 
distribution law. 

In order to check the adaptability of the statistical theory of 
strength to the explanation of the size effect, a thorough investiga- 
tion has been carried out in the authors’ laboratory with the ob- 
ject of determining the static ultimate strength of brittle speci- 
mens “‘brittle strength” of various dimensions, in tension and in 
bending. 

In these experiments, steel of high phosphorus content having 
the composition given in Table 3, was chosen as exhibiting high 
brittleness. 


TABLE 3 CHEMICAL COMPOSITION OF STEEL 


Per cent 
Cc Si Mn P s Ni Cr 
0.11 0.13 0.10 0.52 0.019 0.30 0.05 


This material, after forging and rolling in the form of bars, re- 
vealed from tests at room temperature a certain plasticity, as can 
be seen from Table 4. 


TABLE 4 MECHANICAL PROPERTIES OF STEEL 


Ultimate True frac- Contraction 


Yield stress, strength, ture stress, of area, 
kg/mm? kg/mm? kg/mm? per cent Notations 
44 62 70 9 Transcrystalline 
fracture 


The main tests were therefore carried out with specimens 
cooled in liquid air in order to obtain the highest possible brittle- 
ness, 

For tension and bending tests, three series of specimens were 
prepared with the dimensions given in Table 5. 


TABLE 5 SIZE AND NUMBER OF SPECIMENS 


-—Tension—~ -—Bending— 
n d l n Notations 
10 50 16 16 112 21 d = diameter, mm 
4 20 21 5 35 35 lt = length, mm 
1 §& 30 2 14 35 n = number of specimens 
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The specimens of the second and third series were prepared 
from fragments of broken specimens of the first series (in order to 
insure the identity of the material). The machining in the lathe 
was performed using a fine feed with water cooling, while the sur- 
faces of all specimens were polished with the same grade of emery 
cloth. 

The tensile specimens had threaded ends with smooth fillets of 
aradius r = 5d, connecting the head with the cylindrical part. 

The specimens for the transverse bending tests had a cylindrical 
shape. In cutting the second series from the first, these were 
taken in such a way (4 per cross section) that the fibers carrying 
the tensile stresses in the small specimens were situated on the 
periphery of the large ones. Thus the working zones would coin- 
cide as far as possible. The radii of curvature of the knife-edges 
and supports were also proportional to the diameters d of the 
specimens, amounting to 0.31-0.35 d. 

Special precautions were taken to obtain correct alignment of 
the specimens in the tension tests. Specimens of middle sizes were 
aligned with an accuracy of 0.01-0.2 mm (eccentricity) by 
using the axial-loading shackles of Davidenkov and Wittmann 
(14). For small specimens, special shackles were used transmit- 
ting the load through a ball joint (accuracy about 0.01 mm). 
For the large specimens the spherical seated holders of a Mohr 
and Federhaff machine were used. The small scatter in the 
results indicates that the conditions of alignment were satisfac- 
tory. 

All the fundamental tests were carried out with specimens 
cooled by liquid air poured in special wooden containers. The 
temperature of the specimen was checked by one or two thermo- 
couples soldered to the specimen. The results of these experi- 
ments follow. 

(a) Influence of Size on Ultimate Strength. In the case of tension 
tests, figures have been obtained as average values for 16-30 
specimens, as given in Table 6 and Fig. 4. 


TABLE 6 RESULTS OF TENSION TESTS AT THE TEMPERATURE 
OF LIQUID AIR 


Diameter, Brittle strength, Increase of brittle 
mm k, kg/mm? strength, per cent 
10 57.6 100 
4 65.0 113 
1 75.0 130 
Tension 
60 
50 
40 
40 


46 52 5864 70 76 82 88 
Fig. 4 


It should be mentioned that the tests at room temperature 
showed a complete independence of the yield stress on the size; 
the ultimate strength indicated a certain increase for small speci- 
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mens d = 1 mm not to be compared, however, with the increase 
in brittle strength (namely, from 10 to 1 mm; 12 per cent against 
30 per cent). 

In Table 7 and Fig. 5 the results of similar transverse tests are 
given. 


TABLE 7 TRANSVERSE Lads) * tl TEMPERATURE OF LIQUID 


Increase 
Brittle of brittle 
Diameter, strength, strength, 
mm Sk, kg/mm? per cent Notation 
16 75.7 100 The brittle strength was 
5 87.0 115 calculated according to 
100.0 132 the formula M/W, 
where W is section 
modulus 
Bending 
40 
16 
30 
| 
5 
20 t 
+ 2 
| 
10 
0 i 
62 70 78 86 Gh 102 110 118 **/am® 
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The tables and graphs show that both brittle strength and the 
scatter increase with decrease in the size, which is in good 
qualitative agreement with the statistical theory. A quantita- 
tive agreement can, however, also be obtained. 

In order to compare experimental results with theory, the 
following procedure can be applied: Having calculated the value 
of the homogeneity exponent m for a given steel by comparing 
the data for the first two sizes, using the formula 


the obtained value of m can then be used to compute the strength 
for a third size, and this can be compared with the experimental 
value. 

Performing the corresponding calculations for tension and for 
bending, the results given in Table 8 were obtained. 


TABLE 8 COMPARISON OF STRENGTHS OF SPECIMENS OF 
DIFFERENT — WITH REFERENCE TO WEIBULL’S THEORY 


e0- ri- xperi- 
a m retical Experi ad m retical mental 
10 és 57.6 16 x 75.7 
23.5 25.4 
4 ox 65.0 5 ca 87.0 
1 uae 774 75.0 2 96.7 100.0 


These results show very good agreement between experiment 
and theory. The exponent m appears to have practically the same 
value for tension and bending. 

(b) Influence of Kind of Stressing on Ultimate Strength. A 
further check of Weibull’s theory can be made by comparing 
the transverse bending with the tension of specimens having the 
same volume; the ratio of the strengths in these two cases should 
be 1.41 if calculated according to the cited formula. This assumes 
that m has an average value of 24. 

Since the specimens used for tension and bending tests had 


| 
Ra, 

; 
ty 
ay 

‘ 

3 

a 
ee 
q 
20 

ret 

, 


DAVIDENKOV, SHEVANDIN, WITTMANN—INFLUENCE OF SIZE ON BRITTLE STRENGTH OF STEEL A-67 


different dimensions, curves of the dependence of the strength on 
</y were drawn for each kind of test, Fig. 6; thereafter the 
ratio for equal values of vv was taken and was found to be 
practically constant and equal, on the average, to 1.40. This 
agreement is also excellent and gives added justification for the 
statistical theory. 


110 


3 


Beittle strength 
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ConcLusION 

The experimental data thus lead to the conclusion that the 
statistical theory of strength explains satisfactorily and without 
inner contradictions the influence of the size on the brittle 
‘strength of steel. From this fact a few important practical con- 
clusions can be drawn. 

The shape of the curves in Fig. 6 shows that the brittle strength 
varies with increase of size more and more slowly, so that it can be 
assumed that this tends to some definite limit. The theoretical 
meaning of this limit consists in the fact that starting with a 
sufficiently large specimen, a complete set of all possible non- 
homogeneities will be present. 

The larger the specimen the closer this limit will be approached. 
It would therefore be advantageous to make tests as far as 
possible with large specimens under uniform tensile stresses. 
Notches lower sharply the working volume and, by increasing the 


tendency to brittleness due to the triaxiality, decrease it simul- 
taneously (although to a smaller extent) through the size effect. 
The most severe impact test would therefore consist of a homo- 
geneous triaxial impact tension of a large specimen. As long as 
this is impossible, it seems to be advisable to replace the existing 
impact-bending test of small specimens by impact-tension tests of 
large specimens. Provision should be made for a great number of 
circumferential notches, and an increase in the number of speci- 
mens from 2-5 as at present to 30-40, with a simultaneous de- 
termination of the critical temperature of cold brittleness. 
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Discussion 


A Study of Flow of Plastics 
Through Pipes’ 


Myron Trisvs.? From the conversation overheard during 
the presentation of this paper, it appears that the point of the 
paper has not been properly stressed. The lack of scatter in 
the experimental points of Figs. 4 through 8 are the results of 
“adjusted” data. These curves in themselves do not indicate 
anything except that the adjustment was carried out carefully. 

However, the intended point of the paper is that the “‘ap- 
parent viscosity’’ required to make the experimental points fall 
on the curves has properties which are a function of the fluid 
composition and temperature only. This the authors demon- 
strate in Fig. 9. Since the data in Fig. 9 were taken from a 3-in. 
copper pipe, and since no other pipe sizes and pipe materials 
were tested, some further tests should be conducted before the 
existence of a “turbulent viscosity, analogous to dynamic vis- 
cosity,’”’ can be considered as proved. 

Figs. 5 to 8, inclusive, show the experimental data for various 
mixtures “‘adjusted”’ to fit the curve f = 64/N. The excellent 
fit is achieved because the authors made it so. It is suggested 
that the apparent viscosity be plotted, or a graph similar to 
Fig. 3 be made as a more pertinent demonstration of Equations 
(8] and [9]. Fig. 3, it should be noted, deals with only one di- 
ameter. There is no assurance that the intercept labeled 4/3 Sp 
is not a function of diameter. 

It is believed that the authors have made an excellent attempt 
at correlating the data for the pressure-drop characteristics of 
these fluids. If the replotting of the data shows the actual ex- 
istence of the turbulent viscosity and agreement with Equa- 
tions [8] and [9], a whole new field of investigation will have been 
opened. 


AvuTHORS’ CLOSURE 


The authors thank Mr. Tribus for his comments. Different 
viewpoints might be taken. The authors took the viewpoint of 
one interested in the practical problem of pipe friction. 

For example, the theoretical analysis of the laminar flow of a 
plastic is open to some question. This analysis involves certain 
assumptions and approximations. This analysis was not de- 
tailed completely in the paper because it is published elsewhere. 
One object of the investigation was to check the theoretical 
analysis with experimental data. This check proved good for 
the data available. On the other hand, one could assume that 
the theoretical analysis is absolutely correct, and investigate the 
data from the point of view of viscosity characteristics alone 
There is no doubt that further tests are really needed. 


Sliding Friction Under Extreme 
Pressures—l’ 
J. J. Brorze.? The tests described in this paper, in which 


1 By R. C. Binder and J. E. Busher, published in the June, 1946, 
issue of the JouRNAL oF APPLIED MecuHanics, Trans. A.S.M.E., vol. 
68, p. A-101. 

? Member of Research Staff, Department of Engineering, Univer- 
sity of California, Los Angeles, Calif. Jun. A.S.M.E. 

1 By S. J. Dokos, published in the June, 1946, issue of the 
JOURNAL oF APPLIED Mecuantics, Trans. A.S.M.E., vol. 68, p. A-148. 

? Director, Royal-Dutch Shell Laboratory; Deftweg, Netherlands. 
Mem. A.S.M.E. 


large-scale stick-slip effect occurs, considerably widen the field of 
investigation on this phenomenon since Bowden first described it, 
That does not mean, however, that the significance of the phenom- 
enon has become much clearer. It obviously is caused by some 
weak link in the entire apparatus, but it would appear intriguing 
to get information on friction at such low speeds as have been 
used, without this weak link. 

Has the author any explanation for the straight-line relation- 
ship between the logarithms of frequency and speed? 


M. Evcene Mercuant.? This paper presents useful data on 
friction phenomena over a range of loads and speeds where experi- 
mental data have been sparse. However, in presenting the data, 
the author has made no distinction between static and kinetic 
coefficients of friction, yet it is the relation between these two 
different friction coefficients which controls the behavior of stick- 
slip sliding. Of the friction coefficients presented in the paper, 
those observed for speeds below approximately 1 ips are values 
corresponding to the friction forces required to initiate relative 
motion, or slip, between slider and disk, and are thus static-fric- 
tion coefficients, while those observed for speeds greater than 
approximately 1 ips are values obtained when the slider and disk 
were moving relative to each other continuously at a speed equal 
to the velocity of the disk, and are thus kinetic-friction coeffi- 
cients. Thus the two sets of values are not strictly comparable 
and should be plotted on separate curves in such charts as that 
found in Fig. 6 of the paper. 

Further, the caption “sliding velocity” for the abscissas in 
Figs. 6 and 7 is a misnomer, for only at speeds greater than 1 ips 
do the abscissas represent true sliding velocities, while below that, 
in the region of stick-slip, the abscissas are actually the surface 
speeds of the disk, the actual sliding velocities during slip being 
considerably greater than these. ‘ 

In an undamped stick-slip apparatus of the type used by the 
author, the kinetic-friction coefficients, active during the “slip” 
portion of the stick-slip cycle, can be estimated from simple 
calculations if it be assumed that the value of kinetic friction 
acting during the slip portion of the cycle is constant through- 
out the slip. While such an assumption is evidently an approxi- 
mation, it ordinarily gives results which are quite consistent with 
experimental facts, as demonstrated, for instance, by the writer 
in a previous publication.‘ On the basis of this assumption, values 
of kinetic friction can be estimated for the author’s test from data 
given in the paper, and plotted for comparison with the static 
values. ‘ 

Since, during slip, the accelerating force acting on the slider is 
the difference between the force of kinetic friction F,, and the 
spring force Kz, it follows that the equation of motion of the slider 
is 

2 
m = = F, — Kz 
where K is the tangential modulus of the slider-spring system 
and z represents the displacement of the slider from the position 
of zero spring force. Solving this differential equation and apply- 
ing the boundary conditions that when ¢ = 0 (i.e., at the begin- 

? Research Physicist, Cincinnati Milling Machine Company, 
Cincinnati, Ohio. Mem. A.S.M.E. 

‘ “Characteristics of Typical Polar and Non-Polar Lubricant Addi- 


tives Under Stick-Slip Conditions,” by M. Eugene Merchant, Lubrr 
cation Engineering, vol. 2, 1946, pp. 56-61. 
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ning of slip), Kx = F, (where F, is the static friction force) and 
= = 0 (assuming the velocity of rotation of the disk to be negli- 
t 


gible compared to the velocity of slip), it is found that 


Thus the motion of the slider during the slip portion of the 
stick-slip cycle is simple harmonic and therefore at the mid- 


d? 
point of the jump = = 0. From this fact, the time required 


for one half of the slip to be completed, ¢:/,, can be found by set- 
ting the second derivative of Equation [1 | of this discussion equal 


to zero, giving 
m 
hy, = 


Accordingly, the time required to complete one half of the slip 
is equal to one fourth of the natural period of the slider member. 

While the time required for slip is independent of the friction 
conditions, the length of slip s is not. One half the slip distance 
is equal tozatt = 0O—zatty, Therefore from Equations [1] 
and [2] herewith 


Applying the fact that F, = Ad, where d is the maximum value 
of z occurring in the stick-slip cycle (i.e., the value of x corres- 
ponding to the “‘peaks”’ on the stick-slip records), Equation [3] 
may be put in the form 


Since the quantity (d — s/2) denotes a position of the slider 
midway along the path of slip, it follows that Equation [4] indi- 
cates that the force of kinetic friction is equal to the spring 
force acting on the slider at a point midway along the path of 
slip (i.e., midway between peak and valley on the stick-slip re- 
cord). Thus on stick-slip records of the type given in the paper, 
which are already calibrated with a coefficient-of-friction scale, 
approximate values of kinetic-friction coefficient may be ob- 
tained digectly by bisecting the distance from peak to valley and 
reading from the scale the value corresponding to this position. 
The author should be able to do this directly from his records. 

While this is the best way of estimating kinetic-friction coeffi- 
cients, such records are of course not available to the writer, and 
it therefore becomes necessary to calculate them by somewhat 
less direct means, if values are to be given for comparison with 
the observed static friction. By dividing both sides of Equation 
[3] of this discussion by the applied load L and rearranging, one 
obtains this equation 

where y, is the kinetic coefficient of friction and », the static. 
By reading off approximate kinetic-friction coefficients from Figs. 
9, 11, and 13, in the original paper and substituting these, to- 
gether with other known values, in Equation [5] herewith, the 
tangential modulus K for the slider system on the author’s ap- 
paratus may be estimated, and is found to be approximately 1500 
lb perin. (This figure may be somewhat too high.) Then, know- 
ing K and substituting values of s, L, and », obtained from 


Table 1 of the paper, values of 4, may be calculated from Equa- 
tion [5]. 
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These values are given in Table 1 of this discussion, and, in the 
case of those for a 150-lb load, are plotted in Fig. 1 of this dis- 
cussion, for comparison with the experimentally determined 
values of static and kinetic friction. It is evident that while the 
static friction decreases considerably with increasing speed, 
the kinetic friction is practically independent of speed. Kinetic 


TABLE 1 VALUES OF KINETIC-FRICTION COEFFICIENTS, 
CALCULATED FROM STATIC-FRICTION VALUES, OBSERVED BY 
THE AUTHOR 


Velocity of Normal Observed static Kinetic 
disk, ips load, lb friction friction 
1.6 X 1074 50 0.56 0.24 

100 0.55 0.31 
150 0.49 0.25 
200 0.515 0.02 
1.44 X 1078 50 0.43 0.19 
100 0.47; 0.43 0.23; 0.24 
150 0.49 0.23 
200 0.465 0.18 
1.18 X 1073 50 0.34 0.23 
100 0.30 0.20 
150 0.43 0.29 
200 0.45 0.22 
9.6 X 1072 50 0.26 oe 
100 0.32 eis 
150 0.28: 0.31 0.22; 0.25 
200 0.375 0.30 
5.76 X 1071 50 0.24 0.22 
150 0.27 0.20 
2.31 50 i 0.22 ) 
150 0.20 | 
20.4 50 0 20 | 
100 .185 | 
150 0.175 | 
200 0.17 
54.0 50 0.20 
200 0.15 
0.6 
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friction values calculated for the 250-lb load were found to be 
negative, evidently indicating that the approximations made in 
the theory are no longer valid under this extreme condition. 
Another fact of interest from Equation [5] of this discussion 
is that the length of the path of slip is controlled by the difference 
between the static- and kinetic-friction values, the load on the 
slider, and the tangential modulus of the slider system. This ex- 
plains why the slip distances observed by the author vary with the 
load and the speed of the disk. Further, Equation [5] indicates 
that stick-slip is impossible whenever the static friction is equal 
to or less than the kinetic, since zero or negative values of slip 
are then indicated, the latter being physically meaningless. The 
correctness of this conclusion has been demonstrated experi- 
mentally by the writer.‘ This fact apparently accounts for the 
cessation of slip after continued sliding under dry conditions in the 
manner demonstrated by the author in such instances as that 
presented in Figs. 11 and 13 of the paper. It appears that the 
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kinetic-friction coefficient increases as the surface film is abraded 
from the slider by continued slipping, until finally it becomes 
equal to the static friction. 

The author implies that the speed of 1 ips, in the neighborhood 
of which transition from stick-slip to smooth sliding occurs, is a 
critical-speed characteristic of the particular stick-slip apparatus. 
Actually, it appears from theoretical considerations that the 
critical speed is just as characteristic of the materials tested as it 
is of the apparatus. It occurs only at 1 ips in this case because, 
for these materials, the static friction becomes practically equal 
to the kinetic friction at this speed. It can be shown by solution 
of the differential equation of motion for the condition where the 
velocity of rotation of the disk is not negligible compared to the ve- 
locity of slip (i.e., in the region of 1 ips in these tests) that a 
completely undamped friction apparatus will exhibit stick-slip 
oscillations at all sliding speeds, irrespective of its natural fre- 
quency, as long as the static friction is greater than the kinetic. 

If a slight amount of damping exists (as it must in all actual 
cases), then whenever the static friction closely approaches the 
kinetic, stick-slip will cease and smooth sliding occur. The fre- 
quency of stick-slip should approach the natural frequency of the 
apparatus just before this happens, and this may occur at any 
disk speed. Therefore it follows that if the materials tested by 
the author had been such that the static friction closely ap- 
proached the kinetic at a value of disk velocity lower than 1 ips, 
then that lower velocity would have been the critical speed. 
Conversely, if the materials were such that the static-friction 
values never closely approached the kinetic over the range of disk 
speeds employed, then no critical speed would have been found 
and stick-slip would have occurred over the entire range of speeds. 
It appears likely that the decrease in static friction with increas- 
ing disk speed observed in the present tests is due at least in part 
to the fact that increased disk speeds result in decreased duration 
of the “‘stick” portion of the stick-slip cycle, and thus afford less 
time for the areas of true contact to develop between slider and 
disk by plastic flow and by rearrangement of the surface film. 

It is hoped that the author may find the opportunity to deter- 
mine the critical speeds for some materials having considerably 
different plastic properties and surface films than the steels tested 
here, in order to check the foregoing conclusions. 

The writer wishes to acknowledge that in preparing some of 
the material in this discussion he has drawn upon and extended an 
analysis of stick-slip phenomena originally made by Mr. Albert 
Dall.§ 


AvuTHoR’s CLOSURE 


Mr. Broeze’s comments about the “‘weak link” in the type of 
apparatus employed in this and earlier investigations is not 
completely understood. The effect of this type of apparatus on 
sliding friction has been of particular interest to various investi- 
gators. Bowden and his associates have indicated that the 
intermittent motion produced is influenced by the natural fre- 
quency, the moment of inertia, and the damping of the moving 
parts. Along with the mechanical properties of the system the 
motion is influenced by the bulk properties of the metals in 
contact and the velocity of the disk. It is also important to 
indicate that values of kinetic friction, during which inter- 
mittent motion is not present, can be obtained at slower veloci- 
ties provided in subsequent tests the natural frequency of the 
tangential measuring device is reduced appreciably. The degree 
of reduction of the frequency is limited by the apparatus. 

The author has read with interest the discussion presented by 
Mr. Merchant and is grateful for his kindness in supplying a 


5 Research Department confidential report of Jan. 15, 1934, by 
A. H. Dall, Assistant Director of Research, Cincinnati Milling Ma- 
chine Company. 
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comparison between the experimental values of static friction 
and the calculated coefficients of kinetic friction. 

The writer did not wish to imply that at speeds in the neigh- 
borhood of 1 inch per second, in which the transition from stick- 
slip to smooth sliding friction occurs, is a critical speed charac- 
terized by the apparatus alone. As has been indicated, the type 
of motion recorded by the trace is influenced by the bulk proper- 
ties of the materials in contact. As has been illustrated by 
Bowden and his associates, for many metals the phenomenon of 
stick-slip is absent while for others intermittent motion takes 
place. The magnitude of the frictional force and the frequency 
of the motion for a given load and velocity is dependent upon the 
metals in contact. Consequently, from these observations there 
is no indication that only one critical speed exists for all metals. 
A number of preliminary experiments had been made with 
spherical copper sliders in contact with steel. The results indi- 
cated that the phenomenon of stick-slip for copper sliding on 
steel occurs at a higher velocity than the critical velocity for 
steel on steel. 

Concerning the phenomenon of stick-slip it is important to 
note that the “stick” region of the record is not a straight line 
in all cases as it should be if the solids were actually stuck 
together and no relative motion existed. However, this is not 
the case, relative motion does exist between the solids as particles 
of metal are being plastically deformed and sheared. This phe- 
nomenon has not been indicated by previous investigators of 
sliding friction. The effect is shown in an examination of the 
stick-slip in Fig. 11, in which each progressive stick shows 
more of a bend than the preceding trace. This is due to the 
increased roughness of the slider and disk surface. This effect 
is more vividly illustrated by the traces of the tests shown in 
Fig. 16, which were not included in this paper. A sketch of this 
trace is shown in Fig. 2. 


2 
(Normal load, 250 Ib.) 


A Velocity-Modified Temperature 
for the Plastic Flow of Metals’ 


C. Zener? anv J. H. Hottomon.* The authors have added 
considerably to our knowledge of the behavior of metals in the 
plastic range by illustrating a quantitative relation between the 
effects of changes in temperature and changes in strain rate. 

The writers believe, however, that it is important to examine 
closely the relations between the stress, and the variables strain, 
strain rate, and temperature. The equation 


S = fle é, T) 


as used by the authors cannot, in general, be considered a true 
functional relation, since neither strain rate nor the temperature 


1 By C. W. MacGregor and J. C. Fisher, published in the March, 
1946, issue of the JourNAL or APPLIED Mecuanics, Trans. A.S.M.E., 
vol. 68, p. A-11. 

2 Institute for Study of Metals, University of Chicago, Chicago, 


Captain, Ordnance Department, Watertown Arsenal, Water- 
town, N. Y. 
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DISCUSSION 


may be varied during the experiment. In other words, the stress 
S, is a function not only of the instantaneous values of the strain, 
strain rate, and temperature, but also of the strain rate and tem- 
perature during the prior strain. In applying Equations [1] and 
{2] of the paper to both the problem of the constant strain rate, 
stress-strain curve, and to secondary creep, the authors indi- 
rectly assume that the functional relation does not depend upon 
the past history of the straia rate. The assumption is not justi- 
fiable, in general. Cases may arise, however, where S may be 
regarded as a true function of ¢ and of 7’, and €. It is expected 
that such is the case whenever true time effects are absent, thus 
whenever softening (or hardening) does not occur when the speci- 
men is undergoing no strain. Under these circumstances strain 


rate € may be regarded as a true function of the stress S, strain 
«, and temperature 7’, i.e., a mechanical equation of state exists. 


The equation 


AeQ(e8)/RT 

is then not restricted to constant € or to constant 7’ (over all past 
history). It should be emphasized that a mechanical equation 
of state cannot be assumed. The consequences of such an equa- 
tion have been discussed by the writers in a paper recently com- 
municated to the Journal of Applied Physics. All the features of 
the ordinary creep curve can be interpreted without assuming a 
balance between hardening by strain and softening by annealing, 
without, in fact, assuming any softening process whatsoever. 

Furthermore, Equation [1] of the paper cannot be strictly true 
if Equation [2] is valid, even if a mechanical equation of state 
does, in fact, exist over the range of conditions to which it is ap- 
plied. The range of strain over which the constant secondary 
creep occurs varies with temperature and load, and since S must 
be a function of strain, the latter parameter must be considered 
as a variable as is not done in Equation [1]. 

It should also be pointed out that early references to general 
relations between strain rate and temperature and stress may be 
found in papers by R. Becker‘ and E. Orowan.$ 


Avtuors’ CLOSURE 


The question of considering the equation 
s =f (¢,¢, T) 


as a true functional relationship, as referred to by Zener and 
Hollomon, depends upon the meaning assigned to the variables. 
In an earlier paper,* the authors used € and T' to represent values 
of true strain rate and temperature, respectively, which were held 
constant throughout each test. Using € and T in this sense, as 
variables from one test to the next but as constants in any given 
test, it was shown for several materials both ferrous and non- 
ferrous that the stress is a function of €, €, and 7’, according to the 
relationship 


s =f (¢, T,,) 


é 
= T 
= 7(1—k £) 


with k and € constants. 
This functional relationship was found to hold for wide tem- 
perature ranges both below and above room temperature includ- 


where 


ing the blue-brittle range in steel where excessive strain aging 


‘Uber Plastizitat, Verfestigung und Rekrystallisation,” by R. 
Becker, Zeitschrift fir technische Physik, vol. 7, 1926, p. 547-555. 

*“Zur Kristallplastizitat,” by E. Orowan, Zeitschrift fiir Physik, 
vol. 89, 1934, pp. 605-613, 614-633, 634-659. 

‘Tension Tests at Constant True Strain Rates,”” by C. W. Mac 
Gregor and J. C. Fisher, JournNAL or AppLieD MECHANICS, Trans. 
A.S.M.E., vol. 67, 1945, p. A-217. 
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takes place. While it was clearly stated in both of their recent 
papers on this subject that further experiments are necessary to 
determine the exact nature of any limitations which may prove 
to be required in its application, the authors are not prepared to 
impose any premature restrictions upon the velocity-modified- 
temperature concept at this time. Although various metal- 
lurgical changes take place, for example, during a long-time creep 
test, it is believed that many of these can be expressed in a some- 
what similar form. 

The authors have not dealt directly with the problem of al- 
lowing either € or 7’ to change during the progress of a test. Only 
further experiment will determine the importance of the influence 
of the past history of strain rate and temperature. In certain 
cases this may be of importance, while in others it is very likely 
that stress is determined by the instantaneous values of €, €, and 
T. The fact that instantaneous values were successfully used for 
the various creep tests analyzed by the authors, for which strain 
rate did vary during the test, indicated that the instantaneous 
values may be sufficient in many practical cases. 

It is felt that the functional relationships given in the paper 
employing the velocity-modified temperature concept are of 
fundamental significance since they appear to be able to predict 
stresses for materials in which complex metallurgical changes are 
taking place. No claim has been made that these relationships 
hold for all types of tests in which € and 7’ are varied during the 
progress of testing, although it appears that in many cases of 
creep, for example, no restriction to constant values of € and T 
need be prescribed. 

Reference was made by Zener and Hollomon to Equations [1] 
and [2] of the paper. Equation [2] was obtained from Equation 
{1] merely by taking logarithms of both sides of Equation [1] 
and rearranging the terms. Consequently, if Equation [2] is 
valid, Equation [1] must also be valid. The influence of strain, 
mentioned by Zener and Hollomon, is brought in later on in the 
paper by the relation given there in Equation [8], namely 


s=f(¢T,) 


This procedure is equivalent to having assumed f*(s) in Equation 
[1] as being replaced by Q (s, €) as it appears in their discussion. 


Design and Application of Rail- 
Transportation Gearing’ 


D. W. Duptey.? The authors of this paper have presented a 
straightforward description of current gear-design practices in 
transportation gearing. In view of the considerable amount of 
literature published recently on aircraft-gear design, it is of 
interest to see a comparable description of railroad gearing. 

Fig. 12 of the paper shows endurance-limit data for steel. The 
curve used for designing gears, Sy = 400 X Brinell hardness, is 
shown to lie exactly in the middle of the experimental data. This 
gives the impression that gears can be designed with compressive 
stresses right up to endurance-limit values for roller tests. 

Examination of the reference data shows that it is rather con- 
servative. The paper by Stewart Way (ref. 3 of the paper) states 
that his roller tests were made to determine “limiting load which 
is just sufficient to cause at least one pit per square inch of 
test surface in 10,000,000 cycles.” In other words, in these tests, 
failure was judged to occur when only a very slight amount of 
pitting had occurred. In roller-test work done at the River Works 


1 By D. R. Meier and J. C. Rhoads, published in the June, 1946, 
issue of the JouRNAL or APPLIED Mecuanics, Trans. A.S.M.E., 
vol. 68, p. A-127. 

2 Gear Engineering Division, General Electric Company, River 
Works, Lynn, Mass. 
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we ran the rolls until the pitting was severe enough to cause the 
testing machine to vibrate and trip its switch. 

The writer recently visited Professor Buckingham (reference 1 
of the paper) and asked him what had been the basis for his data. 
Professor Buckingham stated that since his data were being pub- 
lished in a text for gear designers, he felt that he should be con- 
servative. If his data were going to be at all in error, he wanted 
it to be in error on the conservative side. Professor Buckingham 
further stated that testing done in recent years had shown appre- 
ciably higher endurance stress values than those given in his book. 
It should also be pointed out that his data were intended to be 
conservative enough for use in designing units which can be 
operated continuously at the rated load rather than intermittently 
at rated load such as in a trolley-type unit. 

Our tests at the River Works show some variations between 
different materials but in general in the range of 400 to 500 Bri- 
nell and from 10,000,000 to 20,000,000 cycles, our test data are 
plotting around 100,000 psi higher than the Fig. 12 data in the 
paper. 

Although experimental roller data may be higher than the 
Fig. 12 data, the design curve of Sy = 400 X Brinell hardness 
does appear to be correct for conservative design practice. In the 
opinion of the writer the errors in gear-tooth profile and spacing 
and the misalignment between the gear and the pinion subject 
the gear-tooth surface to greater localized stresses than the sur- 
face of the roll and therefore it is logical that the design curve for 
gearing should be lower than the experimental curve for roller tests. 

In some of our aircraft applications, gears have been designed 
for stresses well above the pitting-endurance limit. This can be 
done if the rate of pitting is slow enough so that the gear-tooth 
action remains satisfactory for the design life. We recently ran a 
360 Brinell pinion at a load of approximately 150,000 psi. At 
1,000,000 cycles this pinion showed enough pitting to have more 
than failed according to Way’s definition. However, the pinion 
actually did run for 50,000,000 before the pitting became severe 
enough to affect the operation. At 50,000,000, approximately 
0.0015 in. was worn away at the pitch line. 

The statement is made in the paper that the Lewis formula is 
used for calculating bending stress instead of other methods which 
involve either the number of teeth in action or the position at 
which one tooth theoretically carries all of the load. In our 
River Works design practices for aircraft and marine gears, we 
normally use methods based upon the latter two methods. The 
choice of method for calculating strength should be governed 
considerably by the relation of bending when one tooth carries 
full load at the tip, compared to maximum expected errors along 
the line of action. If errors occur which are greater than the 
bending for tip loading, then the condition contemplated by the 
Lewis formula actually will occur. 

In the example near the end of the paper the calculated total 
bending for the pinion taking full load at the tip is approximately 
0.002 in. in the 300-Brinell example and approximately 0.006 in. 
in the 600-Brinell example. While the authors have not pre- 
sented data in the paper as to expected errors in railway gearing, 
it is probable that total errors of 0.002 in. or higher do occur. 
It would be quite possible for an error even as high as 0.006 in. to 
occur if a worn gear were mated with a new pinion which is a 
contingency mentioned earlier in the paper. With these condi- 
tions in mind, the choice of the Lewis formula for calculating 
tooth strength appears reasonable for railway gearing. In the air- 
craft and high-speed marine-gear fields other methods are often 
preferable to the Lewis formula. 


M. Matetz.’ A practical engineer often finds himself in a pre- 


* Analytical Mechanical Engineer, Kearney & Trecker Corporation, 
Milwaukee, Wis. 
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dicament when he has to use the results of theoretical investiga- 
tions and apologizes when he has no other alternative. Theorists 
on the other hand are doing their best to please such “practical” 
men. This paper is full of such apologies and formulas arrived at 
by theory are being modified unnecessarily. The writer is refer- 
ring to bending stresses in gear teeth. The authors tell us that 
they are using long and short addendum teeth of 20-deg and 25- 
deg pressure angle; also that the teeth are generated by a tool 
having a round-nosed tip in order to obtain a ‘‘continuous radius” 
fillet. On the other hand, they tell us that it has been found 
satisfactory to use the Lewis formula which does not take into 
consideration the modern methods of tooth generating. 

From the references to the paper one has the right to conclude 
that y is as given in the references. It has been proved by the 
writer that these y-factors are not correct at all.4 The so-called 
continuous radius fillet is nothing but an outline of an envelope 
of a family of circles, the centers of which are located on a looped 
involute traced by the center of curvature of the rounded-nose 
tool, Fig. 1 of this discussion. 


x 


| 


| \ 


ZANOMIN PITCH LINED 


Fig. 1 


Taking the center of the gear as the origin of a system of co- 
ordinates, we have for the equation of the fillet 


xz = At — BR cos (6 — w) 
y = An — BR sin (6 — w) 
where 
A = 1+ + 
B=A—1 
€ and » are the co-ordinates of the looped involute 
& = (R — b) cos (6 — w) + Ré sin (6 — w) 
7 = (R — b) sin (6 — w) — Ré cos (6 — w) 
In the equations given 
R = pitch radius of pinion 
4“Analytical Determination of the Form Factor in the Beam 
Formula for a Tooth,” by M. Maletz, paper presented at the 25th 


annual meeting of The American Gear Manufacturers Association, 
May, 1941. 
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r = pitch radius of hob 

h = distance of center of rounding of hob tooth to its pitch 
line 

@ = angle of generation 

w = angle between center lines of tooth and of its fillet (loop 


of involute) 


When using this formula the y-factor is considerably larger 
than that given by Lewis (20 per cent or more if desired) and no 
10 to 15 per cent allowance on strength, as used by the authors, 
is necessary. 

The point of application of the load can be taken wherever the 
designer wants to. Since the results obtained when using the 
foregoing equations are not only theoretically correct but also on 
the conservative side, a designer can afford the privilege of follow- 
ing more closely the actual conditions of loading; namely, he 
may choose the proper point of application where one tooth carries 
the maximum load, which will, of course, depend upon the number 
of teeth in the mating gear. These equations take into considera- 
tion not only the number of teeth but also the pitch, while Lewis 
factors were established as depending upon the number of teeth 
in the gear, which is again not correct. This incorrectness seems 
to be repeated by the authors in expressing for convenience the 
factor 


in Equations [1] and [3] of the paper. 

When a tooth is shaped, analogous equations can be derived. 
If breaking of teeth is of such vital importance in rail drives, the 
writer would suggest taking into consideration combined stresses 
(bending and shear) which must be provided for when dealing 
with such short beams as gear teeth. A detailed account can be 
found in an earlier paper by the writer. There the authors will 
find a procedure for computing the strength of teeth in bending, 
shear, and both bending and shear. 


AUTHORS’ CLOSURE 


It is of interest to find that Mr. Dudley’s remarks are largely 
directed toward showing that the design methods described in the 
paper are conservative. The authors are familiar with the River 
Works roller tests and with the fact that Dr. Way’s results are 
stated to be conservative. As Mr. Dudley implies, the difference 
between Dr. Way’s and Professor Buckingham’s data, and the 
River Works roll tests apparently represents a margin sufficient 
to account for some of the deviation from ideal conditions which 
is encountered in practice. The authors would like to emphasize 
the fact that the expression S, =400(H,) was stated with qualifi- 
cations as to its use, as described at the top of page A-133 of the 
paper. 

We are glad to know that Mr. Dudley agrees also on the use of 
the Lewis method for calculating bending stresses in the type 
of gearing covered by the paper. 

The authors are familiar with the commendable papers 
authored by Mr. Maletz and cited in his discussion. They do not 
agree that one might conclude that the y factors (for the long-and- 
short addendum, continuous radius fillet system described by the 
authors) are as given in the text. The only reference from which 
numerical values of the y factor could be calculated was given in 
footnote 4 of the paper. This footnote stated that the y factor 
there given applied to the 20-deg full-depth system, as described in 
reference (1). The authors agree that the y factor is larger for the 
system used in railway work than the system referred to in foot- 
note 4, 


5“Combined Static Stresses in Teeth of Spur Gears—A New 
Approach,” by M. Maletz, paper presented at the 28th annual meet- 
ing of The American Gear Manufacturers Association, May, 1944. 
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The authors are somewhat puzzled by Mr. Maletz’s statement 
in reference to his analysis of bending stress that “‘the results ob- 
tained when using the foregoing equations are not only theoreti- 
cally correct but also on the conservative side.” If they are theo- 
retically correct it would appear that they should not be conserva- 
tive. 

There is no limit to the amount of mathematical analysis that 
might be applied to tooth bending stresses. However, there are 
many service factors which can be taken account of only with 
great difficulty, or not at all. This applies to shaft deflection, 
tooth deflection, tooth errors, misalignment due to machining 
errors or due to wear of bearings, mismatching of worn gears and 
pinions, ete, plus the severity of dynamic loading. 

Even though these factors might someday be eliminated or 
mitigated, there are still residual stresses to be considered. 
Residual stresses are commonly taken advantage of in design to 
improve fatigue life. With these circumstances in mind it appears 
that the only safe procedure is to use service data and test in- 
formation as a check on calculated stresses to determine permis- 
The method of caleulation used must give 
stresses which can be correlated with service-life data. 


sible values of stress. 


The authors have not modified any equations arrived at by 
theory, nor did they suggest that all of the methods they de- 
scribed were applicable to all kinds of gear design. It is quite ob- 
vious, though, that anyone who is using y factors as given in 
reference (1) or who is using any system of spur gearing of pro- 
portions similar to the long-and-short addendum system de- 
scribed, could save time by devising equations of the form de- 
scribed for bending stress. The authors have found that with the 
use of Figs. 11, 16, and the equation for bending stress, a set of 
gears can be quickly designed to fit permissible stress values or 
other limiting factors such as sliding, or these factors may be 
evaluated in an existing set of gears. 

The important point is that with similar gear designs, compara- 
tive values can be determined by these simple relations quickly 
and of sufficient accuracy to build up a sound design philosophy 
for this class of gearing. 


A Photoelectric Method of Mea- 


suring Damping in Metal Forks 
at Elevated Temperatures’ 


Hunt Davis.?. The authors seem to have developed a workable 
and simple method of overcoming the obstacles encountered in 
measuring damping decrements at high temperatures. 

The characteristics of the decrement at temperatures below 600 
F seem to suggest a magnetic-thermodynamic molecular interac- 
tion as was pointed out during the presentation of this paper. 
If this is true, it seems that the damping decrement would be a 
function of the vibration frequency. Could the authors present 
data which substantiate or refute this premise? 

The stress values associated with the curves in Fig. 8 of the 
paper are more or less arbitrarily defined because they exist at 
only one point in the cantilever. It seems that the tuning fork 
could be so machined that the stress at the root section is con- 
stant along a finite length where the stresses are highest. This 
could be done by necking down a portion of the root for a short 
length and giving this portion an appropriate thickness distri- 
bution for a constant stress. This method might clear up some 


1 By T. E. Pochapsky and W. J. Mase, published in the June, 
1946, issue of the JounNAL or AppLieD Mecuanics, Trans. A.S.M.E., 
vol. 68, p. A-157. 

? Section Engineer, Aerodynamics Section, Research and Develop- 
ment Department, Elliott Company, Jeannette, Pa. Jun. A.S.M.E. 
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of the ambiguity associated with the correlation among speci- 
mens having different geometric proportions. 


AutTHors’ CLOSURE 


Conditions did not permit tests on forks having different fre- 
quencies at the time of the measurements, so that any relation- 
ship between frequency and internal friction was not established. 
Some limited tests were performed to try to find the cause of the 
damping peaks. A few forks were excited for several million 
cycles at stresses somewhat over 50,000 psi without a noticeable 
effect on their decrements. A vitallium and a ferromagnetic 
fork were also tested in the field produced by about 1000 ampere- 
turns, again with no change in decrements. 

The absence of peaks on cooling suggested that vibrational 
energy was lost while relieving stresses. On reheating, a day or 
so later, the peaks were much smaller, but none would be ex- 
pected unless an aging transformation took place at room tem- 
perature. The metals were supposed to be perfectly stable in the 
test range, but it is possible that damping measurements have 
the advantage of revealing changes which pass unnoticed in other 
types of physical measurements. Similarly, a magnetic explana- 
tion of the increase in internal friction when heating does not 
immediately explain the much lower values obtained at the same 
temperatures during cooling. As a result, none of the explana- 
tions seem convincing. 

The shape of the fork can very likely be improved in the direc- 
tion suggested, especially in the direction of minimizing stress 
concentration. There is also the possibility of making forks 
of very low damping material, cutting off the tines near the base, 
sandwiching short lengths of the materials to be tested between 
the tines and base, and flash-welding the assembly. This may 
work well for relatively high-damping cast materials, although a 
difference in thermal expansion may produce undesirable thermal 
stresses. 


Compressible Flows Obtainable From 
Two-Dimensional Flows Through 
the Addition of a Constant 
Normal Velocity’ 


Joun Grese.? A generalization of the author’s discussion of 
modified two-dimensional flows could be obtained by using a 
variable normal velocity as follows: 

If the original functions v,, v,, p, and p for a flow F with », =0 


are to be retained in the modified flow F’ with v. # 0 the follow-. 


ing equations must be satisfied 


+ > (on) = 0 
fe) 


1 By H. Poritsky, published in the March, 1946, issue of the 
JourNAL or AppLiep Mecuanics, Trans. A.S.M.E., vol. 68, p. A-61. 
2 Aerodynamicist, Bell Aircraft Corporation, Buffalo, N. Y. 
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Ov; Additional equations 
0 for flow F’ 
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If ve O then dv,/dz = dw,/dz = dIp/dz = and v,, and 
p are independent of z. By the equation for adiabatic isentropic 
compression Op/dz = 0, so O(pr:)/dz = 0 implies dv,/dz = 0. 
Hence 1, is independent of z, and only Equation [1] of this dis- 
cussion, which now becomes 


has to be satisfied. 

It has been shown that the flow F’ may be constructed with 
the same pressure field as F. From the standpoint of applica- 
tions, the salient feature is that the modification of F into F’ 
must leave the pressure field unchanged under the following con- 
ditions: 

1 The velocity field vy, v, is prescribed. 

2 The pressure and density at infinity have fixed values po and 
po. To prove this, consider another flow F” with the same »,, 
vy, ¥, as F’, but possibly different density, 5, and pressure, , 
where the functions for F’” satisfy all the foregoing equations down 
to Equation [2]. From the equations for accelerations a, and 
a, for F’ and F” one finds 


Since at infinity p = p = po and p = p = pp, the equation for 
adiabatic compression becomes for F’ and F” 


Y -\y7 
po} ’ Po 


Eliminate p and ? from Equation [3] of this discussion, to obtain 


or oy 
Hence at any instant the value of p%~! — 57! is constant 
throughout the fluid. But at infinity p~!— 77! = 0 always, 
so p =p and then p = p. Incidentally, this proof of the unique- 
ness of p and p under conditions, Equations [1] and [2], holds for 
any general three-dimensional adiabatic isentropic-compressible 
flow, and not just for flows of the restricted type F’. 

If all vortex vectors are parallel to the z-axis dv,/dx = dv, dy 
= 0 and by Equation [2] of this discussion, dv,/d¢ = 0, so t: is 
constant. 

If the original flow is steady there is a stream function y, such 
that 


an 
pr, 
If the flow F’ is also steady, Equation [2] becomes 
Or Oy Oy Oz 


80 vs = G(y) for some function G. The new streamlines lie on 
cylinders through the old streamlines whose generators are 
parallel to the z-axis. 
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The components of the vortieity vector are 


Ov Ov Ov, Ov 
=. qr ———)}= pG'v,, 
Oy OY Ox oy Ox 
and the vortexes are defined by 
dz dy dz 
pGi'v, pG'v, ov, 
oy 
d 
° me implies that the vortexes lie on cylinders whose projec- 
a 


tions onto planes parallel to the z-y plane are the old streamlines. 
If the original flow F were irrotational, the vortices of F’ would 
coincide with the old streamlines. 


AUTHOR’s CLOSURE 


The author wishes to thank Mr. Giese for his interesting 
generalization which provides many fields of flow derivable from 
the same two-dimensional flow, and retaining the same pressure 
and density distribution. For steady two-dimensional flow the 
extension is obtained by adding a normal velocity which is inde- 
pendent of the axial distance, is constant along each streamline, 
but varies from one streamline to the next one. A direct 
physical proof of this extension follows from the consideration 
that the addition of the same normal velocity component along 
each stream line does not effect the acceleration, and hence the 
pressure distribution, even though the added velocity component 
along different stream lines is different; similarly, consideration 
of flow tubes shows that with density unaffected, the condition of 
continuity is satisfied. 

As pointed out by Mr. Giese, if the added normal velocity 
varies with the stream lines, the flow is not irrotational. Where 
the fluid starts from rest, it follows from Kelvin’s circulation 
theorem that the vorticity vanishes and the flow is consequently 
irrotational. Thus only when the added normal velocity com- 
ponent is constant does an initially irrotational two-dimensional 
flow lead to an irrotational one. 


Calculation of the Multiple-Span 
Critical Speeds of Flexible Shafts by 
Means of Punched-Card Machines’ 


M. A. Pronu.? In Appendix 1 of his paper the author derives 
the fundamental equations of the calculation procedure by 
dealing directly with the mechanical system, but states, “the 
logic used in the Appendix is itself based upon the electric-circuit 
methods by which it was preceded.”’ The writer would like to 
present a derivation which leads to essentially the same results 
but which is in no way restricted by the demands of the electric 
circuit; in other words, a straightforward mechanical approach. 

Assume that the rotor has been divided into a series of massless 
shaft sections of constant diameter with the rotor weight con- 
centrated at the division points, as indicated in Fig. 1 of this 
discussion. Let the shearing force S and the bending moment M 
be positive as shown, the slope be positive when the inclination 
is upward to the right, and the deflection y be positive upward. 
These conventions will then apply for all sections of the rotor. 
The symbol W denotes the total weight concentrated at each 
division point. 

’ By A. W. Rankin, published in the June, 1946, issue of the Jour- 
NAL OF Mecnanics, Trans. A.S.M.E., vol. 68, p. A-117. 


* Turbine Engineering Division, General Electric Company, West 
Lynn, Mass. Jun. A.S.M.E. 
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It may be shown that a straightforward application of the ele- 
mentary beam theory yields the following equations for bending 
moment, slope, and deflection 


M, = M, + LS; [1] 
L;? 
=6 — M OCC ETE 
62 i+ EI, it 2 ET, [2] 
L,? L,3 
= 6, +——M 
Y2 n+ i+ i+ (3] 


Since the shaft section is massless, the shear is constant along 
its length. A finite change in shear occurs at the division point 
due to the inertia force of the concentrated weight 


W; 
St = Sit at [4] 


Equations [1], [2], [3], and [4] are similar in form to Equations 
[16d], [165], [16a], and [16c], respectively, of the author’s paper 
with the exception that Equation [3] contains one more product 
than Equation [16a]. In other words, the equations derived 
directly from the beam theory without the introduction of any 
auxiliary variables involve seven products as compared with six 
for the equations obtained from the electric-circuit analysis. 

The Z,, 6; term in Equation [3] can be eliminated by the 
following substitution 


2EI 
B, = M,+ [5] 


Making this substitution in Equations [1], [2], and [3] yields 
the following results 


By = By + lB] 
Note 
B, = M,+ 


Equation [6] may be simplified by eliminating S,;and 4. Multi- 
2E 
ply both sides of Equation [7] by i and rearrange 
1 


2 El; 2 El, 
—- 2B, = 
L, 2 1= LS, = 


The foregoing result is introduced in Equation [6]. The four 
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basic equations are listed in the order in which they appear in the 
author’s paper 


= 2 El, 1 6 El, 
L? 

2 A+ EI, 2 EI,’ [10] 
a] 
Se = 8; + — ee [11] 

i+ L, Le Oy 


Equations [9], [10], [11], and [12] of this discussion are identi- 
cal with Equations [16] of the author’s paper, except for alge- 
braic signs. These equations possess the following advantages 
over those of the electric-cirecuit analysis: (1) There is no alter- 
nation in the sign of any of the coefficients in going from one 
shaft section to the next; (2) the same conventions for the posi- 
tive directions of S, 1/7, 6, and y apply to each shaft section. Ob- 
viously, if the writer had used the same conventions as those re- 
quired by the electric-circuit analysis, there would be no dif- 
ference in the two sets of equations. 

The writer readily admits that the introduction of the auxiliary 
variable herein denoted by B is not a step which one would in- 
tuitively take in attacking this problem solely from a mechanical 
point of view. This then is the specific contribution which the 
electric-circuit analysis has made in the field of the numerical 
calculation of critical speeds. 

For a rotor with a large number of changes in shaft diameter 
it would be desirable to combine several pieces of shaft of dif- 
ferent diameter into one equivalent massless section, since any 
reduction in the number of shaft sections greatly reduces the 
amount of labor involved in the trial calculations. This is par- 
ticularly important when a manually operated calculating ma- 
chine is used. It has been the writer’s experience that good ac- 
curacy can be obtained with surprisingly few shaft sections per 
span provided that the elastic constants for these shaft sections 
are properly evaluated. 

Such a reduction in the number of shaft sections can readily 
be made if Equations [1], [2], [3], and [4] of this discussion are 
used as the basis for the critical-speed calculation. If a massless 
shaft section having several diameters or having a continually 
varying diameter is to be treated, it isonly necessary to modify the 
coefficients of the S; and M, terms in Equations [2] and [3], or 
the values of a,b, c, and d in the following generalized equations 


> 
2 
ll 


ll 


These coefficients a, b, c, and d have the following significance: 
If the shaft section is temporarily considered as a cantilever fixed 
at its left-hand end and loaded by a unit bending moment, then 
the coefficient a is numerically equal to the slope of the free end, 
and the coefficient c is equal to the deflection of the free end. If 
the shaft section is then loaded so that the bending moment 
is zero and the shear is unity at the fixed end, then the coefficient 
b is numerically equal to the slope of the free end, and the coef- 
ficient d is numerically equal to the deflection at the free end. 
For a shaft section composed of several portions of different 
diameters these slopes and deflections may be computed by suc- 
cessively applying Equations [1], [2], and [3] of this discussion. 

It appears to the writer that the calculation procedure derived 
from the electric-circuit analysis or the procedure represented by 
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Equations [9], [10], [11], and [12] of this discussion, is limited to 
shaft sections of constant diameter. Any attempt to introduce 
the general coefficients for a nonuniform shaft section would 
destroy the simplicity of these equations. 


AuTtHor’s CLosuRE 


In reply to Mr. Prohl’s discussion, the author wishes to point 
out that the important contribution of this paper seems to have 
been overlooked. The major contribution of this paper is in its 
introduction of business machines to handle the appalling number 
of calculations required. By means of these business machines, 
a calculation which heretofore was too involved to be applied to 
routine analysis of the four- and five-bearing sets in which the 
author is interested has been reduced from a somewhat academic 
method to a routine calculation which has already been applied 
to over a dozen machines and is at present being continuously 
extended. 

The derivation of the analytical equations is not of primary 
importance in this paper. As the author points out in the sixth 
paragraph, any of the published analytical methods—Prohil 
(7),° Myklestad (6), Kron (8) ete., could have been used; Kron’s 
method was used because the author personally preferred ‘it to 
the others. 

Concerning Mr. Prohl’s discussion of the development of the 
equations in Appendix 1, the author’s remark (Par. 2, Appendix 
1) that the logic used in the mechanical development was based 
upon the electric-circuit methods applies only to the introduction 
of the pseudo-moments /’, and pseudo-shears /’, (designated by 
B in the subject discussion). The analytical work of this Appen- 
dix is taken directly from elementary beam equations as is stated 
in the third paragraph. This can be seen by noting, for example, 
that Prohl’s Equations [1], [2], and [3] are identical with the 
author’s Equations [7b], [9b], and [9a] except for sign and nomen- 
clature changes. 

The various sigr alterations have not proved confusing to the 
slightest degree in the continued application of these punched- 
card machines. The original cards are punched with the correct 
signs of the Z and Y quantities during the preliminary manual 
calculations and all operations follow automatically from then on. 

The author does not agree that the number of shaft sections 
‘an be easily reduced, particularly for the practical case of tur 
bine shafts with sudden changes in shaft diameter. We have 
tried reducing the number of shaft sections and have not been 
satisfied with the results. Furthermore, since the punched-card 
machines are doing the major portion of the calculating, there is 
little to be gained by reducing the number of shaft sections, par- 
ticularly if this reduction complicates the preliminary manual 
ealculations. 

In practical applications, the calculation procedure presented 
in this paper has been foynd by experience to give sufficiently 
accurate results even for shaft sections whose diameters are not 
constant. We have found that by keeping the shaft sections 
sufficiently small in length, the approximate effective inertias can 
be found easily. 

In conclusion, the author wishes to point out one of the im- 
provements which has been made in this calculating procedure 
since the publication of this paper. In the first study made, the 
shaft-property data for each section for each assumed speed were 
manually calculated and manually punched into the cards. This 
involved the hand punching of about two thousand cards. The 
system now in use uses the business machines themselves to cal- 
culate and punch the majority of the shaft-property data, and it 
is now necessary to hand-punch only about sixty cards rather than 
the two thousand that were needed in the first study. 


3 See Bibliography of paper. ; 
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The Influence of Oil-Film Journal 
Bearings on the Stability 
of Rotating Machines’ 


DonaLp Brapsury.? The author is to be particularly con- 


gratulated on his proof that the ‘‘tilting-pad” bearing is stable 
under any operating conditions. This development was particu- 
larly fortunate in so far as the writer was concerned since he was 
at the time concerned with the design of a high-speed steam tur- 
bine rated at 6000 hp at 20,000 rpm. It was expected that this 
unit would have trouble with “oil whip,’ but since no satisfac- 
tory way was then known of designing properly against oil whip, 
plain full-contact bearings were used. With these bearings, the 
unit would not operate above 10,000 rpm at no load without 
severe oil whip. Several grooving arrangements, which had suc- 
ceeded in eliminating oil whip in lower-speed machines, were 
tried but only raised the stability limit by 2000 to 3000 rpm. A 
tilting-pad bearing was then designed which replaced the 
original plain bearings. When these bearings were installed, the 
unit ran up to approximately 21,000 rpm without any vibration 
other than that at running-speed frequency. It was necessary 
to balance the unit before coming up to full speed as the vibration 
due to unbalance was quite severe. 

Before balancing, the bearings were subjected to more severe 
vibratory loading than they would ever receive in normal service 
but subsequent examination showed not the slightest sign of dis- 
tress. The tilting-pad bearing was thus proved to be practi- 
cable for extreme high-speed duty and will doubtless be used in an 
increasing number of designs wherever there is known instability 
with plain bearings. 

A discussion of the dynamics of this unit is of interest. The 
unit as finally tested had three bearings with the main mass be- 
tween two of the bearings and the rest of the rotor light and flexi- 
ble. The critical speeds, calculated assuming the centers of the 
bearings as fixed points, were 8300 rpm for the first mode and 
17,800 for the second mode. The first mode had nodal points 
only at the bearings, whereas the second mode had an additional 
nodal point near the center of gravity of the main-spindle mass. 
The frequency of whip had no direct connection with either of 
these critical speeds, being between '/; and '/, the running speed 
when observed at speeds from 10,000 rpm to 13,000 rpm. 

As finally operated, one of the end bearings was constructed 
similar to the “fixed-pad” bearing, Fig. 8 of the paper. This 
proved to be equally satisfactory from a mechanical standpoint. 

It is frequently stated that a turbine will not whip unless the 
running speed is at least twice the lateral critical speed calcu- 
lated, by assuming the bearings as fixed points. We have found by 
experience that this is not necessary, as several units with the cal- 
culated critical speed well above the maximum running speed 
have had severe whip at approximately one half the running 
speed. Other units with critical speeds above one half but below 
full running speed have whipped at frequencies ranging from 2/; 
to '/, running speed. Whip on all of these units was readily 
eliminated by proper grooving of the simple journal bearings. 

It is true, however, that oil whip occurs at some natural fre- 
quency of the system. Experience was recently had with geared- 
turbine-generator units where one unit had oil whip at '/; the 
running speed. The whip was noticeable only at one end of the 
turbine, with the end next to the pinion showing no low-frequency 
vibration. The oil whip was eliminated by grooving the bearings. 


' By A. C. Hagg, published in the Sept., 1946, issue of the JourNAL 
or APPLIED Mecuanics, Trans. A.S.M.E., vol. 68, p. A-211. 

: * Design Engineer, Steam Turbine Engineering, Westinghouse 

Electric Corporation, Philadelphia, Pa. Now Instructor, Graduate 
School of Engineering, Harvard University, Jun. A.S.M.E. 


Another identical unit did not have oil whip but did have vibra- 
tion in the same mode as oil whip, that is, considerable amplitude 
at the free end of the turbine but none at the coupled end. When 
a considerable length of vibrograph record was counted it was 
found that the frequency of the vibration was such that there 
were exactly 2 cycles of vibration for 1 revolution of the gear. 
This frequency was 0.298 times the turbine running speed, which 
is almost the same as the previously observed whip frequency on 
the similar unit. It was then found that the gear had two dam- 
aged teeth so spaced as to excite a vibration of 2 cycles per revolu- 
tion. Thus the explanation appears to be that a mode of vibra- 
tion existed which was stable on this unit but which was excited 
by the damaged gear teeth into a forced vibration slightly off 
resonance. 

The stability criterion given by the author will be extremely 
valuable in design as it offers the first known method of exact 
calculation. The tendencies it shows have been known qualita- 
tively for some time and in fact have been used as a method of 
distinguishing oil whip experimentally from other low-frequency 
vibration. It has been known that a sudden increase in vibration 
as speed is increased is an indication of oil whip. If the vibration 
disappears as load is increased or comes in at a lower speed as oil 
viscosity is increased by cooling, there is further indication of oil 
whip. 

However, there is still much to be learned about oil whip. 
For example, on three identical units recently tested by the 
writer, oil whip occurred at three different frequencies; 2/7, !/;, 
and ?/, times the running speed. On the first two, whip occurred 
only at no load, while on the third, whip, or at least a low-fre- 
quency vibration, occurred only when at least one-third load was 
put on. There is no doubt that the author’s contribution is the 
most valuable to date and is a good foundation for further re- 
search and design development. 


J. R. Menxe.® The author’s conclusions with regard to the 
stability of the tilting-pad journal bearing of Michell have been 
repeatedly confirmed by long-term experiments in our labora- 
tories. These ‘‘shoe-type” journal bearings provide stability in 
many difficult high-speed applications. This paper gives the 
first published treatment that we have seen. 

On the subject of fixed-pad bearings, we are not in complete 
agreement. Furthermore, we have some experimental reasons 
for believing that a higher, more useful stability threshold can be 
reached for specific designs than the threshold the author has 
given. 

Nevertheless, this paper is surely a valuable contribution to 
the subject of self-excited vibrations caused by viscous films. 


H. D. Taytor.‘ The nonsynchronous comparatively low- 
frequency type of vibration of high-speed machinery caused by 
oil-film stimulation in journal bearings is still somewhat un- 
familiar, after more than 20 years since it was first described. 
Cases of oil whip on machines in commercial service are rather 
unusual, but do occur from time to time; and when they do occur, 
on large or important machines, they sometimes cause undue 
worry, or perhaps lead to inappropriate action, simply because 
this type of vibration is not understood. Usually the causes for 
such behavior are basically simple and the whipping can often 
be overcome rather easily. 

One factor which the author does not mention is oil tempera- 
ture. Numerous tests have been made by the writer, both on re- 


3$.A.M. Laboratories (formerly with Columbia University, now 
part of Union Carbide and Carbon Corporation), New York, N. Y. 
Jun. A.S.M.E. 

‘ Assistant Designing Engineer, Turbine-Generator Engineering 
Pe General Electric Company, Schenecady, N. Y. Mem. 
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search equipment and on practical machines running above the 
first critical speed, which indicate that the speed at which whip- 
ping may be experienced varies considerably with the tempera- 
ture of the oil in the bearings. The higher the oil temperature, 
the higher the speed must be above the critical speed to produce 
whipping. Presumably this is a viscosity effect. Practically, it 
means that at normal operating speed a machine may whip with 
cold oil but not with warm oil. Cases have occurred, in winter 
weather, when the bearing oil supply has been allowed to become 
rather cold, which were corrected simply by restoring the normal 
oil temperature. 

The author’s statement, “the frequency of oil-film excited vi- 
bration is invariably less than one-half rotational frequency,” 
does not check with the writer’s experience. He has found it to 
be usually less, but not always. The original test rotor, on which 
the source of the peculiar whipping was traced to the journal 
bearings, had a critical speed of 1200 rpm, and would whip at this 
frequency when running at 2000 rpm or higher. This was defi- 
nitely oil-film-excited vibration, and the limiting ratio of vibration 
frequency to revolutions was thus 0.6, rather than 0.5. 

Several other test rotors have shown much the same thing. One 
of these was a 5000-lb rotor with a length of 10 ft 6 in. between 
bearing centers. This had a critical speed of 1200 rpm and would 
whip when running with moderately loaded bearings (125 psi) 
and cold oil, at 2300 rpm; _ the ratio being 0.52. Again, this was 
definitely not vibration caused by “rotating-friction” effects. If 
theoretical analysis indicates an absolute top limit of 0.50 for 
this ratio of frequencies, the writer believes there is probably 
something wrong with the theory or with the assumptions. 

The author’s suggestion of the tilting-pad or Michell-type 
journal bearing as a stable or nonwhirling type, and his model 
tests demonstrating its effectiveness are extremely interesting. 
It seems entirely reasonable that tilting-pad bearings should not 
support the traveling oil-wedge action which is known to be re- 
sponsible for whipping observed on rotors running in ordinary 
journal bearings. It would be interesting to know whether the 
author has had opportunity to try out tilting-pad bearings on a 
larger scale, using a more practical type of rotor than the small 
and exceedingly flexible vertical-shaft laboratory model shown in 
his Figs. 12 and 14. 


AvutTHor’s CLOSURE 


One might infer from Mr. Bradbury’s discussion that oil-whip 
frequency is usually some exact submultiple of running fre- 
quency; actually such frequency would be the rarest coinci- 
dence. It is of course important to recognize that a self-excited 
journal vibration may have a frequency exactly 1/2 or 1/; or 1/4 

. of running frequency, but in this case the instability is due 
at least in part to unbalance vibration at running frequency. 

The author hopes that higher stability threshold indicated by 
Mr. Menke for the multiple-film bearings materializes; how- 
ever, his objections evidently apply to the simplified criterion 
[26] of the paper, and not the more general formula [23]. 

Mr. Bradbury’s description of one of the early applications of 
tilting-pad bearings to a high-speed turbine and Mr. Menke’s 
initial comments answers one of the questions of Mr. Taylor. 

The effect of oil temperature on oil whip is given in the paper 
in terms of the more fundamental quantity viscosity. For the 
usual partial bearings the effect given agrees with Mr. Taylor’s 
statement—namely, that higher oil temperature, that is lower 
oil viscosity, increases the speed at which whipping occurs. The 
situation is just opposite, however, for rigid rotors in multiple- 
film bearings as indicated by criterion [23]. 

Mr. Taylor’s experience which seems to contradict the upper 
limit of oil-whirl frequency of 0.5 given in the paper, concerned 
flexible rotors whirling at their critical speeds. It can be pointed 
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out that such motion must result in more or less internal rotor 
friction as long as the running frequency is greater than the 
whirling frequency. It appears that dismissal of this effect can 
only be done on a quantitative basis which in turn is practically 
impossible to establish. Since internal friction whirl can usu- 
ally be eliminated by slight bearing changes it may be incor- 
rectly diagnosed as oil whip. 

It appears impossible to conceive of any set of circumstances 
which would yield by analysis a higher frequency ratio limit 
than the 0.5 limit derived in the paper. Departures in assumed 
conditions to conform more closely to actual bearing conditions 
invariably point to a lower rather than a higher frequency 
ratio. 


On Dimensional Analysis and the 
Presentation of Data in 


Fluid-Flow Problems’ 


E. M. Fernavp.? It is hoped that writers of textbooks dealing 
with dimensional analysis will henceforth present the # theorem 
as stated by the author. Actually, someone should have come 
out with this before in the 31 years that have elapsed since 
Buckingham’s paper* of 1914. That no one did so is no credit 
to the theorists in physics and engineering, on the score of either 
cogency of thinking or diligence in communication of findings. 

A thoroughgoing proof of the theorem is somewhat more 
exacting than the paper implies. As P. W. Bridgman has pointed 
out, the method is applicable only to systems of measurement 
having certain rules of operation, correct physical equations being 
capable of statement according to systems to which dimensional 
analysis could not de applied. This fact requires rather elaborate 
consideration of the structure of our system of measurement be- 
fore the proof can start. It is suspected that in addition, we 
might find ourselves concerned with such items as single and 
multiple value of functions, and the existence of certain partial 
derivatives, in the situations for which we would establish the 
validity of dimensional analysis. The writer believes, however, 
that such attempt would have detracted from rather than im- 
proved the present paper. 

It is suggested that in future work the author amend the 
statement that dimensionless grouping enables one to eliminate 
early those variables which cannot appear, so as to say that it 
may enable one to discover early whether his selection of varia- 
bles embodies a physical impossibility. For example, a lone 
variable whose dimensions contain mass may indeed not belong 
there; but on the other hand it may, the trouble being that one 
has overlooked some other variable whose dimensions also con- 
tain mass. ; 

V. J. Skociunp.‘ The author should be complimented for 
indicating some important aspects of dimensional analysis, but 
his treatment of its general basis was disappointing in not being 
more realistic and rigorous. The lack of definitions and statements 


- of implications of the so-called principle of dimensional homo- 


geneity does not justify the statement, “The # theorem is there 
fore proved without any assumptions as to the form of the origi- 
nal function or the use of complex mathematics.” 

The derivation of the x theorem is based upon the so-called 


1 By E. R. Van Driest, published in the March, 1946, issue of the 
JourNAL or Appiiep Mecuanics, Trans. A.S.M.E., vol. 68, p. A-34. 

2 Professor of Mechanical Engineering, Lafayette College, Easton, 
Pa. Mem. A.S.M.E. 

3 Author’s reference (2). 

‘ Research Engineer, Ryan Aeronautical Company, San Dieg® 
Calif. Mem. A.S.M.E. 
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principle of dimensional homogeneity which, in turn, is based 
upon the “scientific convention” of defining units and dimensions 
consistent with physical laws. For example, the dimension of 
force, MLT~?, is based upon the equation F = Ma, where the 
dimension of acceleration by definition is LT~?. The implica- 
tions of the logic of this system and the relation of physical 
variables by physical laws are not obvious, but are a part of any 
derivation of the # theorem and should be clearly stated. 

The author’s statement of the so-called principle of dimensional 
homogeneity is, ‘that each and every term of a correct physical 
equation must have the same dimensions.” In applying the 
principle, “fundamental dimension,” appears instead of only 
“dimension.” The writer would appreciate definitions of “correct 
physical equations,’ “dimensions,” and “fundamental dimen- 
sions.” 

Experience has indicated that variables must be carefully 
chosen if they are to be correlated by dimensional analysis. 
They must actually define the physical process involved and 
must be related by physical laws. In radically new problems it is 
usually advisable to establish the significant variables experi- 
mentally. 

After the selection of the variables the writer prefers the direct 
application of Equation [6] of the paper for grouping them into 
different ’s. In this procedure no selection of a group of so- 
called independent variables is necessary since, if the fundamental 
dimensions are not independent in the particular problem, that is 
k < m, it will be evident from the fact that the resulting set of 
equations of exponents will not be independent. 

In the proof of the necessary condition is the statement, ‘‘To 
demonstrate, observe that n — k independent r’s can always be 
found by merely taking any set of k Q’s, noncombinable among 
themselves, and combining them with each of the remaining 
Q’s in turn.” Since in many cases two of the (n — k) x’s may be 
combined to form a single x, including two of the remaining Q’s, 
proof seems necessary that the new # and the remaining (n — k —2) 
x's containing all of the Q’s is insufficient to define the function 


The development of a local Nusselt number is questioned. 
In the equation 
= hyde 


following Equation [13], d@ approaches zero by definition of a 
differential. Therefore this equation and the equation 


are meaningless. 

At present the mechanism of turbulence is not sufficiently well 
established to define a significant length for a local Nusselt 
number. In turbulent flow the usual concept of the over-all 
value of k/h as an equivalent film thickness is physically sig- 
nificant. 

Perhaps the writer has been overly critical, but in the past 
much of the confusion regarding dimensional analysis has re- 
sulted from loose developments and applications in the litera- 
ture. Now that the process is better understood it should be 
treated more rigorously. 


AvTHOR’s CLOSURE 


The author appreciates Professor Fernald’s comments on this 
paper. The author agrees that much groundwork could have 
been undertaken in regard to the structure of our system of 
measurement; indeed this groundwork was left out because the 
author felt that it would not have added to the paper. 
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As Professor Fernald points out, the presence of a variable 
which will not combine to form a dimensionless product with 
other variables in an assumed relation may signify the neglect of 
some variable which contains part or all of the dimensions of the 
noncombinable variable. This might well have been mentioned 
in the paper because the author knows only too well the difficulty 
of establishing in the first place the significant variables involved 
in a physical problem. 

With respect to Mr. Skoglund’s discussion, the author main- 
tains that as far as its purpose was concerned, the paper was suf- 
ficiently rigorous. The principal object of the paper was to prove 
the + theorem in a readily understandable manner using the ac- 
cepted principle of dimensional homogeneity and assuming a pre- 
vious knowledge of the structure of our system of measurement. 
The author believes, as does Professor Fernald, that such precon- 
sideration was not necessary in the present paper. 

By way of clarification of the definitions of dimensions, ‘‘funda- 
mental dimensions” are defined by the author as irreducible in- 
dependent dimensions. By the single word “dimension” is 
meant the general dimensions of a physical quantity. For ex- 
ample, mass, length, and time, in dynamical problems not involv- 
ing attraction or heat transfer, are called fundamental dimensions, 
whereas velocity has the dimensions of length divided by time, 
acceleration the dimensions of length divided by time squared. 

In regard to the fifth paragraph of Mr. Skoglund’s comments, 
it was expected throughout the paper that Equation [6] would be 
used to group variables into dimensionless products unless this 
could be done by inspection. Equation [6], however, does not 
indicate the number of independent dimensionless products that 
will represent a set of variables. It is to be noted, furthermore, 
that, as proved in the paper, k cannot exceed m, where m is the 
number of fundamental dimensions involved. 

In his sixth paragraph, Mr. Skoglund states in effect that proof 
seems necessary that (n — k — 1) z’s containing all the Q’s is 
insufficient to represent Equation [1]. The author need merely 
remark that Mr. Skoglund should take note of the fact that it was 
definitely proved, in the very paragraph to which he refers, that 
the necessary condition that all possible z’s be representable is 
that i = n—k. A simple case in which two of the (n — k) z’s 
may be combined to form a single z, including two of the remain- 
ing Q’s, is the pipe-friction example with another length variable 
added, say, the spacing of the roughness protuberances J, thus 


Here k equals three and a set of & Q’s that will not form a # can 
be taken as V, D, and p whence 7 equals four and 


To VDp € l - 


Now two of the independent z’s, viz., «/D and 1/D, can be com- 
bined to form ¢/l, where « and / are two of the remaining Q’s, so 
that Equation [25] can be written as 


But according to the proof of the necessary condition given in 
the paper, Equation [25] could not be rewritten as 


To VDp € 
ov? = V3 (7 +) [27] 


even though Equation [27] contains all the variables. It is 
obvious in this particular example that the dimensionless products 
e/D and 1/D cannot be obtained by any combination of the di- 
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mensionless products in Equation [27], and therefore Equation 

[27] cannot represent Equation [24]. 
In spite of Mr. Skoglund’s implications, h,d@ and h,dy are 
very definite quantities, being equal to q@ and k’, respectively, at 
hydy 


each point of the flow, and hence , being equal to 78 also 


very definite. Even though dé and dy become zero in the limit, 
they can nevertheless take on definite values; hz, would depend 
therefore upon the choice of dé and dy. The development of a 
local Nusselt number was devised only to show an interpretation 


hD 
of .y as a measure of the ratio of turbulent to molecular heat 


transfers. 

The author wishes to take the opportunity provided by this 
closure to remark that the principle of dimensional homogeneity 
is but a statement of the fundamental idea that any physical 
process is independent of the size of the units of the variables in- 
volved. Any equation expressing a physical phenomenon can 
therefore be transformed into dimensionless form without de- 
stroying the validity of the equation. Such an equation was 
called a ‘‘correct physical equation” in the paper. It is seen that 
the statement of the principle of dimensional homogeneity could 
be replaced by the statement of independence of size of units. 
This procedure would be preferred by the author in any future 
discussion of the subject of dimensional analysis. 

The author also desires to remark that in the statement of the 
x theorem he prefers to write the more significant ‘‘k is the num- 
ber of Q’s whose units can be used to measure all the variables” 
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rather than the rule ‘“‘k is the greatest number of Q’s that will 
not combine to form a dimensionless product.” 

In the proof of the sufficient condition that i = n — k, it may 
not be generally obvious that in forming a x containing less than 
(k + 1) Q’s, the extra Q’s to be eliminated besides (n — k — 1) 
Q’s can be chosen to be noncombinable with the Q’s forming the 
particular r. The author wishes to clarify this point by the 
following: Let ¢ be the number of Q’s in the desired x which 
contains less than (k + 1) Q’s. Then (k + 1) —t = k— (t— 1) 
is the number of extra Q's to be eliminated. Now find any set 
of k Q’s that will not produce a dimensionless product and which 
contains any t — 1 of the original ¢ Q’s (given any set of k Q's, 
this can be done in the same manner that different sets of inde- 
pendent 7’s were found from a given set of n — k independent 
r’s in the proof of the necessary condition). The remaining 
[k — (t — 1)] Q’s in the set of k Q’s are the extra Q’s to be chosen 
to be eliminated, because there is only one way in which these 
Q’s and the ¢ Q’s can combine to form a dimensionless product 
and that is to form the original desired + containing the ¢ Q’s 
Take for example Equation [24]. In the general procedure as 
outlined in the sufficiency proof, one could not proceed to elimi- 
nate 7o, uw, and V to yield «/D because he may end up with 4 


One should eliminate rather 70, u, and | thereby leaving V and p to 
‘disappear. Here ¢ = 2, the k Q’s are V, p, and e, and k — (t— | 

= 2 are the Q’s, viz., V and p, to be left to automatically dis- 
appear. 


Book Review 


Advanced Mathematics for 
Technical Students 


ADVANCED MATHEMATICS FOR TECHNICAL STUDENTS. Part 1. By 
A. Geary, H. V. Lowry, and H. A. Hayden.: Cloth, 5!/2 X 8!/2in., 
viii and 419 pp., with diagrams. Longmans, Green and Co. Inc., 
London, England, 1946, $3.50. 


REVIEWED BY D. L. 


HIS book is prepared by authors who are the heads of de- 

partments of mathematics in three polytechnical schools in 
England. It is a sequel to a more elementary book used for be- 
ginning students in science and engineering. The present volume 
is Part 1 of a two-volume set covering advanced topics for those 
students ‘“‘who have reached the standard of a University Inter- 
mediate examination or an Ordinary National Certificate in 
engineering.” 

It is expected that the student will have had some knowledge of 
calculus although the first and third chapters on differentiation 
and integration start from beginning fundamentals and proceed 
rapidly. Chapter 2 treats infinite series and use of Taylor’s ex- 
pansion is made in introducing differentials. Necessary and 
sufficient conditions for stationary points (maxima and minima 
and horizontal inflection points) are clearly deduced from the 
expansion of the functions in the neighborhoods of these sta- 
tionary values. 

Chapters 4 and 6 treat co-ordinate geometry of plane curves 
and conic sections. Unusual emphasis is given to conjugate 


1 Professor and Head, Department of Mathematics, Iowa State 
College, Ames, Iowa. 


diameters, poles and polars, and tangents to general conics. 
Three chapters deal with complex numbers, theory of equations, 
root approximations, Graeffe’s method for complex roots, ap- 
proximate differentiation, and integration. Much of this work 
is intended for students of electrical engineering and similar ma- 
terial for civil and mechanical engineers is found in the chapters 
on mechanics of deformable bodies and on differential equations 
of motion. 

The book has an excellent stock of some 1200 examples re- 
lating to technical subject matter. It can scarcely be called an 
elementary text book on calculus and yet it is not an advanced 
calculus in the sense of American colleges. The authors state 
that it is the “first year of a final course for an engineering de- 
gree.’’ Since this is Part 1 of a two-volume set, one can get 4 
better idea of the level of this book by noting the table of con- 
tents intended for Part 2—harder calculus, functions of several 
variables, multiple integrals, Fourier series, determinants, 
analytic solid geometry, differential equations with simple partial 
differential equations and integration in series, and applications 
to mechanics, electricity, and thermodynamics. 


Author’s Correction 


ATTENTION is directed to an error in the paper ‘A Note on the 
Damped Vibration Absorber,”’ published in the December, 16, 
issue of the JOURNAL oF APPLIED MEcuHanics, page A-284. The 
author, John E. Brock, writes that he has discovered an oversight 
in the original manuscript: In Equation [3] of the paper the firs! 
parenthesis in the numerator should be squared. 
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Experimentation on Tube Drawing 


With a Moving Mandrel 


By G. ESPEY? ano G. SACHS,* CLEVELAND, OHIO 


The process of tube drawing with a moving mandrel 
differs from other drawing processes in that, on the two 
contact surfaces between metal and tools, the frictions 
act in different directions. Therefore the analysis of such 
a process yields rather complex relations. These were 
confirmed by experimentation on several materials ex- 
hibiting various degrees of strain hardening. This in- 
vestigation also yielded some low but consistent values of 
friction coefficients. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
A = cross-sectional area of tube 


fi fo 

B = aparameter = — — 

tan a — tan 

tan 8B +f; 

C = aparameter = —————— 

tan a— tan p 
D = (mean) diameter of tube 
fi = friction coefficient between metal and die 
f: = friction coefficient between metal and mandrel 
f = friction coefficients for conditions where f, = f» 
h = wall thickness of tube 
k = flow stress or yield strength in tension 
ko 1.15k = flow stress under conditions of plane strain 


F = force required to draw tube 
pressure on tube wall 

longitudinal stress in tube wall 

F/A, = draw stress 

angle between die wall and tube axis = one half die angle 
angle of mandrel taper 

0 as a subscript refers to original dimensions 

e asa subscript refers to final dimensions 


INTRODUCTION 


The drawing of a thin-walled tube with a moving mandrel 
has been analyzed previously, considering various types of dies, 
such as conical stationary dies (1)* and dies possessing a circular 
(longitudinal) contour, both of the stationary and the rotating 
(roller) type (2). This analysis has revealed that tube-drawing 
with a moving mandrel differs from other drawing processes in 


1 This work has been conducted under the auspices of the A.S.M.E. 
Research Committee on Plastic Flow of Metals and assisted by a 
grant-in-aid from the Engineering Foundation. 

- . Department of Metallurgical Engineering, Case School of Applied 
science, 

* Department of Metallurgical Engineering, Case School of Applied 
Science. Mem. A.S.M.E. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 2-6, 1946, of 
THe AMERICAN Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1947, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


some respects and, under certain conditions, exhibits similarities 
to extruding and rolling processes. 

Furthermore, the equations derived for the stresses and forces 
in tube-drawing with a moving mandrel are more complex than 
those for the other previously analyzed forming processes (3, 4, 
5). Particularly, the possibility that the frictions on the two 
surfaces of the tube might be different introduces a factor of con- 
siderable uncertainty. 

Therefore an experimental investigation was undertaken. 
In addition, the previous analysis (1) was extended and simpli- 
fied to allow a comparison between experimentation and theory. 
Various series of tests were carried out, the variations being in the 
following respects: 


1 The angle of tapered dies. 
2 The mandrel diameter. 
3 The metal. 


The method of evaluation of the experimental data follows, in 
general, that established in similar previous investigations on. 
wire drawing (3, 4) and tube sinking (5). 


ANALYSIS OF THE Draw STRESS 


To compare the results of the experimentation with those of the 
theoretical analysis, the previous analysis must be modified in 
several respects. It will be attempted first to evaluate the test 
data on the basis of equal frictions, f = fi = fz, between metal 
and die and metal and mandrel, respectively. Small differences in 
these frictions, particularly if the friction coefficients are small, 
should not materially affect the draw force. 

The general differential equation of tube drawing with a moving 
mandrel, Fig. 1, has been given previously (1) 


ah dp 
h ky + pB 


where 


For fi = fz, and using the general condition for plastic flow 
under conditions of plane strain, s + p = ko, Equation [1] be- 
comes 


The friction does not appear in this formula which therefore 
also applies to a variety of other forming processes in the absence 
of friction. 

The solution of Equation [3] is very simple if the flow stress, 
“ko, can be considered as constant (i.e., independent of the varia- 
ble, h) yielding the principal stresses, the longitudinal stress s, 
and the pressure on the tool surfaces, p 
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where so is the longitudinal stress for the entrance h = ho, ie., 
for zero reduction. 

For h = h,, the stresses s, and p,, acting on the metal at the 
exit, are obtained from Equations [4a] and [45]. 

Contrary to other drawing processes, the stress s,, does not 
constitute the draw stress s;, which is defined as the force required 
for drawing, related to the cross-sectional area at the exit. This 
draw force F, consists of two components, the force acting on the 
metal F;, and that carried by the mandrel F2, where 


where, for fi = f, a tapered die, a = const, and a tapered mandrel, 
3 = const 


tan +f 
tan a — tan 8 
If the flow stress can be considered as constant, the integra- 


tion of Equation [6] yields, using Equation [4)] 


ho 
= fy In h. So(ho ho | [8] 


or introducing the portion of the draw stress carried by the 


mandrel 
F, hy ho 


The draw stress 8), is then, finally 


ho 
= + & = k(l + C) - 1) 


e 


If the flow stress varies with progressing reduction, the draw 
stress cannot be expressed algebraically. Integration of the 
basic Equation [8] then yields the principal stresses 


h 
dh 
ho h 
h 
dh 
p + = f ky — + ko {lla] 
he h 


The force carried by the mandrel becomes, according to Equa- 
tion |6] 


ho h ho 

R dh 

dh (ky — so)dh. . [12] 
rD, he ho h he 


This yields the draw stress by a procedure analogous to that used 
to develop Equation [10] 


ho ho he h 
ko kodh 


Equation. [13] will be useful if the flow stress ko, can be algebrai- 
cally expressed as a function of h/ho. 
MATERIAL AND PROCEDURE 


As a representative material exhibiting an almost constant 
flow stress (no strain hardening), commercially hard-drawn 
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cartridge brass (70 per cent Cu, 30 per cent Zn) tube was selected, 
having 0.563 in. OD, and 0.032 in. wall thickness. Further tests 
were made on commercially annealed cartridge-brass tubing of 
the same dimensions and on commercially annealed 0.020 per 
cent carbon-steel tube of 0.566 in. OD and 0.048 in. wall thickness, 
These materials exhibit various degrees of strain hardening. 

Tube specimens having a cylindrical testing length of approxi- 
mately 2!/, in. were drawn to an outside diameter of approxi- 
mately 0.500 in. through different steel dies, Fig. 1, possessing 
half die angles of 3, 5, 7, and 17!/2 deg. The mandrels, Fig. 1, 
consisted of hardened steel rods having a 5-in. polished length 
and different diameters, namely, 0.410, 0.430, 0.440, 0.450, 
0.455, 0.460, 0.470, 0.4725, 0.475, and 0.480 in. 

The point of the specimen to be gripped by the jaws was 
formed by extruding the tube into a die (7-deg half angle, 0.495 
in. diam) by means of a plunger and cylindrical guide restrain- 
ing the tube from collapsing. This method of pointing the tubing 
limited its length to about 4 in., Fig. 1. 

The drawing was performed on a 10,000/60,000-Ib testing 
machine at a speed of approximately 1 ipm. For this "purpose 
a special die holder was attached under the upper jaw of the 
testing machine, and the point of the tube was gripped, together 
with the mandrel, and pulled with the regular lower jaw. The 
load during the major portion of the drawing was usually found 
to be constant within +2 per cent. 

The brass specimens were pickled in 3 per cent sulphuric-acid 
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solution for 5 min, rinsed in hot water, dried, and allowed to stand 
at least 16 hr (overnight) before drawing.® 

A 2 per cent aqueous soap solution (chipped soap by weight), 
was used as lubricant for the brass. The specimens were left in 
this soap solution for at least 15 min before drawing.* 

The steel specimens-had a thin almost unnoticeable film of 
surface rust after a preparatory procedure consisting of pickling 
in 10 per cent sulphuric acid (specific gravity 1.42) solution at 
180 F, for 15 min, rinsing in lukewarm water, drying in air, and 
allowing to stand for at least 1 week.? The degree of rust film 
could be controlled by the speed of drying after the rinse. 

A commercial, emulsion-type, pigmented, drawing, compound 
(Ironsides No. AF11) diluted with 2 parts of water was used as 
lubricant for the steel tube. 

Micrometer measurements were made both on the initial and 
drawn tube, to determine the draw stress s,, and the reduction in 
area R. The draw stress was computed from the formula 


F F 
8) = - = 
Ay rh D, 


The reduction in area was calculated by means of the equation 


R=1— 

Ao 

Stress-strain curves for the various metals before and after 
drawing by various reductions were determined in the conven- 
tional manner. The decisive strain of a drawn tube, subjected 
to a tensile test, is the sum of the reductions in area in drawing 
and in the tensile test, respectively, referred to the initial cross- 
sectional area. 


‘It was found in previous investigations that drawing immedi- 
ately after pickling required somewhat greater drawing forces, and 
that rupture occurred at lower reductions than drawing of specimens 
exposed to the atmosphere for some time (6, 7). 

Such a procedure was found previously (8) to reduce the draw 
force materially and to yield more consistent results than drawing 
immediately after dipping into the soap solution. 

7 According to previous investigations (9), this oxidized surface 
decreases the friction, improves the consistency, and prevents galling 
during drawing. It was also observed that some embrittlement 
occurred upon pickling and could be eliminated by letting stand at 
room temperature for at least a week, or holding at 300 F for 30 min. 
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Hard Brass. Tensile tests on the hard brass yielded, as ex- 
pected, only one value of flow stress for each test, namely, the 
tensile strength divided by the cross-sectional area at the point 
of maximum load. This flow-stress value, Fig. 2, increased with 
increasing reduction in drawing from 99,000 psi for zero reduction 
to 110,000 psi for a reduction of 60 per cent, for all different dies 
investigated. 

Because of the small magnitude of the strain hardening, a con- 
stant value of k = 104,000 psi describes the flow stress k, for the 
hard-brass tube over the entire range of reductions investigated, 
within +5 per cent. Under conditions of plane strain, assumed 
to be the case in a thin-walled tube during drawing (1), the flow 
stress, consequently, can be assumed to be 


hy = 1.15& = 120,000 psi 


The experimental values of the draw stress are assembled in 
Fig. 3. The curves for the various dies are located within a nar- 
row band. This indicates already that the friction coefficients 
are very small, as shown later by analysis. 

The curves representing the draw stress s,, versus the reduc- 
tion in area by drawing, | — A, /Ao, Fig. 3, intersect the ordinate 
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at finite values. These draw stresses 8, for zero reduction, 
A,/Ao = 1, were found by extrapolation to be 10,000 psi, within 
+ 1000 psi for the dies investigated. For the analysis, the follow- 
ing values were used for so: 


5-deg die: s.) = 11,000 psi 


7-deg die: so = 11,000 psi 
17'/.-deg die: = 10,000 psi 
In applying Equation [10] for the draw stress to the results of 


experimentation, the variable h,/ho must be replaced by the 
variable A,/Ao, which then measures the decisive strain 
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where, for tan 8 = 0, see Equation [7] 


C= 


With the values of so just given, the draw stresses determined 
by Equation [10] have been calculated in Figs. 4 to 6, for various 
tentative values of C. Each experimental curve agrees rather 
closely with a theoretical curve for a particular value of C. These 
values of C, and the friction coefficients f, derived from Equation 
[7a] are assembled in Table 1. 


TABLE 1 VALUES OF C AND FRICTION COEFFICIENT f 


a, deg tan a Cc f 
5 0.09 0.3 0.03 
7 0.12 0.3 0.04 

171/3 0.32 0.2 0.06 


As expected from the small differences between the curves 
for different dies, Fig. 3, the friction coefficients in Table 1 are 
found to be very low, 0.05 + 0.02. 

Annealed Brass. Tensile tests on tubes drawn from annealed 
brass yielded flow stresses which, for any significant reduction, 
were much higher than those obtained by means of a tensile 
test on the annealed tube, Fig. 2. There was also a slight effect 
of die angle noticeable, the stress being higher the larger the die 
angle. These phenomena also have been observed previously 
on soft metals in wire drawing (3) and tube sinking (5). How- 
ever, the differences between the hardening effect of drawing a 
tube with a moving mandrel and that of pulling by uniaxial ten- 
sion exceed considerably those found in the other drawing proc- 
esses. On the other hand, the die angle was found to be of more 
influence on the drawing forces in wire drawing and tube sinking 
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than in tube-drawing with a moving mandrel. This difference 
can be explained by the fact that in the latter process the shear 
stresses at the metal surfaces act in reverse directions and, con- 
sequently, cause large shear strains superimposed to the strains 
resulting directly from the reduction in wall thickness. 

The experimental values of the draw stresses are assembled in 
Fig. 3. The curves for the various dies are again located within a 
narrow band, indicative of very small friction coefficients. 

An analysis of the draw stresses has not been carried through 
for annealed brass. The large amount of strain hardening oc- 
curring in tube drawing makes it difficult to assign sufficiently 
accurate values to the flow stress. In addition, it was found 
necessary in previous investigations to use higher strain values 
than the actual reductions in drawing in order to account for the 
magnitude of both the strain-hardening and the draw stress. 
Such corrections will be excessive in the present case; and their 
usefulness therefore becomes dubious. A preliminary calcula- 
tion along the previously successful lines yielded too-high values 
for the draw stresses of soft brass tube and therefore it was 
abandoned. 

Annealed brass represents a material the flow stress of which 
increases very rapidly with increasing reductions. Therefore 
another metal was selected for further investigation which ex- 
hibited such strain hardening to a lesser degree, namely, an- 
nealed steel. 

Annealed Steel. Annealed steel also exhibits, according to 
Fig. 7, considerable strain hardening. Similar to annealed brass, 
but to a lesser degree, the hardening obtained by drawing steel 
exceeds that derived from the stress-strain curve in tension. This 
is particularly noticeable for smaller reductions, up to approxi- 
mately 20 per cent, at which point necking begins in a tensile 
test. On the contrary, the extrapolation of the stress-strain curve 
in tension to high strain values yields practically the same flow- 
stress values as obtained from drawn tubes. In the range of small 
strains, the flow stresses also differed for drawing through the 
various dies, but only to a rather small extent. 

Multiplying the stresses obtained by means of the tensile 
tests and those of their extrapolated extension by a factor of 1.15 
yields a curve of flow-stress values ko, as a function of the reduc- 
tion in area, 1 — A,/Ao, Fig. 7, which is used in the subsequent 
analysis, 
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The assembled experimental data of draw stresses are shown 
in Fig. 8. The curves for the larger angle dies are again located 
within a narrow band, while drawing through the die possessing 
the most acute (half) die angle of 3 deg required considerably 
higher stresses, as to be expected. 

The curves representing the draw stress s,, versus the reduction 
in area, Fig. 8, again intersect the ordinate at finite values. These 
draw stresses 8, for zero reduction, A,/Ao = 1, were found by 
extrapolation to be close to 7000 psi, for all dies investigated. 

The analysis of the draw stresses has been carried out numeri- 
cally in small steps, using the flow stresses ko, shown in Fig. 7. 
Within each step, the flow stress can be considered as constant, 
being equal to the average value of this interval. Then, the 
change in the draw stress from the lower to the upper limit of the 
interval can be determined by means of Equation [10]. 

The draw-stress values, derived from this process of summa- 
tion, however, do not consider the higher rate of strain harden- 
ing in tube drawing than in a tensile test. According to previous 
investigations (3, 5), the increase in draw stress resulting from 
this effect can be considered simply by using for the analysis an 
increased strain value, rather than the actual, namely, that which 
yields the same flow stress in pure tension. 

By means of this process, draw stresses were calculated for 
various tentative values of C in Equation [10], and the foregoing 
listed values of 8, Figs. 9 to 12. Each experimental curve con- 
forms within experimental limits closely to a theoretical curve for 
a particular value of C. These values of C, and the friction 
coefficients f, derived from Equation [7a] are assembled in 
Table 2. These friction coefficients are again very low, namely, 
0.05 + 0.01. 


Maximum Repvuctions 


An attempt was made to determine the maximum reductions 
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TABLE 2 VALUES OF C AND FRICTION COEFFICIENT f/f, DE- 
RIVED FROM EQUATION [7a] 


a, deg tana Cc f 
3 0.05 0.95 0.05 
5 0.09 0.45 0.04 
¥ 0.12 0.35 0.04 

171/2 0.32 0.2 0.06 


which could be performed on the various metals by drawing with 
a moving mandrel. However, the limited number of tests did 
not yield these reductions with an accuracy better than +5 per 
cent reduction. At the highest reductions usually one or several 
complete or partial draws were obtained, while the test specimen 
failed in a parallel test. Therefore sufficiently accurate values 
of maximum reduction can be obtained only by a statistical 
evaluation of the frequency of failures, which necessitates a large 
number of specimens. 

The observed values of maximum reduction were found to be 
60 + 5 per cent for hard brass, 70 + 5 per cent for soft brass, and 
65 + 5 per cent for steel. In general, these values were slightly 
lower for the 3-deg and 5-deg dies than for the 7-deg and 17!/2- 
deg dies, possibly by as much as 5 per cent. 

The analysis of the process of tube-drawing yields the values 
of maximum reduction independent of the die angle, if the fric- 
tion coefficient between metal and die is the same as that between 
metal and mandrel (1). Such conditions therefore appear to 
apply to the series of tests reported. 

The maximum reduction in area obtainable can be derived from 
the analysis as the point of intersection between the curves repre- 
senting the tensile strength, Fig. 13, and the longitudinal stress 
on the metal, s = s,, according to Equation [4a] 


[4c] 


As shown in Fig. 13, a reduction of approximately 55 per cent 
is obtained by this procedure for hard brass, and approximately 
63 per cent for steel. These values are possibly slightly smaller 
than those determined experimentally. 

This discrepancy may be tentatively explained by several devia- 
tions from the theory, particularly that from the state of plane 
strain. If the flow stress was overestimated, the analysis would 
also yield too-low friction coefficients. However, the agreement 
between the derived frictions for acute- and large-angle dies indi- 
cates that this error must be small. 

It may be mentioned that a large number of tests, in which a 
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tapered mandrel was pushed into a tubular part, yielded draw 
stresses in fundamental agreement with those obtained in this 
paper. However, the maximum reductions obtained in such 
tapered punch tests frequently increased with decreasing die 
angle. Generally also, the maximum reductions for a given die 
angle were more consistent, the larger the die angle. 

These differences between the results of tests with cylindrical 
and tapered mandrels, respectively, may be tentatively explained 
by fluctuations in the friction coefficients. With a tapered 
mandrel, the reduction in area increases with progressing drawing. 
Consequently, the tube will fail at a particular reduction which 
corresponds to a particular combination of the two friction co- 
efficients. On the contrary, with a cylindrical mandrel, a large 
length of metal is subjected to the same reduction. Conse- 
quently, failure may occur at any section if the two friction 
coefficients assume temporarily an unfavorable combination, i.e., 
the friction coefficient between metal and die is larger than that 
between metal and mandrel. This explains the frequently made 
observation that a tube may draw readily over a considerable 
portion of its length before it fails. 

If the friction between metal and mandrel was consistently 
larger than that between metal and die, very high reduction 
could be expected for an acute-angle die. However, such condi- 
tions were apparently not encountered in the present investiga- 
tion. 


CONCLUSIONS 


The data presented in this paper for the process of tube drawing 
with a moving mandrel indicate that this process can be analyzed 
in much the same manner as other forming processes in general, 
and other drawing processes in particular. 

The friction coefficients derived from the analysis are smaller 
than those reported in previous investigations (3, 4, 5). This 
may be explained by the particular attention which was paid in 
this work to polishing the tools, preparing the metal surfaces, 
and selecting the lubricants, as a result of previous experimenta- 
tion (6, 7). 
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The Flow of Metals Through Tools of 


Circular Contour 


By G. SACHS? ano L. J. KLINGLER,* CLEVELAND, OHIO 


In a large variety of commercial forming processes, 
the metal flows through a gap formed by the surfaces of 
parallel cylinders. One of these processes is rolling, which 
has been investigated previously for certain boundary con- 
ditions. This analysis has been extended to cover all 
possible variations. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


@, a, a2 = tool contact angles 


R 
A = 2f4/— 
hi 
b = width of strip 
hy 
R 


St, fife = coefficients of friction 
h = variable thickness of strip or wall thickness of tube 
ho = thickness at entrance 
h, = thickness at exit 
H = longitudinal force 
k = flow stress for uniaxial state of stress 
kyo = 1.15k = flow stress for plane strain 
p = unit pressure exerted by the tools 
R, R:, R. = tool contour radii 
s = longitudinal stress 
8, = front tension or draw stress 
s) = back tension or stress for extruding 
w = 
z = longitudinal distance from the exit to an arbitrary 
point 
0 


INTRODUCTION 


This paper deals with forming processes in which a metal 
strip is forced through an opening bounded by the surfaces of 
parallel cylinders or rolls. The strip is assumed to be sufficiently 
wide so that its width does not change, i.e., that the condition 
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Research Committee on Plastic Flow of Metals and assisted by a 
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Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1947, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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of plane strain applies. This definition also covers the forming 
of thin-walled tube between an outer tool or die and an inner 
tool or mandrel. 

Processes of these types have a large commercial significance. 
Practically all possible variations are realized in the various 
forming processes, Fig. 1. These variations are as follows: 


1 The magnitude (and sign) of the torque (moment) acting 
on each cylindrical tool, ranging from a positive value for driven 
rolls, to zero for undriven rolls, to a negative value for a station- 
ary die. This variable may be called the tool restraint. 

2 The magnitude (and sign) of the longitudinal stresses ap- 
plied to the metal at the entrance or in back of the tools and 
at the exit or in front of the tools, respectively, distinguishing 
drawing, extrusion, and rolling. 

3 The difference in the two roll diameters, ranging from zero 
as most common in forming a strip, to an infinite value for various 
tube-forming processes. 


A further variable encountered in any particular process is 
that of the frictional conditions. Throughout this investigation 
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the friction coefficient will be considered as independent of 
both the pressure and the relative speed between metal and tool 
surfaces. This leaves as possible variations (a) the magnitude 
of the friction, and (6) that the friction coefficient between one 
tool and the metal differs from that between the other tool and 
the metal. 

The large variety of processes in which tools of circular con- 
tour are used, can be readily analyzed on the basis of the same 
simplifications which have been generally assumed to apply to 
other processes of metal flow (1 to 6).4 One of the previously 
derived solutions for the process of rolling strip (1) can be written 
in such a form’ that all the variations mentioned are covered 
either by their boundary condition or by introducing certain con- 
stants into the basic equation. The boundary condition deter- 
mines the nature of the forces applied to the metal, either directly 
or through the tools. The general boundary conditions occur- 
ring in drawing with stationary dies, such as in wire drawing 
(3, 4) and tube sinking (5), and those in drawing (tube) with one 
stationary and one moving tool (6) have also been discussed in the 
literature. 

The previous analysis has been extended to consider condi- 
tions which are not symmetrical about the longitudinal axis. 
This applies both to processes, in which the two surfaces of the 
metal in contact with the tools possess different contour radii, 
and/or the friction coefficient at these two surfaces are differ- 
ent. The solutions for these nonsymmetrical cases can be 
reduced to those obtained for the symmetrical cases by simple 
transformations. 

The derivations by Nadai (1) for the rolling process will be 
repeated, because some of the complex variables and constants 
introduced are significant for the various processes treated in this 
paper. 

The majority of the processes resulting from the variations 
listed are commercially significant, either for the condition of 
plane strain which will be treated or, in other forming processes, 
possessing rotational symmetry. Solutions obtained for rota- 
tional symmetry have been found in several instances to be anal- 
ogous to those for the state of plane strain, other conditions 
being identical. Consequently, the solutions derived in this 
paper should also apply in a ganeral way to corresponding proc- 
esses of rotational symmetry, such as drawing a solid rod (rather 
than a strip) with a roller die. 


GENERAL EQUATIONS 


Principal Stresses. Problems involving rolls as tools can be 
treated, at present, only for the condition which occurs in a wide 
strip, namely, that of plane strain. The one principal stress is 
then the horizontal stress, s, = s; and the roll pressure p, is 
assumed to be the other principal stress, s; = —p. 

The condition of plasticity, for the case of plane strain, gener- 
ally assumes the form 


where ko, the flow stress for plane strain, equals 1.15 k, k being 
the flow stress for the uniaxial state of stress, e.g., tension. 
Differential Equations for Symmetrical Tools. The general 
differential equation for the condition of plane strain derived 
from the equilibrium of the horizontal forces also applies to the 
flow of metals through a gap formed by two stationary rolls of 


‘ Numbers in parentheses refer to the Bi! liography at the end of the 
paper. 

’ More advanced numerical solutions for rolling, which consider 
the shear stress introduced by the friction, have been given by Orowan 
(2). His paper also discusses the effects of roll flattening, i.e., the 
increase in contour radius (roll diameter) occurring under the ac- 
tion of pressure between metal and tools. 
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equal radius R, Fig. 2 
dH + 2pbdz (tana + f) = 0............. (2] 


The solution of this equation for a variable angle a, at the 
interface is rather involved, although a number of simplified 
solutions have been suggested. In addition, the frictional forces 
are subject to complications, being variable regarding their 
sign, or direction, and in certain instances also being independent 
of the pressure at the interface. 

Differential Equation for f = 0. For forming operations 
where the friction is zero, f = 0, Equation [2] becomes simply 


dH + 2pbdz tan a = 0 
or, using Equation [1] 


hds + sdh + (ko — 8) dh = 0 


or 
(3) 
ko h sale 
Integrating for an arbitrary (lower) limit, z = z,,h =h,,8 = 8,, 
yields 
sa ko ha 
or 
[3a} 
ko ke h 


Equations [3a] and [3b] do not contain the angle a, which 
determines the tool contour. They apply therefore to all tool 
contours and, because of the absence of friction, also to both 
stationary and roller dies under conditions of plane strain. 

Differential Equation for Stationary Dies. The basic problem 
of reducing a strip through stationary dies having a circular con- 
tour, with the radius R, can be solved algebraically for a small 
angle, as shown by Nadai (1), assuming the following simplifying 
geometrical relations, Fig. 3 


sina sa = = Ds 


\ 
\ 
\ a 
and using Equation [1] 
| 
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and yields the solution 
y [C — dz} 


a D222 where 
UG) = Sule)de 
2 and C is an integration constant. The various functions in this 
h = h + 2R(1 — cos a) = hy + r equation are 
A 2z 


A 
dh 2xdx _ dz = —Atan-!z 
2z 
- Lo 4, The last of these functions can be solved algebraically by intro- 
ducing the assumption 


w= tanw =z = tan“!z 


2 
5 dz = —2 we~4” dw = (2) (e~ 4%) (Aw + 1) 
DISTANCE FROM EXIT 


Fic. 3 Examp.e or Stress DistrisvTIoNns FoR Drawinc THroucH The final integrated equation for the flow of a strip through 
STaTIONARY Dies or CiRCULAR CONTOUR stationary dies of circular contour then becomes 


where z and D are co-ordinates without dimensions, defined as 
follows 


where 


z 
z = RDz w = = ( 


ForMING WitH oF Equat Contour Rapti AND A Con- 
STANT FRICTION COEFFICIENT 


Using the condition of plasticity, Equation [1] then yields Drawing With Stationary Dies. The boundary condition for 
dH x? Qxrdx pulling or drawing a strip through stationary dies is usually as- 
nae (sh) = hds + sdh = —dp\h + R + (ko — p) —-— sumed to be the absence of any longitudinal stress (back pull) 


at the entrance, x = 2 
The differential Equation [2] can now be written as follows, 


h=h,z = 1 


dividing by ko, hi, and b . 
This determines the constant C, in Equation [6], as follows 
d 2 2 ’ ’ 
ko ko ko a. A? 
C= 2 1+ Am + > {4 
* Further simplifying by introducing 7 
Pp 2f The final equation for drawing through stationary dies then be- 
A= D comes 
results in the final differential equation (: + 1 | {8 
dy 22 Ay P 


dz i1+27 1+2? (5) The distribution of the stresses, y = p/ko and s/ko = 1 — / 


is shown in Fig. 3 for the following example: 


General Solution of the Differential Equation. This equation is 
of the general form f = 0.224, hi/he = 0.7, R/h, = 80 


Limit of Drawing. It must be kept in mind that a tensile 


dy 
dz by +) 0 stress larger than s/k = 1, or, because ky = 1.15k, larger than 
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s/ko = 0.866, cannot be applied to the metal under conditions 
of uniaxial stress. With this limiting stress applied to the metal, 
it will fail in tension in front of the die. Therefore the con- 
ditions selected for the example, Fig. 3, do not yield a possible 
solution because the resulting required draw stress, s,/ko = 0.986, 
acting at h = h,, would exceed the tensile strength of the metal. 
Therefore it is impossible to reduce a strip as high as 30 per 
cent (in thickness) by drawing through a die, if f = 0.224 and 
R/h = 80. 

Extruding With Stationary Dies. Pushing or extruding a strip 
through stationary dies is particularly interesting, because it pos- 
sesses the same boundary condition as rolling, namely, the 
absence of a longitudinal stress at the exit, z = 0 

hi 


This determines the constant C in Equation [6] as follows 
2 
C=1+ [9] 


The final equation for extruding through stationary dies then 
becomes 


= = l A ) 10 
( + (1 + Aw) [10] 


The distribution of the stresses is shown in Fig. 4 for the ex- 
ample, f = 0.224, R/h, = 80. 
Limit of Extruding. The 


limiting condition in extru- | | 
sion is similar to that pre- y, | | 
viously discussed for draw- ~~ 
ing. The stress applied to 2 


the metal at the entrance 
cannot exceed the flow 
stress or tensile stremgth k, 


under conditions of a uni- ope * 
axial stress state. If this 2 g 
limiting stress is exceeded, 
the metal will be upset in ‘ 6 
back of the tools rather 
than extruded through the 5 7 
tools. The example chosen q 
therefore would not yield a N ” 


possible solution. 


However, by special meas- = \ 
ures, the upsetting can be wok 4iaar | | 
prevented. Extending the 
die into a parallel channel 
would provide side support | 


to prevent upsetting. Such 
a setup corresponds to that 
of conventional extrusion in 
which a billet is pushed by 
a plunger through a con- 
tainer with a die attached 
to it (under conditions of plane strain). For this process, the 
solution just derived yields the stress at the entrance of the 
circular portion (die) or at the exit of the parallel portion (con- 
tainer). An additional force is required to push the metal 
through the container. At present no solution is available for 
this problem. 

‘ Equilibrium of Forces at a Roll. If a roll having the radius R, 
is used as a tool, the equilibrium of forces at the roll must be con- 
sidered first. Disregarding any friction at the shaft, a roll is 


DISTANCE FROM EX/T ~ 


Fig. Exampie or Stress Distri- 

BUTIONS FOR EXTRUDING THROUGH 

Stationary Dies or CrrcuLar 
CONTOUR 


A-91 


subjected to an external moment or torque M, a total pressure P, 
resultant of the unit pressures p, along the contact surface be- 
tween metal and roll, and a total frictional force F, which must act 
perpendicular to the total pressure. 

Considering a certain width b, of the roll, the equilibrium of 
moments about its center yields the relation 


M+FR=0 
or 
F =—M/R 


In this equation the total friction is not the product of the 
total pressure and the given friction coefficient. The required 
flexibility regarding the friction force can be frequently obtained 
only by assuming that the unit frictions fp, resulting from the unit 
pressures p, are positive along the contact surface from the exit, 
x =0,a = 0, toa certain position, z = z,, a = a, called the 
‘no-slip point” or ‘‘friction hill,’”’ and negative (i.e., acting in the 
same direction as the metal flows) from there to the entrance, 
t= a = 

The metal element at the no-slip point moves with the same 
speed as the roll surface. Toward the exit the metal moves 
faster (as in stationary dies); toward the entrance the metal 
moves slower than the roll surfaces. ; 

Rolling Without Tension. Thus, in rolling, the metal flows 
with a variable speed between the rolls to transport the same 
volume of metal of varying thickness within a given time. The 
roll rotates at an intermediate speed, being higher than that of 
the metal at the entrance, but lower than that at the exit. Con- 
sequently, at the exit the metal slips in relation to the roll in the 
same manner as with stationary dies, while the relative move- 
ment is reversed over a certain length at the entrance. 

At the exit, the boundary condition being the same as for ex- 
trusion, Equation [10] applies 


he =y= (: (1 + Aw) 


At the entrance the equation for rolling differs from that pre- 
viously developed, Equation [6], by the different sign for the 
friction f. This changes the sign of A = 2f+/R/h, resulting in 
the general equation 


2 


The same boundary condition as for drawing applies to this _ 
portion of rolling, resulting in (see Equations [7] and [8]) 


+4 —(1— Aw) |. [12] 


Values of y derived from the two partial solutions, Equations 


[10] and [12], are illustrated for f = 0.224, : = 0.7, ‘ = 80 
1 

in Fig. 5. For a given position the smaller of the two values 
must be taken, resulting in a stress distribution with a maximum. 
The position of this maximum is the point at which the friction 
reverses its sign, i.e., the no-slip point. 
Effects of Front and Back Tensions. The effects of front ten- 
sion and back pull are readily obtained from the basic differ- 
ential equations by introducing new boundary conditions. 


For a front tension s,, acting at the exit 


ko 


Se: 
; 
| | | [11] 
a 
MM. 


R 
4 
de 
FAONT BACK PULL 
| 
| 


«£ 
DISTANCE FROM EX/T ~< 


Fie. 5 Examp.es or Stress DistrrisvutTions ror WITH 
Front Back Tensions or 0, !/«ko, 1/2ko, and 3/«ko 


To this condition at the exit, Equation [6] applies 
2 
A 
y = Ce 20 + Aw) 
and the integration constant becomes 
2 
C=1— 
yielding the final equation for the exit 


2 


Similarly, at the entrance, Equation [11] applies 
(1 — Aw) 
y = le rT w 


The boundary conditions for a tension applied at the entrance 8, 
are 


$ 


and the integration constant becomes 


2 
C = E a (1 — aw) | 


This yields the final equation for the entrance 


y = E (1 — aw) | (1— Aw) [14] 

The resulting stress distributions for the action of a front 
tension only, of a back pull only, and of both a front tension and a 
back pull, is illustrated in Fig. 5 for tensions of ko/4, ko/2, and 
8/, k4, according to Nadai (1). 

Limit of Roiling. The limiting condition for rolling without 
tensions is determined by the fact that the work consumed must 
be supplied entirely by friction. This well-known condition of 
gripping is expressed by . 


a = 2tan'f 


If a reaches this limiting value, the friction hill will be located at 
the exit, i.e., the metal slips over the entire roll surface. 
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The presence of front and back tension, of course modifies 
this condition. The limiting condition may again be reached 
either when the friction hill has moved to the exit (limiting 
condition of rolling), or when the tension in front or back exceeds 
the flow stress for the uniaxial stress state (limiting condition 
of drawing). 

Pulling a Strip Through Undriven Rolls. The pulling of strip 
through rolls has various commercial applications. One is the 
rolling of strip in a mill driven solely by tension on the delivered 
strip. Another is the forming of bar stock to close tolerances by 
means of a turk’s head. 

The first of these processes is closely related to the rolling of a 
strip with front tension, the stresses for which are given by Equa- 
tions [12] and [13]. At the entrance where no tension is applied 
(see Equation [12]) 


1— Awe + > )—(—Aw) 


and at the exit where an unknown tension, the draw stress s,, is 
applied (see Equation [13]) 


he e (: #2) az + Aw) 


The stress s,, can be determined most readily by trial and 
error from a graphical representation of the definite pressure 
distribution at the entrance, and of a number of pressure distri- 
butions at the exit, for various values of draw stress, 1 > s,/k 
> 0. Plotting these functions of p/ko versus the distance from 
the exit z, Fig. 6, various positions of the no-slip point are 
obtained. 

The solution of the problem is given by the condition that 
the sum of the frictional forces along the circumference of the 
roll must be zero, determining the position of the no-slip point, 
x = 2,, a = a,, for undriven rolls 


za Zo 
bfpdz — bfpdz & 0 


The two integrals in Equation [15] are determined readily for 
various positions of the no-slip points, z = z,, by graphical 
integration, Fig. 6. The solution is then given by the particular 
pressure distribution which yields equal total pressures on both 
sides of the no-slip point. 

This solution is obtained by the following procedure: In Fig. 7, 
for various assumed. values of s,/ko, the two areas under the left 
and right branch, respectively, of the pressure-distribution curve 
are plotted versus the position of the no-slip point, z,/h;. The 
intersection of the trend curves for these two areas then yields 
the solution, as the co-ordinate of the respective no-slip point. 
Plotting the front tensions in the same graph then yields the 
desired draw stress, s,/ke. 


h R 
In Fig. 8 the stress distributions (1 = 0.224, 0:7, 
1 


or 


are compared for drawing through stationary dies and through 
roller dies (undriven rolls). As mentioned before, for the sta- 
tionary dies the strip would fail in tension in front of the dies; 
but for the same conditions, the drawing stress for roller dies is 
approximately only two thirds of the maximum stress allowable 
(s,/ko = 0.866). 

Flow of Metal Through a Gap Bordered by Differently Re- 
strained Tools. In certain instances, the forces acting at the 
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interfaces between the tools and metals are not identical at the 
lower and upper contact area, respectively. In such instances, 
over a certain length of metal between two boundaries, x = 2,, 
a = a, and z = z,, a = a,, the frictions at the two surfaces 
possess reverse signs, Fig. 9. The differential equation for such 
conditions then becomes identical to that for frictionless forming, 
Equations[2] and [3] 


dH + pbdz(2 tan a + f—f) = dH + 2pbdz tan a = 0 


And the solution of this equation for an arbitrary lower limit, 
I = 2X4, a = was found to be (see Equation [3b ]}) 


This equation applies to any condition where the upper and 
lower tools possess different surface speeds. This surface 
speed is determined by the type of tool represented by the three 
different tools, the driven roll, the undriven roll, and the sta- 
tionary die. In each of the three nonsymmetrical combinations 
of these tools conditions occur where over a certain length of 
metal the one tool moves faster and the other tool moves slower 
than the metal, resulting in reversed frictional forces at the metal 
surfaces. 

Rolling With One Driven and One Undriven Roll. The most 
common condition in which the two tools forming the gap 
through which the metal flows are restrained differently is roll- 
ing of strip with one driven and one undriven roll. 


To conform to the different equilibrium conditions for the two 
rolls, they must possess different speeds. Consequently, within: 
the unknown range the pressure is determined by Equation [36]. 
The solution of the problem for the pressure distribution there- 
fore yields three branches. At both the exit, z = 0 tor = X, 
and the entrance, z = z, to = 2, the partial solutions are 
identical to those for rolling with two driven rolls. 

In the unknown range the solution is obtained by the follow- 
ing procedure: Various curves are drawn for Equation [3)] 
taking as the limit h, = hi, p, = p,, and giving arbitrary values 
to p,/ke from 1 to 2.75, Fig. 9. These curves cut off the pressure 
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peak formed by the other two branches, by varying amounts. 
The desired pressure distribution must then conform again to 
the condition developed for drawing through undriven rolls, 
i.e., the sum of the frictional forces along the circumference of 
the undriven roll must be zero. It has been shown, Equation 
[15], that this condition is met when the total pressure, between 
the metal and the undriven roll over the contact area in which the 
friction is positive, is equal to that in the contact area in which 
the friction is negative. This condition can be fulfilled only if the 
positive friction on the undriven roll extends from x = 0 toz = 
x, (which means that in this range the undriven roll moves slower 
than the metal) and the negative friction on the undriven roll 
extends from zx, to 2» (where the undriven roll moves faster than 
the metal). Consequently, the surface speed of the undriven roll 
is lower than that of the driven roll. The position z, and the 
particular pressure p,/ko which conform to this equilibrium condi- 
tion are then obtained by the method of trial and error discussed 
previously for the drawing of strip through undriven rolls, see 
Fig. 9. 


E 
y 
‘ 
4 k k og h 
; 
. Pane 
e 
4 
e 


A-94 


Replacing two driven rolls by one driven and one undriven 
roll therefore causes the following changes. The peak in the 
pressure distribution is cut off, resulting in two breaks of the 
curve. The break closer to the entrance, i.e., the new peak, is 
given by the fact just discussed that the friction on the undriven 
roll changes its sign at this position. Consequently, this position 
is that of the no-slip point of the undriven roll. At the break 
closer to the exit, the friction of the driven roll changes its sign, 
this position therefore being that of the no-slip point of the 
driven roll. 

The reduction in peak pressure and the displacements of the 
friction hills become larger the closer the reduction approaches 
the maximum reduc- 
tion. The limiting 
condition, i.e., the no- 
slip point of the driven 
roll being at the exit, 
is reached considerably 
earlier, possibly at a 
roll angle of three 
quarters or an esti- 
mated reduction of less 
than one half of that 
for both rolls driven. 
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butions for various frictions, f = 0.224, 0.112, 0.056, roll di- 
ameter and per cent reduction remaining constant, hi/ho = 0.7, 
R/h, = 80. According to Fig. 11, derived from Fig. 10, at an 
estimated value of f = 0.06 the no-slip point for one roll driven 
reaches the exit, whereas this limit for both rolls driven occurs at 
f = 0.0375. Therefore for a friction between these two limits, 
0.037 < f < 0.060, rolling with one driven and one undriven 


roll is possible only if a front tension is added. For f = 0.056, a 


front tension of approximately s, = 0.1 ko is required. 

Forming With One Roll and One Stationary Die. A theoretically 
possible case is that of forming a strip with one roll and one 
stationary die. The solution then again consists of two branches, 
the frictions being in the same direction at the exit and in different 
directions at the entrance. 
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For boundary conditions existing in rolling, i.e., one driven 
roll and no tensions applied, no possible solution exists, as the two 
branches do not intersect, Fig. 12. (Only if the frictions between 
the metal and the tools are different does such a process become a 
possibility, as discussed later.) 

Therefore, to obtain a possible solution, a front tension must be 
applied. The minimum tension is that which moves the friction 
hill to the exit, x = 0, Fig. 12. 
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If the front tension assumes such a value that the area under the 
pressure-distribution curve again conforms to the condition, 
Equation [15], for undriven rolls, this front tension becomes the 
draw stress required to pull a strip through one undriven roll and 
one stationary die. This draw stress is only slightly less than 
that required for drawing through stationary dies, while it is 
considerably higher than that for both rolls undriven. (Compare 
Fig. 12 with Fig. 8.) 

The draw stress required for forming with one roll undriven, 
under the conditions selected in the example, Fig. 12, still ex- 
ceeds the limiting value, s,/ko = 0.866. Therefore it is impos- 
sible to reduce a strip as high as 30 per cent in thickness by this 
process if f = 0.224 and B/h,; = 80 
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Basic Equation. If the contour radii of the two surfaces, be- 
tween which the metal is formed, become different, R, and R2, 
the following equation is obtained, Fig. 13; see Equations [1] and 
[2] 


tan a, + tan a2 +1) 


dH + 2pbdz ( 


This equation can be reduced to the basic differential Equation 
[2] by introducing the definitions 


2 tan a = tan a + tan m...... vin 
where 
ten, = — = 
R, 
and 
2 1 1 


R Ry 
R may be called the effective contour radius. 

Scope of Problem. Contour radii of different size have a con- 
siderable practical significance, Fig. 14. Rolling is performed fre- 
quently with rolls of different diameter, the three-high mill being 
an example. 


Fie. 14 FLow or Merat THrovcH Gap FormMEep By TooLs OF 
DiFreRENt Contour 


A combination of roll diameters conforming to the example 
previously discussed, where R/h; = 80, Fig. 14(a) would be 
Ri/h, = 60 and R2/hy = 120, Fig. 14(b). Identical solutions 
would result for these two roll combinations, other conditions 
being equal, see Fig. 5. The same would apply to any process 
other than rolling. 

An interesting condition results if, for a given effective radius, 
e.g., R/hy = 80, one contour radius is made very small, e.g., 
Ri/h, = 30. Then Equation [17] yields a negative value for 
R2, e.g., Re/hy = —120. A process conforming to this example 
may be the hypothetical case of the rolling of a tubular section by 
means of a roll on the inside and a (large-diameter) rotating ring 
on the outside, Fig. 14(c). So far, this type of forming appar- 
ently has not yet found an application. 

If the one radius becomes infinite (or very large), a group of 


processes result which may be represented by a variety of form- 
ing operations performed on tubes and tubular parts. In such 
processes, the tube is formed with an external tool, which fre- 
quently possesses a circular contour, while its inside is supported 
by a cylindrical or almost cylindrical (tapering) mandrel. If 
the wall thickness of the tube is small in relation to its diameter, 
it can be assumed that the condition of plane strain applies. 
The metal then flows through a gap bounded by a (sharply) 
radiused contour and an (almost) straight contour, Fig. 14(d). 
Many of the previously discussed boundary conditions actually 
occur in various tube-drawing processes. Using again as an ex- 
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ample an effective radius R/h, = 80, identical solutions would re- 
sult for Ri/h; = 40 and R2/h, = ©. The various processes of 
this type are analyzed in subsequent sections, the straight too! 
(R = o~) being first stationary and then moving. 

Tube Drawing With Stationary Dies and a Stationary Mandrel. 
The condition where both tools are stationary, the one possess- 
ing circular and the other straight contour, is represented by 
tube-drawing with a stationary mandrel. The solutions for 
this process are identical to those for drawing a strip through dies 
of circular contour, the contour radii of which are twice that of 
the die in tube-drawing, Fig. 15. 

This process is subject to the same limiting condition as draw- 
ing a strip through stationary dies, namely, that the draw stress 
s,/ko cannot exceed a value of 0.866. For the example chosen, 
Fig. 15, the required stress is larger than this limit; therefore a 

tube cannot be reduced 


with a stationary mandrel 
| as high as 30 per cent in 
wall thickness for the con- 
3 ditions R,/h,y = 40, and f 
= 40 = 0.224. 
5 2b Tube Drawing With 


Roller Dies and a Station- 
ary Mandrel. The condi- 
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Fig. 16 EXAMPLE OF STRESS Dis- tion where one tool is an 
TRIBUTIONS FOR TUBE DRAWING WITH 

Ro.uierR Dies AND STATIONARY MAN- undriven roll of circular 

DREL contour and the other is a 

stationary tool of straight 

contour is represented by tube drawing with a stationary man- 

drel through roller dies. The solutions for this process are iden- 

tical to those for drawing strip through one undriven roll and a 

stationary die (of circular contours), the contour radii of which 
are twice that of the roller dies in tube drawing, Fig. 16. 

This process is subject to the same limit as any other drawing 
process. For the example given, Fig. 16, the draw stress, s,/ko, 
required exceeds the limiting value, 0.866; therefore a tube 
cannot be reduced as high as 30 per cent (wall thickness) for the 
conditions f = 0.224 and Ri/h; = 40. From Figs. 15 and 16 it 
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can be concluded that replacing a stationary die by a roller die in . 


tube drawing with a stationary mandrel changes the stress dis- 
tributions, reduces the draw stress, and increases the possible re- 
duction only slightly, as previously discussed for the change from 
two stationary dies to one undriven roll and one stationary die, 
Fig. 12. : 

Tube Rolling With a Stationary Mandrel. The condition where 
one tool is a driven roll of circular contour and the other is a sta- 
tionary tool of straight contour is represeated by tube rolling 
with a stationary mandrel and driven rolls. The solutions for 
this process are identical to those for forming strip with one 
driven roll and one stationary die, the contour radii of which are 
twice that of the driven rolls in tube rolling. 
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As with a driven roll and a stationary die, if no front tension 
. is applied there is no solution. There are two methods by 
which this process can be made possible: (a) The addition of 
sufficient front tension to shift the friction hill back into the de- 
forming area, Fig. 17; and (b) the use of rough rolls in connec- 
tion with a smooth mandrel, resulting in higher friction between 
the metal and the roll than between the metal and the mandrel, as 
discussed later. 

Tube Drawing With Stationary Dies and a Driven Mandrel. 
Of the various tube-forming processes where the inner tool or 
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mandrel is moving, the most common is drawing through sta- 
tionary dies of circular contour. This process is similar to the 
previously discussed rolling of tube with a stationary mandrel 
where the rolls are the driven tool. To make the tube-drawing 
process definite, another condition must be added, namely, the 
position of the no-slip point on the mandrel. There are two 
fundamentally different processes of this type known. 

In the Hooker process, Fig. 18(a), a tubular part is extruded. 
The speed of the metal at the entrance is therefore equal to that 
of the mandrel. In this process, the metal at all points moves 
faster than either tool. Therefore the process is identical to ex- 
truding a strip through stationary dies, the contour radii of 
which are twice that of the dies used in the Hooker process, Fig. 19. 

On the other hand, in tube drawing with a moving mandrel, 
Fig. 18(6), or in ironing a tubular part with an inserted punch, Fig. 
18(c), the metal at the exit is (usually) forced to assume the 
same speed as the mandrel. These two processes are identical in 
so far as the metal stresses are concerned. They differ, however, 
in that in tube drawing the mandrel is usually pulled in front of 
the tools, while in ironing, the punch is pushed against the closed 
front end of the tubular part. 
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In tube drawing (and ironing) the frictions on the two tool 
surfaces act in opposite directions. Therefore (if the friction co- 
efficients are identical at both metal surfaces) the solution is that 
for frictionless drawing, see Equations [3a] and [36], Fig. 20, as 
discussed previously. 

The limiting condition for this process is the same as for fric- 
tionless drawing of a strip through stationary dies. It is given 
again by the general limit for drawing processes, namely 


8,/ko = k/ko = 0.866 


The longitudinal stress being, according to Equation [3], inde- 
pendent of geometry and friction, the limit is therefore 


log hi/ho = —0.866 
hi/ho = 0.425 


or 57.5 per cent reduction in thickness. 

Tube Drawing With Roller Dies and a Driven Mandrel. An- 
other condition of drawing where the inner tool is moving is rep- 
resented by tube drawing with a driven mandrel through roller 
dies. This process is identical to rolling a strip with one driven 
and one undriven roll of which the contour radii are twice that of 
the roller die for tube drawing. 

Therefore reductions within certain limits may be performed 
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in exactly the same manner 
as in rolling with one driven 
and one undriven roll, Fig. 
21. No front tension or 
draw stress acts on the 
metal, and the mandrel 
need contact the metal only 
under the roller die. The 
metal runs faster than the 
mandrel at the exit. Con- 
sequently, a tubular part 
would develop a cavity be- 
tween the punch nose and 
the bottom of the part. 
The development of such cavities hga actually been observed in 
drawing high-explosive shell bottles through roller dies. These 
equilibrium conditions, however, occur only if the roll angle at 
the entrance is smaller than approximately 2.5 times the friction 
angle. (In the case of rolling strip with one driven and one un- 
driven roll, the roll angle at the entrance must be less than one 
half of this value, or approximately 1.25 times the friction angle, 
as discussed previously, see Fig. 10.) 

If this roll angle is exceeded, the process of tube drawing 
with a moving mandrel through a roller die becomes a true draw- 
ing process. As already discussed for rolling with one driven 
and one undriven roll, the application of a certain front tension 
will cause the no-slip point to move to the exit. In tube-drawing 
with a stationary die, this particular value of front tension is 
automatically obtained because the speed of the mandrel and 
that of the metal leaving the die are kept the same, Fig. 20. 

Rolling Tubing With a Moving (Undriven) Mandrel. Another 
condition of forming where the inner tool is moving is repre- 
sented by the tube-reducing process, in which a tube is rolled 
with the inner tool being a moving mandrel. This process is 
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also identical to rolling a strip with one driven and one undriven 
roll, the contour radii of which are twice that of the roll used in 
tube rolling, Fig. 22. The process is subject to the same limita- 
tions as tube drawing with roller dies and a moving mandrel. 

Comparing Fig. 21 with Fig. 22, it can be seen that the no- 
slip point of the mandrel is closer to the entrance in Fig. 22 than 
in Fig. 21. Consequently, the metal will run farther ahead of the 
mandrel when a moving mandrel is uséd with driven rolls than 
when a driven mandrel is used with undriven rolls. 
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Tube Forming With a Tapered Mandrel. If a tapered rather 
than a straight mandrel is used, in any of the discussed tube- 
forming processes, each one can also be analyzed in the same 
manner as for a straight mandrel. However, if the mandrel 
moves, the analysis applies only to one particular moment of the 
process, the mandrel movement being utilized to form a tapered 
wall with a progressively increasing reduction. 

Considering a definite geometrical configuration, it can be seen 
readily that the minimum wall thickness now occurs at a point 
where the tangents to the two tool surfaces are parallel. This 
position is therefore the exit. Then, if the z-axis is rotated to 
become parallel to these tangents, the problems involving the 
use of a tapered mandrel become identical to the corresponding 
ones in which the mandrel is straight, which have been discussed, 


ForMING With DiFFERENT FRICTION COEFFICIENTS AT THE Two 
Contact SURFACES OF THE METAL 


Basic Relations. All of the processes previously discussed have 
assumed that the coefficient of friction f, between the metal and 
the one tool was equal to that between the metal and the other 
tool. If it is assumed that the two friction coefficients, f; and fo, 
are different, the processes previously discussed can be again an- 
alyzed, introducing 


fi 2 
and 
_h—he 


Then, all boundary conditions where only the sum of the two 
friction coefficients occurs yield solutions identical to those pre- 
viously discussed. This applies to drawing strip through sta- 
tionary dies, see Fig. 3; extruding strip through stationary dies, 
see Fig. 4; rolling strip, see Fig. 5; drawing tubing with stationary 
dies and a stationary mandrel, see Fig. 15; and the Hooker proc- 
ess for tube drawing, see Fig. 19. 

However, if branches of the solutions occur where the frictions 
act in opposite directions, the solutions will be modified. Al- 
though the frictions still act in opposite directions, the condi- 
tion of frictionless forming no longer exists. 

Scope of the Problem. For rolling strip with one driven and one 
undriven roll, see Fig. 9; tube drawing with roller dies and a driven 
mandrel, see Fig. 21; and tube rolling with a moving mandrel, see 
Fig. 22, the central branch of the solutions will be changed only 
slightly. 

In drawing strip with a roller die and a stationary die, see 
Fig. 12, if the values of friction are different between the metal 
and the two dies, the solutions will be as shown in Fig. 23. The 
draw stress required when f; = fe, see Fig. 12, is greater than that 
required when f; > fe (i.e., the friction on the roller die greater 
than on the stationary die), see Fig. 23(a), but slightly less than 
that required when f, > fi, see Fig. 23(b). Therefore a greater 
reduction in thickness can be made when f; > f2 before the limit of 
drawing is reached. 

The solution for tube drawing with roller dies and a stationary 
mandrel was previously shown to be identical to that for draw- 
ing strip with a roller die and a stationary die. Therefore a 
greater reduction is again possible when the friction between the 
metal and the roller die is greater than the friction between 
the metal and the stationary die, and vice versa. 

Forming With One Driven Tool and a Stationary Tool. The 
most interesting cases occur in rolling strip with a driven roll 
and a stationary die, see Fig. 12, including tube rolling with a 
stationary mandrel, see Fig. 17, and the closely related tube 
drawing with stationary dies and a driven mandrel, see Fig. 20, 
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ROLLER DIE peal Tube rolling with a stationary man- 

drel has been shown to have solutions 

identical to those for forming strip with 

a driven roll and a stationary die. Con- 

— = 7 sequently, this process also becomes pos- 

STATIONARY DIE sible front roi if 

2 the friction between the driven roll and 

pe the metal is sufficiently greater than 

the friction between the metal and the 

2, w | Finally, in tube drawing with station- 

9 ary dies and a driven mandrel, if the 

+ = .279 | — friction between the metal and the sta- 

5 187 4 5 2 tionary dies fi, is made larger than the 

DISTANCE FROM EXIT drel fz, the solution becomes similar to 

@) FROM EXIT that for drawing with a stationary man- 

drel. In the example shown, Fig. 25(a), 

fi 0.279, fe = 0.167, the solution 

FRONT COMPRESSION — similar to that for fi; = = 0.224, ex- 

ope — | % 3 5 cept that a larger draw stress is required. 

~ = However, if the friction between the 

—= > | %, > metal and the mandrel fo, is made suffi- 
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3 | | | | % orem myo? solution, Fig. (9), may ecome simi ar 

to that for rolling strip with a driven 

DISTANCE FROM DISTANCE FROM EXIT ~ roll and a stationary die where f; > 

A) 4) AF, see Fig. 24. This solution is possible, 

Fic. 23 Exampies or Stress Disrrisu- Fig. 25 EXsMPLes oF Srress DisrripuTions however, only if a compression can be 


TIONS FOR DRAWING Strip WITH ROLLER 
Die AND STATIONARY DIE 


DAIVEN ROLL 


2 
STATIONARY DIE 
3 | 
/ on 
Ye 
2 + 
3 272 
167 
23 #@ § 


DISTANCE EXIT 
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In forming strip with a driven roll and a stationary die, no real 
solution is obtained (without front tension) when the friction 
coefficients are equal, as discussed previously. If, however, the 
friction coefficient f;, between the roll and the metal is made suf- 
ficiently larger than the friction coefficient f., between the metal 
and the stationary die, a solution is possible. This applies to the 
selected example, Fig. 24, fi: = 0.279, fe = 0.167. 


FOR DRAWING TUBING WiTH DRIVEN MANDREL 
AND STATIONARY 


applied at the exit, as may be the case 
for drawing with a moving mandrel, see 
Fig. 18(b), where the metal and mandrel 
are clamped in front of the die. 

For the case of ironing, see Fig. 18(c), no such compression 
can be realized; therefore equilibrium is obtained only if the 
metal at the exit moves faster than the mandrel, reversing the 
direction of the friction near the exit. Then the solution be- 
comes identical to that in Fig. 24, where a no-slip point occurs 
within the deformed area and the tubular part will consequently 
run ahead of the mandrel. 
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Problems in the Mechanical Design 
of Gas Turbines 


By RONALD B. SMITH,' JEANNETTE, PA. 


High temperatures involved in the operation of the gas 
turbine have introduced many new problems in the prop- 
erties of the metals with which the designer has to work. 
This paper outlines some of these and offers a line of ap- 
proach taken successfully by the author’s company in 
solving them. 


Concepts ALTERED ApVENT oF HIGH 
TEMPERATURES 


PART from the problems of manufacture and production, 
Arte mechanical design of an engineering structure can 

generally be reduced to a consideration of two broad 
technical problems, as follows: 


1 An analytical determination of the stresses imposed on the 
structure as a result of external loads. 

2 An evaluation of the stresses in relation to the physical 
properties of the material of which the structure is composed. 


For the greater part, or at least until the advent of the high- 
temperature turbine, our concept of mechanical design has been 
closely associated with Hooke’s law and yield-point failure. 
Under these circumstances, the theory of elasticity has provided 
a means for the computation of stress, and for the vast majority 
of our materials, the Mises-Hencky condition of maximum 


strain energy a criterion of failure. From our present point of 
view, the significance attached to yield-point stress, in evalu- 
ating what we now consider a low-temperature design, is the im- 
portant feature. The structure was designed. for elastic yielding 
only, with the parts so proportioned that the yield-point stress 
was the ultimate to which the material could be subjected without 
bringing about distortions that would cause failure. 

The inadequacy of Hooke’s law in expressing the physical 
properties of a material at elevated temperature was thoroughly 
appreciated by designers more than 20 years ago, with the result 
that an extensive program of creep-testing and analysis was 
undertaken and, in fact, is still in progress. However, even the 
realization that stress was a function of time as well as strain 
did not alter basically our concept of design. Almost without 
exception we directed our high-temperature creep programs 
towatd the development of materials which would have creep 
rates less than 10-8 in. per in. per hr under the loading imposed; 
we held to the original premise of designing for minimum possible 
yielding, and our theory of failure remained essentially that of 
Mises-Hencky. 

These premises have proved entirely satisfactory for the design 
of machinery operating at temperatures up to 900 F, and while 
they may be criticized in light of our most recent experiences with 
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gas turbines, they can likewise be defended on the ground that 
they tied elevated-temperature machine design to the broad 
fundamentals which had been established for normal-tempera- 
ture design. 

The advent of the gas turbine for operating service at tem- 
peratures in excess of 1000 F has necessitated a complete change 
in our design concepts. The materials available for construction 
yield so continuously at these temperatures that, if they are to be 
used effectively, all hope for designs in which yielding during the 
normal life span can be held to 0.1 per cent or less must be aban- 
doned. The designs must be mechanically sound for continuous 
yielding to the extent of 0.5 to 1 per cent. It is evident that the 
importance formerly attached to creep is considerably altered, 
while the Mises-Hencky criterion of yielding under combined 
stresses is obviously inapplicable. High-temperature machine 
design, of necessity, has abandoned completely the framework 
of our previous theory and, in so doing, has pushed the designer 
out on the same limb he was rescued from some 30 years ago. 
It is the object of this paper to discuss the present basis of high- 
temperature machine design as it is practiced by at least one 
engineering group, with the hope that by emphasizing its short- 
comings the designer may be more rapidly rescued from the 
uncomfortable position he now occupies. 


APPLICATION OF THEORY OF PLASTICITY 


For the computation of steady stress, the high-temperature 
machine designer is on fairly solid ground, as a result of the work 
already done on the theory of plasticity by Nadai? and others. 
Disks are computed on the basis of an average tangential stress 
uniformly distributed over the radial cross section, bending 
stresses are evaluated upon a parabolic rather than a triangular 
stress distribution, and simple tension is evaluated without re- 
gard to stress concentrations. In many respects stress analysis 
under plastic circumstances is simpler than it is under elastic 
circumstances; it is in the evaluation of a safe working stress 
that the greatest uncertainty exists. 

Present designs of the author’s company are based upon the 
maximum-stress theory of failure, and the evaluation of working 
stress is made on the basis of the stress-to-rupture test in simple 
tension at elevated temperature. A typical set of working data 
for 19-9DL at 1200 F is shown? in Fig. 1. Not only the stress to 
rupture but the total elongation versus stress and time is plotted. 
Working stresses for short-life machines, such as aircraft turbines, 
are based upon an expected life of 1000 to 1500 hr, whereas power 
machinery is designed on the basis of 100,000 hr at full tempera- 
ture. The stress-rupture tests are generally extrapolated linearly 
on the semilog plot of Fig. 1, to arrive at probable values of the 
stress to rupture under these long-time periods. 

Fortunately, most of our working data have been extended to 
include rupture failures for testing times of 10,000 hr, so that the 
extrapolation generally covers only one logarithmic cycle. The 


2 “Plasticity,”’ by A. Nadai, McGraw-Hill Book Company, Inc., 
New York, N. Y., 1931. 

’ This material was selected from the paper, ‘‘Materials for Power 
Gas Turbines,” by C. T. Evans, Jr., presented at the Annual Meet- 
ing, New York, N. Y., December 2-6, 1946, of THe AMERICAN 
Society or MECHANICAL ENGINEERS. 
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working stress is usually selected for the given period of time, at 
a value of 50 to 60 per cent of rupture strength, but when serious 
vibratory stresses are anticipated added safety is introduced. 
For a working stress of 60 per cent of rupture strength, the total 
plastic yielding will generally be from '/; to 1 per cent, and the 
design is made to allow for at least this degree of yielding without 
disastrous interferences between rotating and stationary mem- 
bers. Where close clearances are required for reasons of effi- 
ciency, they are made with thin sealing strips which wear away 
as yielding occurs. 


Maximum-Stress THEORY OF RUPTURE 


The maximum-stress theory of rupture is most assuredly open 
to criticism, but on the basis of present-day evidence, it appears 
to be the only logical choice. Even for normal temperatures there 
exists as yet no satisfactory definition of the surface of rupture 
as a function of the three principal stresses, although the surface 
of yielding is fairly well prescribed. A critical examination of 
rupture theory by both engineers and metallurgists is urgently 
needed. 

For high-temperature design, the rupture test should be so 
conducted that it yields not only fracture time but a continuous 
record of elongation as well. Typical stress-rupture tests on three 
materials at constant stress and temperature are illustrated in 
Fig. 2. While all three of these materials will indicate the same 
stress to rupture, neither material B nor C is as satisfactory to 
the designer as material A. Material B has the same strength and 
elongation at fracture as material A, but its secondary creep 
rate is very much. greater, with the result that design difficulties 
are multiplied. Material C, while it possesses a secondary rate of 
creep that is entirely satisfactory, fractures with low elongation. 
From the designer’s viewpoint a sharp break in the rupture 
curve, such as is exhibited by material A, is desirable inasmuch 
as warning of impending failure is given thereby before it actually 
occurs. Until more evidence is available, both the rupture and 
the creep test are valuable in establishing design information 
of the type represented in Fig. 1, although the creep test should 
be looked upon merely as a rupture test which within the testing 
time did not progress beyond the second stage. 


Ductinity or HicgH-TEMPERATURE MATERIALS 
Many of our really strong high-temperature materials exhibit 
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less than 5 per cent ductility at fracture under temperature and, 
in a number of cases, successful designs have been made using 
materials which fracture With only 1 per cent ductility. The 
question of how much ductility is necessary for good design ob- 
viously needs a re-examination. For fairly uniformly stressed 
members such as disks, computations show that less than '/; 
per cent elongation is ample to redistribute the stresses from an 
elastic to a plastic state. For members in which concentrated 
stresses may exist, such as is found in the threads of bolts, or in 
the roots of broached turbine blading, from 2 to 3 per cent 
elongation is a necessity if these highly localized stresses are 
to be redistributed without incipient cracking. Materials 
which fracture with from 3 to 5 per cent elongation, and with 
definite evidence of third-stage yielding are, in the author's 
opinion, entirely satisfactory for the design of any gas-turbin¢ 
member. A general agreement on this matter by designing en¢’- 
neers is greatly desired by both the metallurgists and the stee! 
producers. 
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REFERENCES: 
1$-590 steady stress rupture data. 


2 8-590 tensile fatigue data (1500 ove les per min). 
Naval Research, Contract No. N5-OR 


38-590 reversed bending fatigue data (7200 cycles per min). 
house Electric Corporation. 


FaTIGUE FRACTURES 


The criterion of failure when vibratory stresses are encountered 
at elevated temperatures is also unknown, although the serious- 
ness of the problem is apparent from recent reports‘ of gas-turbine 
failures as a result of fatigue fractures. At elevated tempera- 
tures, an endurance limit is most certainly a function of time; 
in fact there is evidence which suggests that the endurance limit 
and the rupture strength are identical for some materials when 
operating near their economical working temperature. 

Fig. 3 shows the results of reverse bending tests on 19-9DL 
at 1200 F. When the cycles to fracture are transposed to a time 
basis, the data agree with the corresponding values of steady 
rupture stress. From these results, the rate of strain would ap- 
pear to have little influence on strength, although heretofore it 
has been held to be a significant variable. 

In Fig. 4 is shown the fatigue-fracture results from tests on a 
Krouse machine in which a variable tension of + 15,000 psi was 
superimposed on a steady stress. The material is S-590, and 
the results obtained at a temperature of 1350 F indicate that the 
variable stress is of no significance in its effect on rupture, even 
when the variable stress is as great as 60 per cent of the steady 
stress. While the results of these two tests may appear incom- 
patible, it is possible to reconcile them, providing the relation 
between variable stress and static stress is related by functions 
of the type shown in Fig. 5. Unfortunately, no controlled tests 
on one material loaded both variably and statically are yet availa- 
ble so that only boundary points on the diagram of Fig. 5 exist. 

Although the notch sensitivity of materials at elevated tem- 


‘“Some Vibration Problems in Gas Turbine Engines,” by R. G. 
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vol. 153, 1946, pp. 483-495. 
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Stress aT ELEVATED TEMPERATURES: 


perature is unknown, the influence of stress concentration when 
vibrating loads are present is neglected on the basis that localized 
yielding will alleviate concentrations in a relatively short time. 
This assumption deserves close scrutiny for it is certain that, 
unless external damping is present, vibratory stresses at re- 
sonance may be large; inasmuch as the internal damping ca- 
pacity of high-temperature materials is zero for all practical 
purposes. 
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Boitina MatTERIALS 


A problem of particular concern to the designer of long-life 
apparatus is that of bolting. Materials which possess good creep 
strength in the usual sense of the word are not necessarily good in 
relaxation, for in this case low first-stage creep, combined with 
high ductility is essential. Efforts to approximate a relaxation 
stress from creep data have been unsatisfactory, with the result 
that step-down tests, as described by Robinson,® are now con- 
sidered as important as rupture tests in determining the proper- 
ties of a material. The relaxation is also analyzed for creep rates. 

The bolts are designed for retightening each 10,000 hr with a 

’*The Resistance to Relaxation of Materials at High Tempera- 
ture,”’ by E. L. Robinson, Trans. A.S.M.E., vol. 61, 1939, pp. 543- 
554. 
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working stress of approximately 60 per cent of the relaxation 
limit. The initial tightening stress imposed on the bolt is prac- 
tically unimportant in fixing the relaxed stress, although the ef- 
fect of strain-hardening introduced by repeated retightening js 
definitely beneficial. Relatively loose-fitting threads have proved 
superior in respect to galling, to ground closely fitted parts, 
at least, in 19-9DL type material. Colloidal silver compound 
has been uniformly satisfactory with temperatures up to 1400 F 
in eliminating galling when both nut and bolt are of 19-9DL, 
Slight differences in the coefficient of expansion between the bolt 
material and the flange material have proved particularly vexa- 
tious when the joint cannot be easily retightened. For these ap- 
plications it is customary to introduce an additional elastic 
flexibility in the joined parts. 
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The Optical Investigation of Fluid Flow 


By R. WELLER,! WASHINGTON, D. C. 


This paper points out that the methods of photoelastic 
stress analysis can be carried over to the study of the flow of 
fluids by making use of the double refraction developed in 
viscous shear. The effect is referred to as the ‘‘photovis- 
cous effect.”’ Suitable liquids are tabulated, the method 
of calibration is described, and qualitative results are 
shown for a few simple conditions obtained in an experi- 
mental liquid tunnel. 


INTRODUCTION 


OST mechanical engineers are aware of the photoelastic 
Merrett for the analysis of stress systems. It is not so 

well known, however, that viscous shear in certain liquids 
gives rise to similar optical effects, although the phenomenon 
was described by Clerk Maxwell in 1873. Undoubtedly, one 
reason for the general negleet of this tool for hydrodynamic re- 
search was that spectroscopic methods were necessary to obtain 
quantitative results. A variety of liquids were investigated by 
physicists and others during the past three-score years but, in 
general, no working media were found which exhibited optical 
activity on a scale which made experimentation convenient. 
In 1941, the author, while at the State College of Washington, 
and with the support of the National Advisory Committee for 
Aeronautics, undertook to review work in this field and attempted 
to find suitable liquids for engineering investigations. The 
results of this work which have recently been declassified by the 
N.A.C.A. form the subject of this paper. 


THeory or PuHotoviscous Errrects 


Just as the optical effects of photoelasticity can be stated in 
terms of a “stress-optic law,”’ so the optical effects in a shearing 
liquid can be embodied in a ‘photoviscous law.” The latter 
relates the velocity gradient, or rate of shear, in a moving liquid 
to the double refraction which becomes evident in the liquid 
when observed in a polariscope. Maxwell originally stated the 
law as 


dV 
Ne un = M t 


in which nz and m are the principal refractive indexes, M is a 
constant of proportionality known as the Maxwell constant, 


is the viscosity, 2 the velocity gradient, and ¢ the thickness 
as 


of the liquid layer. Fig. 1 shows the shearing action in the two- 
dimensional flow of a liquid layer of unit thickness normal to the 
figure between a fixed and moving wall. Here the value of 


re is the velocity of the moving wall divided by the width of the 
ads 
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Fig. | SHEARING ACTION IN A FLUID 


liquid layer and the values of mz and mn; are to be measured by 
passing light normal to the plane of the figure. 

It will be recalled that the methods of photoelasticity involve 
the measurement of the double refraction due to stress by ob- 
serving the interference between the ordinary and extraordinary 
rays through the use of a polariscope, the interference pattern 
taking the form of light and dark fringes superimposed on the 
model. Since the work herein reported resulted in the discovery 
of a number of liquids giving sufficient photoviscous effect to 
yield interference patterns, it is more convenient to state the 
photoviscous law as follows 


thickness dV 


fringe value ds 


Fringe order (observed) = 


in which “fringe order’ has the same significance as in photo- 
elasticity, and the “fringe value” is a constant to be associated 
with a given liquid, i.e., the velocity gradient producing a rela- 
tive retardation of 1 wave length in a layer of unit thickness. 
This constant is dependent upon the wave length of the light em- 
ployed and will be assumed to be based upon the mercury green 
color (5461 A) in the remainder of this discussion. 

Since the “shearing stress’’ in a liquid is dependent upon both 
viscosity and velocity gradient, it is probably more intellectually 
satisfying to define the “specific fringe value” as the ordinary 
fringe value multiplied by the absolute viscosity. This will 
give a property to be associated with a given liquid which does 
not involve the viscosity, and those interested in speculation as 
to the source of the effect will, perhaps, be more interested in this 
sort of definition. 


CALIBRATION 


The apparatus used to measure the characteristics of various 
liquids is shown schematically in Fig. 2. The liquid was con- 
tained in an outer stationary cylinder, and an inner concentric 
cylinder, immersed in the liquid, was rotated at various speeds. 
Light was passed through the shearing liquid by means of windows 
and the birefringence measured between a polarizer and an an- 
alyzer with a ‘“‘Babinet Soleil” compensator, which is a device 
for introducing a controllable amount of birefringence into the 
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Fic. 2 ScHeMatTIC ARRANGEMENT OF CALIBRATION APPARATUS 


(Plane-polarised light is used and birefringence generated in the liquid is 
neutralized by a Babinet compensator.) 


Fie. 3 CALIBRATION APPARATUS 


system to permit neutralization of that developed by the liquid 
under test. Fig. 3 shows the physical structure of the appara- 
tus. 

Fig. 4 shows a series of curves run with this equipment on 
three concentrations of styrene polymer in solution with the 
monomer. It will be noted that the more viscous concentrated 
solution gave a stronger effect as would be expected. Fig. 5 
shows results for a variety of liquids which are chemically similar 
to the solid materials used in photoelastic work. It will be ob- 
served that these curves are not linear. Subsequent work has 
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Fie. 5 Puxoroviscous Sensitivity or SEVERAL OrGANTO Liquids 

(Nonlinearity is due in part to heating during calibration run.) 
A—Methy] cellosolve acetate cellulose ether 
B—Dimethy] phthalate cellulose ether 
C—Dimethyl pein cellulose acetate 


D—Dimethy] phthalate cellulose acetate butyrate 160 
E—Polystyrene in styrene monomer 


shown that a portion of the nonlinearity can be ascribed to heat- 
ing during the test with concurrent loss in viscosity. All of 
these liquids are very viscous (by comparison with water), and 
hence dissipate a large amount of energy in internal heating dut- 
ing a run in‘a”small calibrator. 
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MATERIALS 


The sensitive material eventually used was a solution of ethyl 
cellulose in ethylene-glycol-methyl-ether acetate, having the 
properties given in Table 1. 


TABLE 1 PROPERTIES OF SENSITIVE MATERIAL FOR TEST 
Specific gravity, 1.019 
Absolute viscosity, poises at 19 30 


It is pointed out that certain other liquids give prominent ef- 
fects. For example, ordinary gelatin is strongly birefringent, 
but attempts to establish reproducible relationships of a useful 
nature were unsuccessful. 
vanadium-pentoxide sols are likewise strongly birefringent but 
the effect is apparently due to the orientation of macromolecu- 
lar particles, and the relationship between velocity gradient and 
birefringence is complex. The material used in this investiga- 
tion is very viscous, so that its use in engineering studies is 
limited to low velocities, but nevertheless a number of important 
problems can be investigated. 


Tue Test TUNNEL 


Fig. 6 shows schematically the details of the liquid tunnel 


Stendpipe 


Light source 


Condé ing lens 
Polaroid 
Quarter-wave plate 


| 


Test] |section Test section 


Quarter-wave plate 
Polaroid 

7 Projection lens 
| 


Pump 


Camere 
hic. 6 Scuematic Ar- Fic. 9 ScHEeMATIC ARRANGE- 
RANGEMENT OF TEST MENT OF POoLARISCOPE USED 


TUNNEL 


(Either plane or circularly polarized 
light could be used.) 


TUNNEL 


which was constructed for this project at the State College of 
Washington. Figs. 7 and 8 show the actual tunnel and its test 
section, respectively. Fig. 9 shows the associated polariscope 
Which provided either plane or circularly polarized light. The 
characteristics of the system are given in Table 2. 

The external head (applied by the introduction of eompressed 
air in the standpipe) was necessary to prevent the entrance of air 
into the system via the pump packing. Velocities in the tunnel 
could be varied up to an average of about 20 fpm over the cross 
section of the test section. 


Tobacco-mosaic-virus solutions and ‘ 


Fic. 8 Texst Section TUNNEL 


(Fringe patterns were obtained by projecting polarized light through this 
section.) 


TABLE 2 CHARACTERISTICS OF TEST TUNNEL 


Pump capacity, 60 
Test section width, in... ... 1 
Test section length (parallel 3 


FLow TUNNEL 


Figs. 10 and 11 are two views of the interference pattern 
resulting from flow in the unobstructed channel. It will be 


7 A-105 
As a; 
| 
Fie. 7 Liquip TUNNEL 
4 
| 
‘ 
iy 
i 
: 
+ 
° i 
é 


JOURNAL OF APPLIED MECHANICS 


Fig. 10 1n Test Section WiTHOUT OBSTRUCTION 


(The dark spot is a recess in the glass windows to hold models and has no 
significance in this view.) 


noted that the fringes are equally spaced, indicating a uniformly 
varying velocity gradient, and hence a parabolic velocity distri- 
bution across the section. Since the velocities are low and the 
viscosity high, the establishment of the well-known parabolic 
distribution takes place almost immediately as the liquid enters 
the straight portion of the channel. 


Fiow AROUND A CYLINDER 

Fig. 12 shows the interference pattern resulting from the in- 
troduction of a circular cylinder into the channel. Fig. 18 is a 
tracing of the negative showing fringe orders. It will be noted 
that the flow is symmetrical and therefore that there should bea 
zero-order fringe on the axis of symmetry. The nonappearance 
of such a fringe is due to the fact that the flow is not entirely 
two-dimensional, but has a velocity gradient along the light beam. 


Fic. 12 Frow Arounp CYLINDER 


Fie. 11 Frow in UNoBstrucTEep Secrion aT Rate or 


APPROXIMATELY TwickE THAT IN Fia. 10 


Fie. 13. Trace or Fig. 12, FRINGE ORDER 


This introduces spurious effects, the magnitude of which depend 
more or less upon the ratio of the thickness of the liquid layer 


to its width (5:1 in this channel). This effect is discussed at some 
length in the N.A.C.A. report? originally prepared on this subject. 
Arounp A Farrep Strut 


Fig. 14 shows the flow around a faired strut. Fig. 15 is a 
tracing of the fringes. Here it will be seen that the maximum 


?“The Photo Viscous Properties of Fluids,’’ N.A.C.A. Technical 
Note 841, February, 1942. 
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Fig. 14 FrLrow Arounp Fatrep SHAPE 


fringe order is less than in Fig. 13, although the rates of flow are 
essentially the same. This is, of course, due to the reduced dis- 
turbance for this shape as compared to the cylinder. It should be 
noted that the viscous drag force can be determined for such 
shapes simply by integrating the fringe order around the contour 
and multiplying by the viscosity. 


CONCLUSIONS 


This paper is intended solely to point out the facility with which 
one may set up’ equipment and make measurements. The 
solution of engineering problems awaits the appropriate applica- 
tion of these methods. The particular liquid employed in these 
tests is very viscous and its usefulness is therefore somewhat 
limited. Work done by Dr. Davis Dewey at the Massachusetts 
Institute of Technology has yielded another useful liquid of lower 
viscosity. However, regardless of the liquid used, the method 


SS 


WN 


Fic. 15 Trace or Fig. 14, SHow1nG FRINGE ORDER 


gives quantitative results only for lamellar flow, the presence of 
turbulence renders the field dark, and no details of flow are ob- 
servable. Nevertheless, the method can be used for a variety of 
problems; there seems to be no basic difficulty in extending it to 
three-dimensional flow and, in general, the techniques developed 
for photoelastic analysis seem well adapted to this sort of ex- 
perimentation. 
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Elbows for Accelerated Flow 


By G. F. CARRIER,' PROVIDENCE, R. I. 


It is of interest in the field of fluid mechanics to deter- 
mine the shape of that two-dimensional channel which 
will most effectively turn a stream of fluid through an angle 
8 while simultaneously increasing its velocity by a factor 
r. In the present paper, criteria which such a channel 
should satisfy are suggested and an elbow which meets 
these requirements is obtained. The solution is carried 
out first for a nonviscous incompressible fluid and then 
for the compressible medium using the Karmen-Tsien 
linearized pressure-volume relation. 


Tue “Best” ELpow 


HE best elbow whose purpose is to turn a stream through 
the angle 8 and increase its velogity by the factor r will be 
taken here as that for which: 


1 The velocity increases monotonically along each stream- 
line (proceeding from inlet to exit). 

2 The tangent to each streamline turns monotonically from 
the entrance to the exit. 

3 The quantity y*/x*, see Fig. 1(d), isa maximum for speci- 
fied allowable velocity variations at inlet and exit. In particular 
for a 90-deg elbow only the allowable exit-velocity variation 
need be specified. 


The foregoing definition is prompted by the following con- 
siderations: Boundary-layer separation will occur most readily 
when an adverse pressure gradient, i.e., a decreasing velocity, 
occurs in the neighborhood of the passage wall. Therefore it is 
desirable to avoid separation in so far as is possible by obeying 
condition (1). Conditions (2) and (3) are related to the space 
requirements of the elbow. It is generally desirable to minimize 
this space requirement as specified by these conditions. 


THE MappinG FuNcTIONS 


It is well known that the irrotational flow of an incompressible 
fluid is readily treated using the notion of the complex velocity 
potential and conformal mapping techniques. When such 
methods are used, the streamlines of the physical flow may be 
depicted as curves in another co-ordinate system. In particular, 
it is frequently convenient to choose as this parametric co- 
ordinate system, that in which the components of the velocity 
are the co-ordinates. This is familiarly known as the ‘‘hodo- 
graph” method (see Appendix). The present problem is most 
conveniently treated by considering the streamline patterns 
both in the hodograph plane and in artificially introduced map- 
pings of this plane. 

Let us start, in iact, by considering the various co-ordinate 
systems with which we shall be concerned and their respective 
contours of interest. 


1 Brown University. Jun. A.S.M.E. 

For presentation at the National Meeting of the Applied Mechanics 
Division, Schenectady, N. Y., June 23-25, 1947, of THe AMERICAN 
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sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


(b) 


(d) 
Fia, 1 


The curve C in the ¢ plane, Fig. 1(a), is mapped by the trans- 


formation 
hi = f 
0 Vit + b) 


into the curve C, of the ¢, plane, Fig. 1(0). The region above C 
goes into the interior of C;. Furthermore, the function 


takes C; and its interior into C; and its interior in the w plane, 
Fig. 1(c); wis the complex velocity u-iv. The reasons for choos- 
ing this plane as the hodograph plane will become evident. 


dF 
Finally, since -- = w, (z is the physical co-ordinate system 


dz 
and F the velocity potential) we have 
w 


The curves in the z-plane, into which C; maps, are of course 
determined uniquely only when F is specified as a function of 
w, or z. However, in Table 1 and Figs. 1(a.....d), the cor 
respondence of several points in the various planes and the shapes 
of the contours are given, those in the z-plane being merely quali- 
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‘ 


tative, since no specific form of F has been given. The identities 
which are also listed in Table 1 suffice to determine uniquely all 
parameters of the problem not depending upon the form of F. 
If we now require the streamlines in the hodograph plane to be a 
family of curves, each of which joins the points me'® and n, we 
find that the inlet and exit velocities compare in magnitude and 
direction as specified and that the first two of the conditions for 
a best elbow are satisfied, provided we admit only those curves 


A-109 
= sin (: — In see ¢ 
[1 — p? sin? tae [6]? 
= cos [ kw) In sec ¢ 


The straight portions are given by 


TABLE 1 
w z 
y= 0, 
— B—iA me'B —M— wer 3 Bt=1 -* K? (v) 
nil B 0 z—am=—e O<E< @....[7] 
In particular, for a 90-deg turn with allow- 
n + te able exit velocity variation (e/n <<1) 
b 1/2 
1 -—iA ne'B zo y= (1—yp?)!/2 = (, + 5) y* 
mei8 ty z* In(n/e) + In(8/v K(u)) — Hi(B,u,x/2) 
7 a 4n? 3? Bon 


lving completely within or on C2, and provided these curves are 
not too pathological (i.e., are sufficiently “‘smooth’’) 


THE PorentiIaAL FUNCTION 


In order to obtain a flow whose streamlines in the hodograph 
plane converge to the points me'® and n, the potential function 
must have logarithmic singularities of equal and opposite mag- 
nitudes at the points w; = me'® and uw. = n. The quantity y* is 
found by integrating Equation [3] over the are of a circle of 
radius e’ between the upper and lower admissible streamlines 
and allowing «’ to tend to zero. For a given magnitude of singu- 
larity then, y* becomes proportional to the angle @, subtended 
by these two limiting streamlines. Specifically, if the singularity 
were of the form —In(w — n), y* is given by y* = @/n. In 
order that y* be a maximum then, it is desirable that @) be as 
close as possible to the maximum allowable value 7/2. 

A potential function which gives @ = 2/2 and, as a matter of 
fact, which gives the two branches of C2, which proceed from me'® 
ton as the limiting streamlines, is readily defined in the ¢ plane. 
It is conveniently written as 


F (s) = Ing = Im (Re)... [4) 


In this plane, the streamlines are the lines @ = const. In par- 
ticular, the admissible streamlines are those curves @ = const 0 < 
const < +. The enveloping streamlines map into the curves 
(me®, ne? n) and (me'®, m, n) in the w-plane. If we evaluate 
Equation [3] for this function F, we find as equations for the 
boundaries of the passage (expressed in terms of the real parame- 
ter £) 


21 — = [Ha(t) — Hil) — [5a] 
= — Hild) + i [58] 


where z; and z are the complex co-ordinates of points on the 
curved portions of the channel, Fig. 1(d). In the foregoing 


yo = + Ho () 
€ F 

Ho(8,u,£) = sin [ {1 | tan gd¢ 


One should note that for other potential functions containing 
the required singularities, the denominator of y*/z* will always 
contain the term In (n/e) and other terms which, for small ¢/n, 
will be of lesser importance. Thus it is assured that an alterna- 
tive F(¢) whose associated value of y* is less than @/(2n) would 
not reduce z* proportionally. 


THe GENERAL 
It has been called to the author’s attention by C. C. Lin that 
a very general manner of mapping an elbow is to adopt as a basic 
flow in the parametric { plane, the function F; = ane and 
to write the mapping function as 
= 


where f is any function which is analytic in the upper-half ¢3- 
plane, at ~, and along the real axis. 

By implication, this mapping may also be extended to the hodo- 
graph plane. However, under our definition (2) we can only 
admit such f(¢2) as produce streamlines lying within C:, Fig. 1. 
No general statement appears possible as to the best elbow 
for a given allowable velocity variation (i.e., a given e/n). How- 
ever, due to the fact that the logarithmic flow in the ¢ plane is 
essential and that the angle subtended by the limiting streamline 
in the hodograph plane at the source (or sink) is r/2, the value 
y*/x* can never have a larger numerator or smaller denomi- 
nator than 


In(n/e) + 


Thus for small e/n, the elbow obtained here is essentially as good 
(under our definition) as any which can be obtained. 


THE COMPRESSIBLE FLow 


It is known’ that when a pressure-volume relation of the form 
p = A + B/p is used to approximate the actual equation of state 
of a compressible fluid, two-dimensional flows may be obtained 
readily analytically by use of the hodograph method. In fact 
the momentum and continuity equations, together with the 
condition of irrotationality lead to the equations 


? F(u,¢) = incomplete elliptic integral, 1st kind, notation of 
Jahnke and Emde; also called F(y,¢) where u = sin y. K (u) = 


F (uh, =) = complete elliptic function of Ist kind. 
3 ‘Two-Dimensional Subsonic Flow of Compressible Fluids,” by 


H. S. Tsien, Journal of the Aeronautical Sciences, vol. 6, 1939, pp. 
339-407. 
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cos{ tan@d@, y= sin ct 


80° 


700 


60° 


45° 


002458 


002436 


002436 


002436 


8 9772 9768 9763 9751 9748 9735 
12 02207 02204 02202 02198 02195 02190 
16 3944 3936 3930 3918 3908 3893 
20 6203 6185 6170 6141 6115 6079 


8938 8876 8821 8748 
28 12381 £313 12250 12136 12032 11895 
32 16364 16245 16133 15933 15753 15516 
36 2100 2080 2061 2028 1999 1961 

2571 2521 2416 


2852 2789 2732 2661 
44 5246 3197 3150 3072 3003 2917 
46 3584 3523 5466 3371 3287 3184 
48 3945 3871 3801 5685 5584 5461 


4016 
4362 


$750 
4049 


: 54 5182 4930 4726 4557 4558 
* 56 5654 5495 5350 5106 4907 4677 
58 6159 5967 5794 5505 5271 5006 


5920 
6354 


5344 
5691 


64 7912 7579 7282 6807 6441 6047 
66 8591 8191 7836 7278 6856 6411 
68 9329 8847 8422 7767 7284 6782 


72] 1.1017 1.0308 9670 8802 8173 7547 { 
76] 1.3082 1.2015 1.1133 9908 9104 8337 i 
78} 1.4311 1.2982 1.1913 1.0487 9583 8739 

1.1082 9146 


8275 
9346 


1.1690 


7161 
7939 


9557 


84] 1.9356 1.6486 1.4520 1.2309 1.1065 9970 
86] 2.1873 1.7899 1.5472 1.2937 1.1566 1.03586 
86] 2.5318 1.9435 1.6453 1.3573 1.2071 1.9803 
7 3.0226 2.1053 1.4212 1.1221 


¢ throughout that region of ¢ corresponding to the region above 
and on C of the ¢-plane.*‘ 

Using capital letters to designate compressible quantities and 
small letters for the corresponding functions of the incompressible 
problem, the integration of Equation [9] leads to the results 


= (1 — m?/4) [10a] 
Zi Zo = (1 — n?/4) (2, Zo) [100] 
Zo = [(1 + — (1 — m?/4) Hy ese 8 


p= (1+ 
w* = {2¢/[1 + (1 + 
dz = dF /w* — dF w*/4 


qe” u— 


where z is the complex co-ordinate in the physical plane; the 
quantities F = ¢ + wy and w* are analytic functions of a complex 
parameter ¢. In the foregoing, p is the density divided by the 
stagnation density and q the velocity divided by the stagnation 
sonic velocity. 

It is frequently convenient to associate the function w* with 
the complex velocity of an incompressible flow which is similar 
to the compressible flow being investigated. In our problem, 
we still wish to use the same streamlines in the hodograph plane 
as in the foregoing incompressible problem and the function 


[(1 + n?/4) + (1 — n?/4) Hy (x/2)] ese 8 e'® 


Although in the incompressible problem, m might well have 
been given the value unity since only the ratio n/m was of any 
consequence, the compressibility effect requires the specification 
of both mand n for a solution of the problem. 

The actual velocity ratio of this elbow is not r but 


—m In ¢ 
r(4 — m*)/(4— n?) 


is again the required potential function. Similarly, w* is the 
function w of the incompressible problem. Thus in our case, 
we make no changes in the mapping functions of the preceding 
problem. We must, in fact, merely integrate Equation [9] as 
we did Equation [3] and must also show that the integral of 
Equation [9] around any closed path in the upper-half ¢-plane 
leads to a closed path in the z-plane. The latter proof is trivial 
inasmuch as F and w* are easily seen to be analytic functions of 


F(g) = 


Fig. 2 illustrates the channel shape for the incompressible fluid 
wherein 8 = w/2 andr = 2.20; the Hj are tabulated for a few 
values of r and for 8 = x/2 in Tables 2. 


4 If this were not true, we should need the recently derived extension 
of the foregoing method which may be found in, ‘‘On an Extension 
of the von K4érm4n-Tsien Method to Two-Dimensional Subsonic 
Flows With Circulation Around Closed Profiles,” by C. C. Lia, 
Quarterly of Applied Mathematics, vol. 4, January, 1946, pp. 291-297. 
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50 4330 4£40 4157 3895 
ae 52 4742 46353 4533 4219 
60 6702 6471 6263 5648 
6£ 7283 7007 6758 6038 
70] 1.0134 9550 9043 7723 
74 1.1993 1.1127 1.0395 8634 
dee 
82] 1.7367 1.5204 1.3607 1.0565 
4 


A-lil 


CARRIER—ELBOWS FOR ACCELERATED FLOW 


47 


fo) foe) @ foe) 06 
Tse°e ose°e tis 990°¢ ee Segoe 8S0L° bL06° B9LP°T 06 
0226 °T LOT6*T O8T4°T °T 3 980P° 3SLP° A36S° v8 
OL2S° SaLs° TaTs* 3 
8S69°T 8L99°T 0238S °T PIET°T og 
T38S°T 699 °T °T vTS6° BL 90%2° ° Ov6P° 932P° 08 
°T TSsee°T 0963°T B26T°T eS90°T Ts0s* Sere 9982 ° TL3P° 
609T°T TeSO°T LTS6° bL T683° pcec” 30L¢° 2662 ° 94 
64T0°T 6662° T96S° 3L E3L%° 7202 ° 0S3¢° ° LET3S° 
LOR 9S6%° S6L2° 028TS° 4h, 
4286° 90S6° 4008° LSTS* OL 
9STL° S9L9° 3029° 6eee* v9 0S02° 99T3° 3023° T8032 ° 9LS8T° 620bT* 99 
see9° G209° 6LSS° 39 OL6T° 9LET® 8339T° 89TST° v9 
LOLT® vLIPT® LSSOT° 39 
9S6P° OLSe* L8G2° 03 
260S° TSLP° e99¢° voTte* 8S 38ST°* OT9T° SLST° 09 
pest’ soze° L0L2° TS6T° 9S 38L0T° 8S 
90L¢° 3083" eSe3° 969T° a0eT° eesot’ 6826 e889 9S 
T330T°® L0960° 38780° 6L0L0° as 
99Ts° Te6T° esst® 6206 82624 Peed stee 
LS6LT° 8@9960° 48890° T209 66SP 68L2 bP 
66SS0° 00290° LTLPO°* S28c0° 69220° av 
e90TT* 9086 ~p969 BLLS 9¢ S20P seee €6L3 OP 
99490° 8T6S0° S6L20° Be eese T12¢ 8992 ese2zc° e96T SZ0PT 9¢ 
Te Te 68S3 TeeTt 3 GL6TOC* 2%S600° Be 
66Te LOL2 86ST SO2TTO* 966AT. 6TL8 v6T9 83 
T9POTO* OT36 33908 O89 Tose 
L¢38T0° 628STO°* 80LETO* 4206 3 
£48700" t8%300° PEETOO® 3 atte 20L2 T60TOO* 9T 
S8TTOO* STOTOO® LLe000° €63000° SOPO00* 986 at 
8T1000° L80000 * €90000° 4S0000°* 00000 * PIP 9s¢ TOZ000° TPTOOO* 8 
6S0000° TSOO0O0* S20000° 620000° 080000° 
008 ose 068 
? Auts = op T }soo J = ( 


: 
ah 
' 
Ske 
1 
= 
4 
d 
j 
? 
J 
f 
Roy. 
: 


A-112 


Fie. 2 Exsow ror INCoMPRESsSIBLE Ficw: 2.20 


Appendix 


Here we shall briefly review the hodograph technique as ap- 
plied in the text of this paper. 

Incompressible irrotational flows are governed by the equation 
Ag = Owhere u = 09/02, v = d¢/dy. Furthermore, there exists 
a stream function y such that u = dy/dy, v = —dy/dzx. These 
conditions imply that ¢ + 7 be an analytic function of the 
variable z + iy. Calling ¢ + iy = F, we note that dF/dZ = 
u— iv =w. The latter equality is the definition of w. How- 
ever, according to the theory of complex variables, the deriva- 
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tive of an analytic function is also analytic and thus w is analy- 
tic in z. 

Furthermore, if two functions (say, w and F) are each analytic 
in z, then any two of these three functions are each analytic in 
the third. Thus we may (when it is convenient) think of F and 
z as analytic functions of w. Furthermore, if we introduce a new 
variable ¢ which is analytic in w, then conversely w (and hence F 
and z) are each analytic in ¢. 

Now consider a particular F(¢). There are (once F has been 
chosen) certain loci in the ¢-plane such that y = const. These 
streamlines are the curves normal to which the velocity vanishes, 
Now since dF/dz = w, we may write dz = dF(t)/w(t) which 
defines for each point ¢ (¢ = — + 7m) a point 2(¢). Thus any locus 
in the ¢-plane defines a locus in the z-plane which is unique ex- 
cept for an arbitrary additive constant which becomes fixed hy 
writing 


where { is some point on the locus under consideration. 

Now if we find the locus into which certain curves in the ¢ 
plane (namely, the “‘Yy = const” curves), map, then these are 
the curves normal to which, in the physical plane now, the 
velocity vanishes. Thus a channel and its included flow are 
defined each time we choose two curves ¥ = const in the ¢-plane 
and compute the corresponding loci in the z-plane. 

In this paper, this procedure has been followed using the par- 
ticular F(¢), w(¢), and streamlines, described in the text. 
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D-C Network-Analyzer Determination 
of Fluid-Flow Pattern in a 
Centrifugal Impeller 


By C. CONCORDIA! anp G. K. CARTER? 


The objects of this paper are, first, to describe an elec- 
trical method of determining the flow pattern for the flow 
of an incompressible ideal fluid through a two-dimensional 
centrifugal impeller, and second, to present the results 
obtained for a particular impeller. The method can be 
and has been applied to impellers with blades of arbitrary 
shape, as distinguished from analytical methods which 
can be applied directly only to blades of special shape (1). 


TWO-dimensional centrifugal impeller, ie., one of constant 
A axial depth, is not of course a very desirable shape. 
However, the two-dimensional centrifugal impeller and 
the two-dimensional axial-flow impeller form two extreme cases, 
both of which may be studied by the d-c network-analyzer 
method to improve our understanding of the phenomena in- 
volved. Results for intermediate cases may be inferred from those 
obtained for these two extremes, or in certain special cases (e.g., 
a varying axial depth of the centrifugal impeller or a varying 
radial depth of the axial-flow impeller) may be worked out di- 
rectly by extensions of the equivalent circuit shown herein. 


ANALYSIS 


1 Equivalent Circuit. The basis for the equivalent circuit 
used lies in the fact that the differential equation V*y = 0 that 
governs the stream function y for the irrotational two-dimensional 
flow of an incompressible fluid may be approximated by the 
equation for the electric potential Z in a plane network of resistors 
set up on the d-c network analyzer (2). The differential equation 
is replaced by a corresponding difference equation. In the pres- 
ent case polar co-ordinates r, @ are used since the boundary con- 
ditions are most easily expressed in terms of polar co-ordinates. 
That is, the impeller-blade contours, as shown in Fig. 1, are natu- 
rally periodic in @ so that the region about only one blade need 
be studied. Also, changing over the streamlines to co-ordinates 
fixed with respect to the rotating impeller is obviously most easily 
done in polar co-ordinates. 

The equation for y is then 


a( 2 
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Fie.1 View or 20-BLapE Two-DIMENSIONAL CENTRIFUGAL 


IMPELLER 


kxpressed as a difference equation in terms of the locations in 
space designated in Fig. 2, this Equation becomes 


Ts Ts 
(vi — vs) — (vs — v0 | 


, a Vs AM vs — ¥3 = 


Ads | AA, 
where 
Are = Ts 
Ars = f—To 


1 
Ar, = (Are + Ars) 


= 07 — 4; (radians) 


AM, = 65 0; 


AO, = — % =3 + 


The difference equation for the electrical network, written as the 
summation of currents at point 5 in Fig. 3 is 


1 1 
E E;) E; E 
Re (Ai Re ( ») 
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where R; = resistance between points 1 and 5, ete. Correspond- 
ence between these two Equations [4] and [2] may most simply 
be established by making 


vi, etc., 


A A A A 
= Rs = K = K (=: ( 
re Ts rs Ts . [5] 
and 
Ry = Re = K = K } 


Thus Aé@ and Ar/r are kept constant. This is equivalent to keep- 
ing A(In r) constant, or taking stations at constant intervals of 
(Inr). 

The value of K may be selected to suit the d-c network used 
while the ratio between the resistances in the @ and r directions, 
is 

Re rAé Aé 


and depends on the number of intervals which must be considered 
in either direction for the required accuracy of representation. 
At the boundaries the resistances may differ from the interior 
values. For example, the blade boundary (point 7’) may pass 
between points 5 and 7 of Fig. 2 or 3. In this case the boundary 
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Fra. NuMBERING OF PoINTs IN EquIvALENT Circuit a8 USED IN 
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value R,’ would differ from the interior value Re and have the 
formula 


— 45 
Ri = | 
6 6 AO 


Similarly, if the boundary (point 1’) passes between points | and 
5 of Fig. 2 or 3, the resistance R,’ is given by 


In r;’ — In rs 


A(In r) 


The procedure is to apply proper boundary voltages as de- 
scribed below and then to read the resulting voltages at each junc- 
tion point of the network. 

2 Boundary Conditions. In order to determine the boundary 
conditions for the equivalent electric circuit it is necessary to 
consider what is known about the flow, in addition to the blade 
design. In the present case the known quantities are the rota- 
tional speed of the impeller and the total flow. The total flow 
per unit of the constant axial depth may be expressed in terms of 
the average (with respect to angle) radial component », of fluid 
velocity, and since it is a constant 


= constant = = Un 


where rm; and r2 are the inner and outer radii, respectively, of the 
impeller and »;2 is the average radial component of fluid velocity 
at re. 


Then since », = — ~ , the increment in stream function be- 
r 
tween adjacent impeller blades is 


oy 
Ave = — AO = — 0, rAd = — 
ve 


This corresponds to the difference of voltage between adjacent 
blades in the equivalent circuit. The rotational speed w of the 
impeller similarly determines the increment of the stream func- 
tion along the blade surface as follows 
oy oy 


+ vedr....... {8} 


where the path is along the blade. But since vg may be regarded 
as the sum of the velocity v9’ relative to the rotating impeller 
plus the velocity wr of the impeller, Equation [8] may be written 
as 


dy = —v,rd0 +9’ dr +wrdr........... [9 


Now it is evident that the relative velocity can contribute nothing 
to the stream-function increment along the blade, so 


“dy =wrdr 


or, integrating, 


The total increment from entrance to exit is 


(wre) 


2 
r 
= 5 = 1—(-) 


Since the boundary stream functions are to be applied as voltages 
with some suitable scale factor, the primary interest is in the rato 


of Ay, to Aye, or 
AE, n @) (12) 
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It is seen now that, in addition of course to the impeller geometric 
parameters n and (r;/r:), only the ratio of impeller tip speed 
wr. to fluid exit velocity v,2. (wr2/v2) enters, rather than flow and 
speed separately. 

These two boundary conditions have now fixed the voltages 
to be applied along the blade contours and the (constant) dif- 
ference of voltage between blades. In addition it may be assumed 
that some distance upstream (inward radially from the entrance 
r;) and downstream (outward radially from the exit r2) the flow 
is uniform, which means that the voltage gradient at two radii 
ro and r; sufficiently far removed from the blades may also be 
fixed at the constant value (—trr:). Moreover, at the inner 


radius ro it may be assumed that the flow is radial, since the ° 


fluid is still far upstream from the rotating impeller. Thus the 
tangential velocity vg is zero, or OY /Or = 0, so the whole voltage 
level at ro should be raised or lowered with respect to the voltages 
at the blades, until the average radial voltage gradient at ro is 
zero, 

Similarly the voltage level at the outer radius r; must be ad- 
justed until the condition of smooth flow from the trailing edge 
of the blade is met. In the present case we are considering a 
blade with radial exit, so at the blade tips the fluid velocity rela- 
tive to the moving impeller should be purely radial, and the 
absolute tangential velocity should therefore be equal to the tip 
speed ve. = raw = Oy/Or. This is equivalent to adjusting the 
voltage level at rs until the radial voltage gradient just beyond 
the blade at the exit becomes equal to that along the blade just 
before the exit edge. ‘ 

An alternative method of setting the outer boundary voltage 
level is to assume that the fluid is on the average brought up to 
the wheel rotational speed, or to some fraction f of it. Then at a 
sufficient distance beyond the impeller rim the average tangential 
velocity is 


Vo = (72/7) = f {13] 


and the voltage level is adjusted to make dy/dr, or the radial 
voltage gradient, at the.outer boundary r; equal this quantity. 
Since in the region outside of the impeller v, also varies as v, = 
vere/r, the ratio of radial to tangential velocity remains constant 
at 


v,/vg = dr/rdd = = k......... .. [14] 


and the flow lines thus follow spiral curves of the form 


Actually the average tangential velocity will not quite get up to 
wheel tip speed for a radial-tip blade but will be somewhat smaller. 
The alternative method is mentioned, however, because it is 
much simpler to apply as a first approximation in those cases 
wherein the impeller blade tips are not radial. It is then just as 
easy to calculate the tangential velocity for any given flow on 
the basis of an infinite number of blades asin the radial case, and 
this value can be used to determine the boundary voltage gradient 
as described, and can then be corrected by plotting the y field in 
the tip region and slightly readjusting the values until smooth 
flow off the trailing edge is obtained. 

In the actual application of the d-c network-analyzer method, 
all the required adjustments of boundary conditions need not be 
made simultaneously. Instead, the voltage between blades (in- 
cluding the voltage distribution at ro and r;), the voltage distribu- 
tion along the blades, the voltage level at ro, and the voltage level at 
r: can all be applied separately, to different scales if desired. The 
total y field is found by a proper superposition of the four com- 
ponent fields so obtained, and the various boundary conditions 
can be met by multiplying the component y (voltage) readings 
by proper factors. Moreover, this superposition feature enables 


one to plot y for any combination of speed and flow from one 
set of voltage component readings, merely by using different 
multiplying factors for some of the components. 

3 Streamlines Relative to Impeller. From the values of ¥ 
thus obtained at all of the network junctions, contour lines of 
constant y may be plotted by interpolation. These are the 
streamlines in stationary co-ordinates and show the fluid appar- 
ently flowing into the blade surfaces, as in the solid lines of Figs. 
5 and 7. From the point of view of impeller performance one is, 
however, more directly interested in the flow relative to the im- 
peller. This relative-flow picture shows directly the location of 
the stagnation point near the leading edge and the variation of 
velocity across the impeller passage. The first is of interest as 
an indication of the effect of deviation from the optimum flow 
and the second is an indication of the magnitude of the blade 
loading. In particular, if the blade loading becomes sufficiently 
high, backflow may occur on the forward (high-pressure) side of 
the blade, as is shown in one of the cases illustrated in this paper. 

To convert to co-ordinates rotating with the impeller, we must 
subtract from the actual fluid velocity the impeller velocity 
wr, or, We must subtract from the stream-function field found as 
described, the stream function corresponding to a velocity wr. 
This stream function is given in Equation [10]. As an alterna- 
tive method, Equation |10] may be solved for r to obtain 


| 


If there are V stream tubes ending on each impeller surface in 
the plot of ¥ contour lines, Equation [16] may be conveniently 
written as 


The values of r from Equation [17] form circles of equal incre- 
ments of ¥, which may be labeled with consecutive numbers to 
correspond to numbers attached to the original plot of y con- 
tours. Then lines of constant net y may be drawn through the 
proper intersections of the two plots to form the final plot of 
streamlines in the rotating co-ordinates. 


EXAMPLES 


The equivalent circuit method herein described has been ap- 
plied to the two-dimensional, 20-blade, impeller shown in Figs. 
5 to 8. This blade shape was calculated on the basis of an in- 
finite number of blades (i.e., for a flow independent of angle) by 
the method outlined in reference (3) to bring the tangential com- 
ponent of fluid velocity up to wheel tip speed and to have an 
entrance angle with zero angle of attack at a flow corresponding 
to rw/v~ = 4. The ratior,;/r: = 0.66, so by Equation [12]. 

Ay, 20 

(4) (1 — 0.667) = 3.6 
Thus if 18 stream tubes end on each blade there should be 5 
stream tubes entering and leaving each passage between adjacent 
blades at the nominal flow. Also, the ratio of v9/v, outside the im- 
peller will be 


ll 
= 


{19} 


where f is the fraction of wheel tip speed to which the average 
tangential component v¢ of fluid velocity is increased. 

Fig. 4 shows the resistance network used to represent the fluid 
flow for all cases studied. By the superposition method pre- 
viously described, the flow patterns for flows of 4, 5, 6, and 7 
stream tubes per blade passage, and for various values of f, were 
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Fig. 4 Reststance Network Usep as EQuIVALENT CIRCUIT FOR 
Two-DIMENSIONAL FLuIp 
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constructed. Four separate sets of d-c network-analyzer volt- 
age readings were taken, as follows: 

A Holding 96 volts between blades. That is, referring to 
Fig. 4, a uniformly rising voltage of 12 volts per interval from a 
to a’ and from f to f’, a constant value of 96 volts along the right- 
hand blade from c’ to d’, and of 0 volts along the left-hand blade 
from c to d, and a difference of potential of 96 volts (not tying 
down the voltage level) between all intermediate pairs of bound- 
ary points such as b’ — b and e’ —e. 

B_ Holding 96 volts at ro (a — a’), zero volts along the blade 
c —d and c’ —d’ and at r; (f — f’), and zero voltage difference 
(i.e., a short circuit) across all pairs of points such as b — b’, 
e—e’, etc. 

C Holding 96 volts at r; (f — f’), zero volts along the blade 
c —dand c’ — a’ and at ro (a — a’), and zero voltage difference 
across b — b’, e —e’, ete. 

D_ Holding 100 volts along the blades rising from ¢ to d and 
from c’ to d’ in proportion to the y values set by Equation [10], 
zero volts along a — a’, 100 volts along f — f’, and zero volts 
difference between all pairs of points such as e — e’ and b — b’. 

The superposition procedure consists of the following steps: 


1 Multiply A by 4/6, 5/96, ®/s6, and 7/96, corresponding to the 
4, 5, 6, and 7-stream-tube cases mentioned; multiply D by %/j00; 
and then add to obtain 4 sets of values E. 

2 Ate, Ay/Ar should be zero. Actually Ay/ Ar is approxi- 
mated for each case by taking the average difference between the 
voltages at the two rows a — a’ and b — b’ divided by Ar. Since 
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the contribution of Case C to the voltage near ro is negligible 


we must have 
(2) 4 (2) 
Ar/ps 


where the subscript indicates the contributing case. Thus the 
B voltages are all multiplied by — = - to obtain a set of 
(Ay/ 
voltages F, 


3 Similarly, at rs the value of “Ay/ Ar is known from Equation 


{13], so 
Ay 
(2), + (24) (21) 


and all C voltages must be multiplied by 


Ay 
/r — (24) 


(Ay/Ar)o 
to obtain a set of voltages G. 


4 Finally the resultant stream function y is found by adding 
together F, and G 


5 To determine the stream function for flow relative to the 
rotating impeller, we merely subtract from the y of the last 


Fic. 8 Flow 1n CENTRIFUGAL IMPELLER (STREAMLINES IN 
Rotatinc Co-Orp1NATES) 140 Per Cent oF NoMINAL FLow 


equation, y as given by Equation [10] or, to the proper scale, by 


Despite the relative coarseness of the mesh, it was very easily 
determined that the values of vg/v, ranged between 3.5 and 3.25 
in all cases. For the two extreme flows shown (4 and 7 stream 
tubes), the values of f have been determined by interpolation as 


f = 0.86 and f = 0.82, respectively, and these values are believed 


to be within 2 or 3 per cent. It was more difficult to determine 
the position of the stagnation point near the leading edge, but 
from the four flows plotted it was evident that the flow for zero 
angle of attack is much closer to 6 stream tubes than to the 
nominal value of 5. 

In Fig. 5 it can be seen that there is a considerable region (about 
the outer third of the blade) near the high-pressure side in which 
the fluid streamlines are practically tangential. This means 
that, relative to the impeller, the fluid is practically stagnant. 
This stagnant region is reduced as the flow is increased and is not 
evident at all in Fig. 7. 


CONCLUSIONS 


From the results of this study it may be concluded that the 
d-c network analyzer affords a practical way of determining 
fluid-flow patterns in two-dimensional centrifugal impellers. 
Even with the relatively coarse mesh used it was easily possible 
to show the major effects caused by the finite number of blades, 
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If greater accuracy is desired, the voltage readings may be im- 
proved by numerical methods and a finer mesh may be used 
for the final improvement. 
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Polar Strain 


By C. W. HARRIS,' AKRON, OHIO 


In solving spring problems, involving mechanical rubber 
goods, for example, elastomers do not obey Hooke’s law in 
shear. Difficulties of calculation are avoided by introduc- 
ing “‘polar strain’”’ as a substitute for shear strain. Polar 
stress-strain curves may be derived directly from any 
spring of the type described and permit the direct cal- 
culation of any other such spring with no integration. 


PRACTICAL spring may be constructed by connecting 
A two relatively long rigid concentric cylinders by means of 
an elastomer.? A torque applied between the two cylin- 
ders results in a relative rotation (windup) between these cylinders. 
Unfortunately, elastomers do not obey Hooke’s law in shear. 
This has introduced two problems: (1) The stress-strain be- 
havior of the elastomer must be determined from flat shear ‘‘sand- 
wiches,”’ which is difficult because of end conditions. (2) A 
numerical integration using these data must be performed for each 
spring of different geometry. These difficulties are circumvented 
by introducing polar strain as a substitute for shear strain. 
Polar stress-strain curves may be derived directly from any 
spring of the type described, and allow the direct calculation of 
any other such spring with no integration. 
Fig. 1 represents an end view of a long infinitely rigid cylindrical 


Fig. 1 DertnitTion or PoLaR STRAIN 


shaft bonded into an elastomer which extends to infinity in the 
plane of the paper. A torque applied to the shaft causes a stress 
S to arise at the shaft-elastomer interface. The resulting rota- 
tion @ which the shaft undergoes is defined as polar strain, 
and is a unique function of the applied tangential stress S. It is 
clear that change of geometrical scale alters nothing, so that if a 
greater torque be applied to a larger shaft, resulting in the same 


‘ The B. F. Goodrich Company. 

*? The rubber Torsilastic spring is such an arrangement. 

For presentation at the National Meeting of the Applied Me- 
chanies Division, Schenectady, N. Y., June 23-25, 1947, of Tue 
AMERICAN Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1947, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


Fie. 2 Tue Torsion SprInG PROBLEM 


Fie. ANALYsIS OF PoLaR STRAIN 


interface stress, the resultmg polar strain will be the same. 
This strain is conveniently measured in degrees. e 

Fig. 2 shows the polar-strain arrangement and two conceptual 
concentric cylinders located in the elastomer. Every such pair 
represents a particular problem of the type to be solved. Since 
the torque applied to the shaft must be transmitted through each 
concentric cylinder, definite stresses S; and S) arise at the inner 
and outer cylinders. The desired windup is simply 


= (S,;) — ¢ (So) 


To find the correlation between polar and shear strain, consider 
Fig. 3. The stress on any cylinder of radius r is 


where T is torque applied to the shaft and m a constant. From 
this 
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Eliminating dr/r by means of the previous equation 


oT 


dS 
r S 


do = — 


This is to be integrated from the stress at the shaft (S) to the 
stress at infinity. Thus 


90 


¢ (S) = : = dx 


0 & 


defines the connection between the two types of strain. In the 
Hooke’s law case both are linear. Polar strain will always be 
more nearly a linear function of stress than is shear strain. 

Fig. 4 shows static and dynamic polar-strain curves of a typical 
mechanical-goods rubber stock. Data were obtained from springs 
whose stress ranges were 4.66:1 and 36:1. The results agreed 
within the limits of variation of the rubber itself. The dynamic 
curve is the integral of the modulus determined by the natural 
frequency of vibration of a spring-mass system. This particular 
curve was obtained at about 40 cycles per min. The modulus of 
rubber shows little frequency dependence in this region. 
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The Shape and Tension of a Light Flexible 
Cable in a Uniform Current 


By L. LANDWEBER! anno M. H. PROTTER? 


The authors consider the several cases of a towing cable 
in which the frictional forces as well as the normal forces 
are taken into account in determining the shape of the 
cable, the weight of the cable being neglected. Equations 
and curves are derived by means of which any problem of 
this type, involving towing cables or loops, can be treated. 
Examples are given which illustrate solutions to various 
towline problems. 


INTRODUCTION 


N the most thorough previous work on towing cables, H. 

Glauert® presented a series of charts for solving problems on 

towing a heavy body in the vertical plane through the tow- 
ing point. In this work the weight of the cable in water was 
taken into account. However, because the tangential or fric- 
tional component of the fluid reaction upon the cable was neg- 
lected, these charts have been found inadequate for treating 
cases in which a body is towed through water by a long line at 
moderate or high speeds. 

A more general treatment of a cable in a uniform current, when 
the end points of the cable lie in a vertical plane through the di- 
rection of motion, would consider the tangential component of 
the fluid reaction as well as the normal component and the 
weight of the cable. In the most general case, the cable need not 
he in the vertical plane through the direction of motion, but may 
assume the shape of a skew curve. The shape of a loop of cable 
supported in a current from two points in the same horizontal 
plane is of this nature. Other examples are the shape of a cable 
towing a kite, and the bights of inhaul and service lines to a 
towed body. The skewness of the cable curve, which usually 
makes the analytical treatment extremely complicated, is a con- 
sequence of the weight of the cable. 

The present paper considers the cases in which the frictional 
forces as well as the normal forces are taken into account in de- 
termining the shape of the cable but the weight of the cable is 
neglected. It is proposed here to derive equations and curves 
by means of which any problem of this type, involving towing 
cables or loops, can be treated. Various problems will be illus- 
trated by examples. 


ANALYSIS 


We assume first that the weight of the cable is negligible com- 
pared to its drag, so that the cable may be considered to lie in a 
plane. Also the physical assumptions made are that the force 
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per unit length normal to the cable is given‘ by R sin? ¢, where 
¢ is the angle that the cable makes with its direction of motion 
through the water, and R is the force per unit length when the 
cable is normal to the stream; and that the force per unit length 
parallel to the cable is given by a constant F.§ 

Fig. 1(a) shows the forces acting on an element ds of the cable 
at a point P, having the co-ordinates xz, y relative to rectangular 
axes in the plane of the cable with the origin at one end of the 
cable at O. The z-direction is taken as the direction of motion 
of the cable. The y-direction is taken as positive toward the 
side of the z-axis on which the cable lies. The tensions at O and 
P are T, and T, respectively. The cable length from O to P is 
denoted by s. The angles of the cable at O and P are gp and ¢ 
respectively. Fig. 1(a) illustrates the case in which the origin 
is at the downstream end of the cable, and the angles ¢ are acute. 
Fig. 1(b) shows a case where the origin is at the upstream end of 
the cable and the angles ¢ are obtuse. An important difference 
between the two cases is that the tangential component F is di- 
rected toward O in the first case and away from O in the second. 
Fig. 1(c) shows a loop of cable where the angle ¢ changes from 
obtuse to acute in passing from one end of the cable to the other. 
If we take F as positive in the direction of decreasing s, the 
foregoing discussion shows that F may be expressed as the fol- 
lowing function of ¢ 


F=|Fl, 0<¢<-x/2 
F 


The element ds of cable at P is in equilibrium under the action 
of the system of forces comprising the force R sin? ¢ ds normal to 
the cable, the force F-ds along the cable, and the tensions T and 
T + aT, see Fig. 1(a). Resolving these forces along the cable, 
we have 


Hence from Equation [1], 7 is a linear function of the cable 
length s, with a positive slope |F| if ¢ is in the first quadrant, and 
a negative slope —|F| if ¢ is in the second quadrant. A single 
expression for this result is 


T = T, + Fs — (F — Fy) & 


where F, is the value of F corresponding to (i.e. F = 
according as ¢ is in the first or second quadrant) and % is the value 


of s when ¢ = $ Resolving at right angles to the cable, we find 


de 


[3] 


Elimination of ds between Equations [2] and [3] yields 


dT F tod 
= =—= co 
T R ¢ ae 
4 Thissso-called ‘‘sine squared”’ law is purely empirical. 
5 This is a very good fit to experimental data for F except in the 
neighborhood of ¢ = +/2 where F passes through zero. Since F has 


a negligible effect on the cable for ¢ near 7/2, the assumption |F| = 
const for 0 < ¢ < w/2 is a good approximation. 
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(a) Cable in first quadrant 
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and hence we have 


F Fo 
7 
To 


In this case no difficulty arises from the discontinuity in F, since 
cot ¢ vanishes at g¢ = 7/2. Eliminating 7 between Equations 
[3] and [4], we obtain 


Rds 


G cot — Pe ) 
R R dy 
To 


= — csc? g-e 


and therefore 

Rs — cot cot — wR 

— e esc? = e 
F 


T» 
4 cot ¢ Fe cot go 
ek [5] 


Thus we have 


Fo 

Rs R cot — cot go 

— — AC: [5a] 

T, F 

The parametric equations of a curve in terms of arc length are 

dx dy 
ds ds 


From Equations [3], [6], and [4] it follows that 
Rdx = —T cos ¢ esc? gdy 


(j cot F cot 
= —T, cot g esc ge R ds 


and 
Fo F 
— >= cot¢ge > cote 
=e cot gese ge® 7] 


Similarly, from Equations [3], [6], and [4], we obtain 


To obtain forms of the foregoing equations more convenient 
for calculation, the following substitutions are introduced 


(b) Cable in second quadrant 


(c) Loop of cable 


ON AN ELEMENT OF A CABLE 


cot 


If the notation 7 = 


tions [4], [7], [8], and [5a] may be written 


To To 


[16 


Equations [9] to [12], inclusive, define the cable functions 
7(F/R, ¢), (F/R, ¢), n(F/R, ¢), and o( F/R, ¢) where ¢ may var' 
from 0 to 180 deg and F/R assumes the corresponding value 
given by Equation [1]. By direct substitution, it may be show! 
that 

£(180 — ¢) = 


o(180 — ¢) = —o(¢) 


7(180 ¢) = t(¢), 


n(180 — ¢) 


To facilitate the solution of problems, Table 1 was compiled. 
This table gives the values of the cable functions for values of ¢ 
from 0 to 90 deg for R/|F| = 45. The values were first computed 
for g = 1, 2, 3, ..., 90 deg. The intermediate values shown in 
the table, for ¢ between 1 deg and 13 deg, were interpolated from 
curves of the functions on log-log paper, This value of R/f 
was chosen as a mean from data obtained in tests at the David 
Taylor Model Basin. The calculation of and offers no dif- 


—1(¢), 


€ R and F have been determined for stranded cables at the Mode! 
Basin. Standard drag tests were conducted on the towing carriage 
and the value R/|F| = 45 is based upon these experiments. 
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(go), = E(¢o), ete., is introduced, Equa- 


| 
| 
| 
T+d ‘ | 
R sin?g ds 
wr 
| ~ JF] 
O 
| 
4) 
1 
To To 
| 
Ry _1—% [15 
kes ——~€ 
F Boiss 
Ry — 8 
ne 
tio) 


3) 


14) 


+ I N 23 


TABLE 1 CABLE FUNCTIONS* +, & 2, AND o AGAINST ¢ 


Degrees 
+ g* 
+ |Degrees|| Degrees} é tn =¢ 
|| 7.0 | 1.198 | 7.96 | 2.965 | 8.93 | 173.0 
1.1 | 3. ‘o | 178: 1913 | 8.53 | 172. 
1.2 | 2.85 | 84.0 | 5.98 ee 198 1.3 | 1.189 | 1-56 | 2. 8°h3 1/2. 
Va | | |] | | | 8:28 | 172. 
2.44 5.4 | 5. 1.183 | 7.32 | 2.861 
1] 2710 2°00 | 86:1 48:3 1.175 1-8 
| 195 | | 0289 | | 1782 | | 172.0 
2.2 | 1.785] 34. 8.3 | 1.165 | 6. 
33.1 | 63 | 6.36 | 2.846 | 7.32 
2.3 1.740} 32.1 477. 8.4 1.163 ‘ | 7122 111.5 
| | 77. Bae 19. | 7.13 | in. 
2.5 | 1.665| 28.8 8.6 | 1.159 | 6.1 171.3 
| 26: | | | | 17194 | 6200 | 21693 
| | 25:8 | 17722 8:9 | 1.153 | 5:91 | 2.680 | 6:86 | 171: 
2:9 | 12350] 23:7 | | 2627 | 667 | 6.78 | 171.0 
6] 177.0 |} 9.0 | 1.151 | 5.83 | 6.40 170. 
3. 21.96] 176. . 60 | 2.628 | 6.54 | 170. 
3.2 1.488} 20.95] 3.9 21.16] 176. 9.3 | 2.616 6:87 170. 
| 469} 20.15 3°89 | 1.145 2°82 | | 110.5 
. 1 452 1 -40 o°he 19.70 176. 2°2 1.741 5. 2.5 2 6.33 170. 
457] 18.70) 3.85 | 3: 1.139 | 5.39 2.580 | 6.26 | 170.3 
1.422] 18.03] 3. "uol 176.3 9. 1.13 5-32 6.18 170.2 
329 | 12384] 16.35] 3.72 | 17 1.134 | 5.11 | 2.546 | 6.04 
| 1.374 13.35 ery 10:1 169.8 
175. 10.2 2.513 | 5.86 | 169. 
4.2 1.349] 14.89] 3.62 12:48 115 10.5 | 1.128 5.80 169.6 
1.323] 13.64] 3.53 | 14. 10:8 | 169.3 
| 14.28] 175. 2.469 | 5.61 
| 12:90 3:67 | 13:95] || | | | | 5.61 369: 
| 12304] 12783] | 13283] |] 0: | | | 3:30 | 16951 
| 12231] 3:42 | 13:30] 175.1 || | 438 | 5.45 | 169.0 
175.0 || 11.0 | 1.121 "4 168 
5.0 | 1.289 12:93 | 1.199 | 4.48 | 2.428 | 16858 
1.261} 11. 350 12.46 174. 11.2 1.11 2408 5.30 16] 
5.3 | 1.207] 11.21] 3.324 11.94 11.4 | 1.116 | 4.3 2.3 2-25 168-5 
5.4 | 1.261] 10.96] 3.29 11.70] 174. 11.5 | 1.11 4.2 57378 | 3:15 | 168. 
5. 208 1146 11.6 | 1.118 | 4.2 | 5.10 | 168.3 
| 10203] 32198] 11200] 17422 |} | 4208 | 22349 | 300 
2° 1.239] 9.82] 3.172] 10.79] 174.1 W.9 4o | 4.96 | 168.0 
| 113-9 12-3 | 1-208 | 8-00 | 2-338 | 161-8 
1 . 173. 12. 2.313 | 4.84 | 1 
6.2 | 1.227] 9.28] 3.109) 10.2 173 1 | 3:88 | 21308 | 880 | 167. 
| 8:90) 310701 14326 | | | 3:88 | 2:3 4:76 | 167. 
6:4 | 11219] 3.070 9:87 173.5 || 12.5 | 1.105 | 3.84 | 
6 1.207} 8.40) 5.015] 9.37) 113-3 12 | | 2.2 167.1 
: 8.25| 2.997] 9.22] 173. 9 | 1.101 | 3.68 | 2.259 | 4.59 
1:201| 8:10| 2:960| 9:07] 173-1 |] 12:9 
[9a] 
culty. TI tities and » could be evaluated by numeric [10a] 
fact, computed by expanding the = csc 
inte and integrating term by torm. (11a] 
tween 45 deg and 135 deg, a negligible error is rag md In Equation [12] we have P 
neglecting the tangential component of the fluid im R cot ¢ [12a] 
set F/R = 0 in Equations [9] to [12], inclusive, the cable fu o = lim 
tions become 


F->0 


lim cot ¢ e 
F->0 
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4 
‘ 
L 
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TABLE 1 (Continued) 


[10], and [11] become 


uePu/Ray 
d + u2)'/2 [18] 
bad eFu/R du 
If we set 
“ous du 


and expand the exponential factor in the integrands, we find 


10 1.1343) 5.1096] 2. 6.0435] 170 50 1,.0188/0.3091 |0.7697 | 0.846 130 
1 1.1211 3200 2 16 51 1.0182/0.2902 |0.7467 | 0.816 12 
12 1.1102} 4.0444) 2,3401/4.9590] 16 52 1.0175]0.2720 |0.7240 | 0.7880 12 
13 1.1010] 3.6417] 2.2508}4.5450| 167 53 1.0169]0.2550 | 0.7016 | 0.7596 12 
14 1.0932] 3.2996] 2.1687|4.1945| 166 54 1.0163]/0.2385 |0.6794 | 0.7322 12 
1 1.0865] 3.0056] 2.0927|3.8907| 165 5 1.0157}0.2230 |0.6578 | 0.7056 12 
1 1.0806] 2.7500] 2.0220 3.625) 164 5 1.01511/0.2082 | 0.6362 | 0.6795 12 
1 1.0754] 2.5261 3.392 163 57 1.0145/0.1942 |0.6750 | 0.6539 123 
1 1.0708] 2.3285] 1.8934)3.1851} 162 58 1.0140}0.1808 |0.5941 | 0.6292 122 
19 1.0067] 2.1525] 1.8346/2.9997| 161 59 1.0134/0.1685 |0.5733 | 0.6048 121 
20 1.0630] 1.9953/1.7789]2.8328] 160 60 1.0129]0.1560 |0.5527 | 0.5810 120 
21 1.0596/1. 33] 1 2.6820} 15 61 1.0724)0.1445 10.5324 | 0.5576 
22 1.7258] 1.6757) 2.544 15 62 1.0119]/0.1336 [0.5123 | 0.5346 11 
23 1.0538] 1.6095/1.6274/ 2.418 15 63 1.0114}0.1232 10.4924 | 0.5121 
24 1.0512] 1.5036] 1.5814/2.3031| 15 64 1.0109/0.1134 [0.4727 | 0.4901 1 
2 1.0488] 1.4065] 1.5373/2.1965| 15 65 1.0104/0.10410/ 0.4532 | 0.4685 1 
2 1.0466 13178 15 66 1.0099 0.4338 10.4473 1 
2 1.0446) 1.2354] 1.4539] 2.005 153 67 1.0095] 0.08691/0.4146 | 0.4265 113 
2 1.0427] 1.1595/1.4144] 1.920 152 68 1.0090] 0.07897] 0.3954 | 0.4059 112 
29 1.0409] 151 69 1.0086] 0.07155] 0.3765 | 0.3856 111 
30 1.0392] 1.0242]1.3395/1.7658| 150 70 1.0081 ]0.06452| 0.3577 0.3659 110 
31 1.0377| 0.9636/1.3037/1.6952| 1 71 1.0077} 0.05790] 0.3391 | 0.34 108 
32 1.0362 1.2691/1.6290| 14 72 1.007 0.3206 | 0.3263 1 
33 1.0348] 14 7 1.0068] C.04589/ 0.3021 | 0.306 10 
34 1.0335|0.8048/1.2028/1.5071] 14 7 1.0064] 0.04045) 0.2838 | 0.287 10 
3 1.0322] 0. 7584/1.1709}1.4508) 14 7 1.0060] 0.03540/ 0.2656 | 0.2687 10 
3 1.0311] 0.7749/1.1400 1.3973 14 7 1.0056 0.03072 0.2475 | 0.2502 10 
3 1.0299] 0.6740] 1.1096/1.34609| 143 a 1.0051] 0.02640] 0.2295 | 0.2313 103 
3 1.02 142 78 1.0047] 0.02241]}0.2115 | 0.2129 102 
39 1.0278] 141 19 1.0043] 0.01877] 0.1936 | 0.1949 101 
40 1.0268] 140 80 1.0039] 0.01546] 0.1757 | 0.1769 100 
1.0259] 0.5330 0.9989 1.1651] 13 81 1.0035] 0.01249] 0.1580 0.1909 9 
42 1.0250} 13 82 1.0031} 0.00984/0.1403 | 0.1409 9 
43 1.0241] 13 83 1.0027|0.00751/0.1227 | 0.1229 9 
44 1.0233) 0.4461/0.9161/1.0476| 13 84 1.0023] 0.00551/0.1051 | 0.1050 9 
1.0225] 13 8 1.001 0.00593 0.08747] 0.08730 g 
1.0217] 0.3956] 0.8657/0.9761| 13 8 1.0016] 0.00244 | 0.06990] 0.06975 9 
4 1.0209] 0.3722/0.8411}0.9423| 133 87 1.0012] 0.00137] 0.05240) 0.05220 93 
4 1.0202] 0.3501] 0.8169 fo 5| 132 88 1.0008] 0.00061 | 0.03488] 0.03480 92 
4g 1.0195] 0.3291} 0.7931)0.8780} 131 89 1.0004] 0.00015] 0.01743] 0.01746 91 

90 1.0000 0 0 90 
* » and o are negative for values of ¢ between 90 and 180 degrees. 
EVALUATION OF THE CABLE FUNCTIONS — AND 9 ( ry 
If the transformation u = cot ¢ is introduced, Equations [9], = 


a=0 W 


To evaluate /,, we integrate by parts in Equation [29]. 
we have 


= + — (n — 1) (In + In-2) 
or 
nig = (1 + — (n (23) 
We note that 


du 


f udu 
= 
o (1 + ut) 


Equation [23] is a recurrence formula by means of which the /s 


and 


cscg—1. 
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can be successively computed. The values of — and in Table 1 
were computed from Equations [21] and [22] for values of ¢ from 
5 to 90 deg. This method was not used for smaller values of ¢ 
since the number of terms becomes excessive. 


To evaluate — and n when ¢ is small, we first put & = &(u),. 


m = (uw). Then, expanding (1 + u2)-"/2 into a power series 
in 1/u, we may write Equations [18] and [19] in the form 
ul 2 u? ‘4 
1-3-5 1 
— .. au 
2-4-6 
1 l 3 l 
u 2 u3 2-4 ud 
1-3-5 1 
2-4-6 u? 


Let 


and, with », = R u,v = R u, the series for — and n become 
f= h R Ky 
15 (F\° 
——|-]K 24 
15 (FY 
F\? 3 (F\' 
7=m+ A, +2 (7) 5 
15 (F\° 
—-—|-|] K 25 
48 @ 


To evaluate A,, we integrate by parts and obtain the recurrence 
formula 


For n = 1, we have 
v 
K, = —~do=In- + 


K, = Eiv— 


or 


where Ei v is the exponential integral function’ for which accu- 
rate tables are available. The values of K, can then be com- 
puted successively from Equation [26]. The values of ¢ and » in 
Table 1 were computed from Equations [24] and [25], taking for 
u, and v, the values corresponding to ¢; = 5 deg. 


EXAMPLES 


Solutions of problems are based upon Equations [13] to [16], 
inclusive, and Table 1. These equations are in dimensionless 
form with g and gp as independent variables whose values de- 
termine a dimensionless solution. More generally, however, a 
dimensionless solution is determined by other given quantities 
when they can be combined into two independent dimensionless 
products which are themselves expressible as functions of ¢ and 


7 “Tables of Functions,” by E. Jahnke and F. Emde, Dover Pub- 
lications, New York, N. Y., 1943. 


¢g. In this case the latter functions can then be solved for ¢ 
and ¢. These remarks will be clarified by the following ex- 
amples. 

The examples are grouped by the procedure for solution rather 
than by their applications. The simplest case, where both ¢ and 
¢ are given, is discussed in the first group. The second group 
consists of examples in which either ¢ or ¢ is given initially. In 
the third group of problems neither ¢ nor ¢ is given initially. 

Example 1. ¢, ¢o, To, and s are prescribed. A body whose 
weight in water is 100 lb and whose drag is 200 lb is towed 
through water by a towline 500 ft in length from a point 10 ft 
above the water surface. The angle of the cable with the hori- 
zontal at the ship is 5 deg. It is required to determine the posi- 
tion of the towed body, and the values of Rand T. The cable is 
assumed to lie in a vertical plane. 

We have 


T = {(100)? + (200)2}'/* = 223.6 Ib 
and 


100 
go = tan7! 200 = 26.6 deg 


Hence from Table 1 the values for 7, &, 7, and o, corresponding 
to » = 5, 26.6 deg can be found. Since the towline subtends an 
angle of 5 deg from a point 10 ft above the water surface, the 
length of cable out of the water is 115 ft and its horizontal pro- 
jection is 114 ft. Hence the immersed length of cable is 385 
ft. From Equations [13] to [16], inclusive, we now have z = 
378 ft, y = 68 ft, R = 6.10 lb per ft, and T = 275 lb. The dis- 
tance of the body aft of the tow point is 492 ft. 

Example 2. To, go, R, and s are prescribed. A body whose 
weight is 100 lb and whose drag is 200 lb is towed through water 
by a towline 300 ft in length from a point at the water surface. 
The value R = 15 lb per ft is given. It is required to find the 
position of the body, and the tension in the cable at the forward 
end. 

As in Example 1, Ty = 223.6 lb, g = 26.6 deg, 7 = 1.045, 
oo = 2.04. But from Equation [16], « = 23.1, and ¢ = 3.07 
deg. Hence z = 294 ft, y = 36.6 ft, and T = 323 lb. 

Example 3. R, s, T, and ¢ are given. It is required to de- 
termine the lift and drag of a towed body from measurements of 
the tension and angle of the towing cable at the forward end. 
This method is frequently used to determine the characteristics 
of a towed body. Suppose the body is towed by a 20-ft length of 
cable from a point 3 ft above the water surface, and that the 
measured values are 7’ = 500 lb and ¢ = 50 deg. The value 
R = 4 |b per ft will be assumed. 

The immersed length of towline s, is s = 20 — 3 ese ¢ = 16.08 
ft. Also, from Table 1, corresponding to ¢ = 50 deg, r = 1.019, 
— = 0.309, » = 0.770, ¢ = 0.847. But from Equations [13] 
and [16], o = 0.716. Hence again from Table 1, @ = 54.63 
deg, ro = 1.016. Then 7, = 499 lb, the lift L is 406 lb, the drag 
D is 288 lb. 

It is frequently required to determine the length of cable neces- 
sary to tow a given body at a given depth. Since the proceduré 
is the same as in Example 2, except that 7 is determined first 
rather than a, this case will not be illustrated. 

Example 4. ¢, y, 8, and T/R?* are given. A body whose 
lift-drag ratio is 4 is to be towed through water at a speed of 20 
knots at a depth of 200 ft by a towline 400 ft in length. It is 
required to find the smallest size of cable and the lift and drag of 
the body. It will be assumed that the breaking strength of the 
wire used is approximately 80,000 d? lb, where d is the diameter 
of the cable in inches. A safety factor of 4 will be used so that 
the maximum permissible tension at the forward end of the cable 
is T’ = 20,000 d* Ib. It will be assumed, further, that R = 


‘ 
= 
4 
e 
K, = dv 
= 
q 
(n — 1)K, = + — — — 8 > 1 [26] 
v 
Poy 
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0.35V%d, where V is the towing speed in knots. Hence in the 
present case R = 140-d lb per ft, and 7’ = 1.020R?. 

From the given data, g = tan~!4 = 76 deg, and y/s = 0.500. 
From Table 1, 7 = 1.006, & = 0.0307, m = 0.2475, and op = 
0.2502. Thus we have 


n — 0.2475 


This is an equation for g which we can solve with the aid of 
Table 1. This yields ¢ = 14.68 deg and r = 1.088, € = 3.10, 
n = 2.11, 0 = 3.98. From Equations [13] and [16], we have 


Hence R/T = 0.00858, R = 114 lb per ft, and d = 0.81 in. 
Also, T = 13,280 lb, T) = 12,280 lb, L = Ty sin g = 11,910 lb, 
and D = Ty cos @ = 2978 lb. 


Example 5. 2x, y, s, and R are given. It is required to deter- 


mine the tensions and angles at the end points of a cable when- 
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their relative positions and the value of R are given. Suppose 
x = —10 ft, y = 100 ft, s = 200 ft, and R = 50 lb per ft. 
From Equations [14], [15], and [16], we have 


= y/s 
8 
and in this case 


To determine ¢ and ¢, it is necessary to solve these equations 
simultaneously. The solution can be obtained by tabulation. 
For any value of go, a value of ¢ can be obtained by the methods 
of Example 4. Then, by a number of trials, the correct values of 


= and , haat can be found. In the present case g = 167.4 
deg and ¢ = 13.9 deg yield o) = — 4.70, ro = 1.104, o = 4.20, 


tr = 1.094. Then from Equation [16], we have 7) = 1240 |b 


and 7 = 1230 1b, Lo = 271 Ib. 
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Generalized Vibration Analysis by Means of 
the Mechanical Transients Analyzer 


By G. D. McCANN! anp J. M. KOPPER® 


This paper presents the results of a general study that 
has been made of a linear system having 2 deg of freedom. 
This is representative for many mechanical vibration 
problems as well as for problems of other physical systems. 
The system is described specifically in terms of the me- 
chanical parameters of translational motion and consists 
of one mass, spring, dashpot system mounted on another. 
Three types of generalized solutions are given for the 
maximum motion of the first system relative to the sec- 
ond, or the maximum stress developed in the spring of the 
first system. One of these is for known sinusoidal forces 
applied to the second system, one is for the whole system 
striking a fixed base at a known velocity without rebound, 
and one is for such an impact and one rebound. The 
solutions were obtained on the mechanical transients ana- 
lyzer which employs the principle of electric-circuit anal- 
ogy. The solutions are given in dimensionless curve 
form for a wide range of all parameters. 


INTRODUCTION 


The mechanical transients analyzer (1, 2, 3)° makes possible the 
very rapid solution of a wide variety of mechanical vibration prob- 
lems through the use of analogous electrical circuits. In its present 
form all types of linear systems having up to 30 deg of freedom 
can be analyzed for any arbitrary form of transient or steady- 
state forcing functions. It might be thought that such a device 
would have its most important application to systems and ex- 
citation functions of such complexity that the use of conventional 
mathematics is not practical for even one solution. However, the 
analyzer has also proved itself a valuable tool for the generalized 
studies not only of the more complex systems, but also of rela- 
tively simple ones for which normal calculating methods would be 
practicable for at least a few solutions. Its outstanding ad- 
vantage in solving generalized problems is that multiple com- 
putations can be made in a comparatively short time. To ob- 
tain the thousands of solutions required for even the simpler 
types of general study, it is a simple matter to change the elec- 
tric-cireuit constants in the analyzer representing the various 
system parameters. 

The mechanical transients analyzer has been used for the 
generalized analysis of such problems as the transient response 
of various types of servomechanisms (4), stress analysis in turbo- 
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generator shafts (5), and the dynamies of package cushioning (6). 
This paper presents the generalized analysis of a linear system 
with 2 deg of freedom, which is basic to many types of vibration 
problems. 

The mechanical system is illustrated in Fig. 1, comprising one 
simple mass, spring, dashpot system mounted on another. The 
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MECHANICAL SYSTEM ANALOGOUS ELECTRICAL CIRCUIT 


(a) General two-mass system 


‘Fo = Mz —— + G2 — + Kan + Gi = (22 — + Kilts — 
dt? dt dt 
[1] 
d 
G, — (a2 — 11) + Ki (22 — = M 2 
41) + Ki (42 — 21) [2] 
Me-Lo Ge Mi-Lo Gi 
| 
Fo at 
(b) Neglecting forces exerted by System 1 on System 2 
dz 
F + Gs + Kr [1la} 
letting z = 2, — x2, Equation [2] becomes 
dx 
—M, —=M 


Fic. 1 ELvecrricat ANALOGIES FOR Two-Mass VIBRATORY SYSTEM 


top elements, denoted by M,, Ki, Gi, or system No. 1, may com- 
prise a system under test, or the weaker element of a general sys- 
tem in service; while the bottom elements, denoted by M2, Ko, 
G2, or system No. 2, may comprise the forcing elements. For ex- 
ample, the constants M,, Ki, G,, may be the elements within a 
vacuum tube, and the constants M2, Ke, G2, could then be the 
elements of a drop tester, a linear spring-cushioned packaging 
unit, or an actual mounting frame of a device in service. The 
symbols used apply directly to translational motion. The solu- 
tions as shown are general and can readily be converted to either 
maximum spring stresses or deflections for a specific problem. 
By the proper substitution of analogous parameters, the solu- 
tions can also be applied directly to torsional motion, electric 
circuits, or any other analogous physical system. 

Two types of solutions are presented. The first applies to the 
case when the lower mass is acted on by a known sinusoidal force 
that produces forced vibrations of both systems. The second gen- 
eral solution applies to general shock problems wherein the entire 
two-mass system strikes a fixed base with a given velocity. This 
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latter problem was studied at the request of the Bell Telephone 
Laboratories (6) in order to obtain general solutions of the dy- 
namic packaging of vacuum tubes. 


MernHop oF ANALYSIS 


The electrical analogy used for setting up the analogous elec- 
trie circuit on the mechanical transients analyzer (1) is shown in 
Fig. 1. It is the conventional mass-inductance, force-voltage 
analogy in which voltage, inductance, resistance, and capacitance 
are analogous to force, mass, velocity damping, and spring con- 
stant, respectively. Gravitational forces, that would be present 
when vertical motion is considered, are neglected as they are 
usually negligible as compared to any stresses of important mag- 
nitude. They could easily be simulated as constant voltages. 
The analogy of Fig. 1 (a) applies to the general two-mass system. 
However, in most practical systems, such as are used in vibration 
testing, system No. 1 will have a much smaller mass and lower 
spring rate than system No. 2. As a result, the effect of system 
No. 1 on system No. 2 will be negligible for practically all types 
of transient disturbances. Under such conditions, the analog- 
ous electric circuit will take the form shown in Fig. 1 (6). This 
is the circuit used in this study for all transient-impact solutions. 

The actual determination of the particular electric circuit and 
the magnitudes of the constants to be used to represent the me- 
chanical system under study (1, 2, 3) are beyond the scope of this 
paper. After the proper circuit has been developed, it is set up 
on the analyzer, and the results are observed for various condi- 
tions by a cathode-ray oscilloscope. The results are plotted 
in the form of curves covering the range of parameters of greatest 
practical importance. With these curves and a knowledge of the 
parameters of the mechanical system under consideration, the 
response of the system to any mechanical transient or steady 
force can be determined. 


STEADY-STATE SOLUTIONS 


Fig. 2 shows the actual circuit setup on the analyzer for ob- 
taining the steady-state forced-vibration solutions. Here the 
general circuit analogy was used because large ratios of M; to M; 
were also considered. The switching system shown provided a 


__- SWITCHES —_ 


w= wr = K: 
M, M; 
Ratios of actual to critical damping 
Gi 
In analogous circuit 
Eo Eo 
f= oF, 
at undamped resonant frequencies. Solution: 
Tmax Ki = Emax 
F, max E, max 


Fie. 2. Actua. System Setup oN MECHANICAL TRANSIENTS ANA- 
LYZER FOR OBTAINING STEADY-STATE SOLUTIONS 
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rapid and simple method for setting or checking all parameters. 
The switch positions shown in Fig. 2 were used for obtaining the 
solutions. The excitation function (Z)) was applied across the 
resistor (Ro) which was made sufficiently small as not to in- 
fluence the “Q” of system No. 2. The resonant frequency and 
damping constant of system No. 2 were obtained by changing 
switch (b) to point 5. For system No. 1, switches (a) and (c) were 
changed to point 3 with (6) left at 5. The natural frequencies 
were checked with the variable-frequency generator when the 
damping resistors G, and G2 were set at zero. The damping con- 
stants (in per cent of critical damping) were most quickly set by 
adjusting the ratio of the capacitor voltage to the applied voltage 
(at the undamped resonant frequency) as shown by the equations 
of Fig. 2. In this way circujt changes and solutions could be 
obtained in a matter of seconds. 


TRANSIENT SOLUTIONS 


The setup used for the transient solutions is shown in Fig. 3. 
The complete transient solutions were obtained as standing 
waves on the screen of a cathode-ray oscillograph by cyclic 
application of the transient forcing function with synchronous 
switches (1). Two conditions were analyzed. The first of these 
applies to cases where no bouncing occurs. The complete cir- 
cuit for this is shown in Fig. 3 (a). The analogy of Fig. 1 (b) was 
used since only the case of relatively small elements for system 
No. 1 was considered. In the initial conditions of the problem, 
the whole system is falling freely. The initial velocity is repre- 
sented by closing switch 1 causing the proper analogous current 
flow through the inductance M.. The current being constant 
produces no voltage across 1/K, and G:, a condition which is 
representative of the mass falling with no relative motion in the 
spring and dashpot. The condition of striking the floor is simu- 
lated by suddenly opening switch 1. This forces the current 
representing the initial velocity through the resistor and ca- 
pacitor or places the proper sudden relative motion on the spring 
and dashpot. Switches 2 and 3 were used to remove the energy 
from the circuit in each period between solutions so as to bring 
the system back to the proper initial conditions. The recorded 
solution, as shown by the equations of Fig. 3 (a), is the ratio of 
the crest voltage across 1/K, to the crest voltage across Ry. 

Complete solutions for any bouncing condition could readily 
be obtained if desired by the use of more synchronous switches. 
However, the most representative bouncing condition is the one 
where negligible damping is assumed for system No. 2, and the 
system rebounds and is caught before dropping again. This 
applies directly to the standard drop or shock test. It is also 
applicable to other cases of rebound when the damping in system 
No. 2 is low and w, is appreciably greater than w: . Fig. 3 ()) 
shows the analogous circuit used for this case. It can readily be 
shown that the acceleration for system No. 2 (when undamped 
and unaffected by system No. 1) is a half-sine wave as given in 
the figure. This forcing function was produced in circuit Cy, / 
by closing switch 1 and opening it again at the first current zero, 
thereby producing a half-sine wave voltage across Ry. Typical 
transient solutions as photographed on the cathode-ray o-- 
cilloscope are shown in Fig. 4. 


GENERAL SoLUTIONS FOR ForRcED SINUSOIDAL VIBRATIONS 


The general solutions are presented without attempting 4 
comprehensive treatment of their application since they can be 
used in so many different types of problems. Only sufficient ex- 
amples are given to clarify their application. 

Fig. 5 presents curves of the steady-state solutions for four 
ratios of M,/Mz, three ratios of w:/w2 and six values of 6. A 
value of 82 equal to 0.005 was used as being typical of vibration 
test tables and conservatively low for other systems. There 's 
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a) Case with no bouncing and damping in System 2 
velocity at impact = WV 2gh where 
height of drop 


Solution: 


Amplification factor = — [44 = = 
wt M, \ 
- Lo 
M 1 rati max 
Measured ratio nax = : 
Ey 
Ry 


Apply multiplying factor k = L, \ x. 
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(b) Case with one rebound and negligible damping in System 2 
Acceleration of M2 is half-sine wave pulse 


1? «: 
we \/2gh sin wot .[4] 
dt? 


From Equation [2a], Fig. 1 


= M, —M, w2V2gh sin wat 


For solution measure ratio 


E: Kitmax 
max = — 


Ey 


@172max 


eee 


Fie. 3) Actruat System Serup oN MECHANICAL TRANSIENTS ANALYZER FOR SIMULATING Drop 


a total of 71 curves, whose plotting required about 1300 solutions. 
Presentation of more curves was impractical. However, as will 
be shown, reasonable accuracy for any intermediate ratios can 
easily be obtained by proper interpolation. The ordinates in 
dimensionless form are rK,/F,. This is spring force per unit 
force from which actual stress or deflection can quickly be ob- 
tained. Any consistent system of units can of course be used. 
For other physical systems, direct substitution of the analogous 
quantities in any consistent system of units gives direct solu- 
tions. 


APPLICATION OF CURVES IN Fic. 5 For Forcep-VIBRATION 


PROBLEMS 


Example 1. As an example of the use of these curves, consider 
a 750-lb test table with a spring constant of 10,950 lb per ft upon 
which is being tested a rather heavy system weighing 225 lb. 
It has a spring constant of 13,150 lb per ft and a damping con- 
stant of 6.08 lb-sec/ft. The forcing function is applied at a fre- 
quency of 6.2 cycles per see (eps). _ What is the stress per unit 
force in the test specimen? 


225 Ky 
—— = 7 |b-sec?/ “V5 = 43.4 
32 7 Ib-sec?/ft a M, 


wy = 27 X 6.2 = 38.9 


M, = 


750 
2 7 23-3 lb-sect/ft_ 21.7 
For dimensionless solution 
M, Wo G, 
= 0.30 — = 2.0 = 0.90 = —— = 
M, Bi 0.01 


These parameters lie between the curves of Fig. 5 (c) and (d). 
However, by the interpolation of Fig. 8, the solution is located to 
a good degree of accuracy giving 

rk, 
— = 0.76 
F 


0 


as the stress per unit applied force. 


APPLICATION OF CURVES IN Fics. 6 AND 7, TO Impact OR Drop- 
Test PROBLEMS 


The application of these data to electronic-tube packaging prob- 
lems has been treated in detail by Mindlin (6). This discussion 
is confined simply to illustrating the application of the curves. 
In the past, frequent use has been made of the simple “static re- 
sponse”’ of such systems in estimating the stresses and displace- 
ments resulting from drop or impact tests. By static response 
is meant the solution (z,), obtained by neglecting the dynamic 
terms in Equation 2[a] (Fig. 1). Thus the relative motion of 
system No. 1 is given by the equation 


d? 
or 
(7) 


‘ d*z, 
For negligible damping in system No. 2, ae can be obtained very 


simply from Equation [4], Fig. 3 
M 
Ky w? 


Thus the dimensionless form, used in the curves of Figs. 6 and 7, 
gives the solutions as multiples of (z,)max. It can readily be seen 
that the static response may give results that are considerably 
higher or lower than the true solutions. 


CoNnDITIONS FOR REBOUND 


In using these curves for drop-test problems it is necessary to 
know whether or not bouncing will occur. For this, any addi- 
tional unsprung mass (M; of Fig. 9) must be considered (such as 
the case of a package, etc.). For small values of M, the system 
of Fig. 9 is applicable for determining bouncing. The system 
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X FOR B=0.05 X FOR 


(a) Solution for no bouncing 


Be = 0.5 = 12 


ACCEL.(X2) OF DROP TESTER TABLE REL. DISPL. (xX) OF TEST SPECIMEN 


(b) Solution for one-rebound drop tester 


Bi = 0.05; Bs 0.005; = 5 
@2 


Fic. 4 Typrcat Drop-Tesr SoLutions OsTaINnED WiTH MECHANICAL TRANSIENTS ANALYZER 
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> | | | 
| | | | | | | UN +B+005 | 
| |g, Exel | | —B+010 
} Br 1 +B+025 
| B+050 | 
Wo 
Fig. 5 (a) Fia. 5 (b) 
— 
02 
7 
ary 
Fia. 5 (a) 
0 + 
| [Me -005 | 
o6} + + + + + 
> | 
| —B+005 
5 | | 
| B-050- | 
L 
005 54 oe 08 i4 
wy 
Fia. 5 (a) Fra. 5 (b) 
are masses 
K’s are spring constants 
G’s are velocity damping constants 
X’s are displacements 
w’s are natural frequency constants 
b 8’s are damping in per unit of critical damping 
Fie. 5 Curves Givina Generat DIMENSIONLESS SOLUTIONS FOR STEADY-STATE Forcep ViBRATIONS oF Two-Mass System 
M M 
(a) = 0.02, = 1,3, and 10 (c) = 0.20, = 1,3, and 10 
M2 wr M: ws 
M M 
Mi 1 
(b) M 0.05, me = 1,3, and 10 (d) = 1.0, = 1,3, and 10 
Nore: The foregoing values apply to figures on this and the following page. 
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Fia. 5 (c) Fia. 5 (d) : 
will leave the floor if the reaction R of the floor on the system d*z2 : 
becomes negative. This is given by the equation (M: + Ms)g — M2 dit +9 
drs M: + M; 
R 39 + Ge dt + Kare or dt? g 
ion [la], Fig. 1 
from Equation [1a], Fig 
rm dtr, max 
G: + = Mag — M, expressed as a multiple of g 
A Met Wet Ws (9) 
since for this case F) = M2g. Thus for bouncing to occur i M, = 


— 
| || VAR | | 
Wo/ Fic. 5 (d) 
Fie. 5 (c) 
} | Me | | T on, R001 | 
{ | | | | | ro} + | | 4 + ‘ 
| | | B+005 | | | | +——+ ] 
| | | | ° 
5 02 o4 06 
ana: | | } | } +0005 | 4 Fo wer | 
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\TEST SPECIMEN oF prop 
o4 2 Kee KOK | 
err 
o2 We 
| | & | 
} | 
° = +—— — 
4 5 7 3 0 
Wi/we 


M’s are masses 

K’s are spring constants 

G’s are velocity damping constants 

X’s are displacements 

w’s are natural frequency constants 

6’s are damping in per unit of critical damping 


Fic. 6 Curves Givinc GENERAL DIMENSIONLESS SOLUTIONS FOR 
Drop Tests Perrecr ReBpounpD 


| 
KOK) 


VEL. AT IMPACT 
ve ©, 


+ 
5 6 
7 (e) 
+ + + + — 
2 
| 1 10 344 
+ | 228 
| 100 200 
| 
| | | Fig. 7 (f) 
3 4 5 6 
Wy /We 
Fia. 7 (6) Fie. 7 Curves Giving GENERAL DIMENSIONLESS SOLUTIONS FOR 
M's are masses Drop Tests Witn No Resounp 
K's are spring constants (a) Br = 0.005 (d) Bs = 0.10 
G’s are velocity damping constants (b) 0.01 () 0.50 . 
X’s are displacements (c) 62 = 0.05 (f) 6: = 1.00 - 


w’s are natural frequency constants 


Note: The foregoing values apply to respective figures numbered (a) 
8 are damping in per unit of critical damping 
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wo 
0.90, 6: = 0.01 


06 


0.03 006 Ol 0.3 06 10 
M\/Me 
M, 
plotted as a function of —— for — = 1 and 3 to obtain 
we 
Mi _ 


0.6 


3 
03 10 3 6 10 


K M 
plotted as a function of 
Fo We 


M 
1 and 2 from Fig. 8 (a), also plotted to give curve for = = 0.3 


(b) = 0,2 and 1.0 with points 


w1 
and to locate actual solution at — = 2.0 
we 


Fic. 8 APPLICATION OF INTERPOLATION FROM CURVES OF Fic. 5 
IN OBTAINING SOLUTION TO PARTICULAR FORCED-VIBRATION PRos- 
LEM OF EXAMPLE 1 


Mindlin (6) has calculated the ratio of Am to Ao the undamped 
maximum acceleration in g’s. His data are given in curve form in 
Fig. 9 so that it can easily be determined whether or not bouncing 
will oecur. 

Example 2. The weakest element of a given vacuum tube has 
the following constants: 

Natural frequency (fi) = 42 cps Weight (Wi) = 0.05 Ib; 

Damping constant (8;) = 0.01. 
It is tested on a drop tester having a natural frequency f. = 
20 eps, and the maximum safe dropping distance is found to be 
1 ft. It is to be shipped in a package such that the total sprung 
weight W: is 2.5 lb, and the total package weight is 50 lb. The 
frequency constant of the packaging element is 50 and the damp- 
ing factor 0.1 of critical. Will such a package protect the tube 
for a 4-ft drop? 

For the initial drop test 


on = 263, w = 126,— = 2.10 


V = V 2gh = 8 fps, 6: = 0.01 
Referring to Fig. 6 
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0.2 04 06 1.0 
Be 


Fic. 9 or DererRMINING WHETHER OR Nor System WILL 
BouNcE 
(Curve 6 gives ratio of maximum upward acceleration Am of mass M; 
in terms of maximum acceleration Ae for no damping [Gs = 0].) 


To determine whether or not the package will bounce on a 5-ft 
drop refer to Fig. 9 


A,,/Ao = 0.64 for 8: = 0.1 


2 4(50)2 


32.2 
A,, = 0.64 X 25.0 = 16.0 


W.+ W; 
2.5 
Thus the package will not rebound. For the 4-ft drop of the 
package, w, = 263, w: = 50, wi/we = 5.25, 8: = 0.01, Be = 0.10. 
V = V/2gh = 16.0 fps 
From Fig. 7 (d) 


Comparing this solution with that of Equation [10], it can readily 
be seen that the stress imposed for the 4-ft drop of the package 
compared to that in initial 1-ft drop test is the following 

1.10 50 


h 1.59 126 


, 
max 


1.10 


1.59 


xX 2x = 0.55 


we 


Thus the package provides safe protection. 
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curves from tension creep tests are discussed. 


Correlation of Tension Creep Tests With 


Relaxation Tests 


By E. P. POPOV,? BERKELEY, CALIF. 


This paper shows that a ‘satisfactory estimate of a re- 
laxation graph may be obtained from the usual tension 
crgep curves. The validity of methods for simple relaxa- 
tion is demonstrated on the basis of experimental agree- 
ment between calculated and test results. Inadequacy 
of the usual methods of computations are pointed out by 
comparison with the test results. Then the analytical 
schemes that appear satisfactory are extended for re- 
laxation with the elastic follow-up. 


INTRODUCTION 


In bolted assemblies where materials are used at high tem- 
peratures, the stress in a bolt diminishes with time due to creep. 
This phenomenon is called relax.tion. In some applications 
it is necessary to know the variation of stress of the relaxing bolt 
with time. Although special relaxation testing machines have 
been built (1, 2)? and are in use, it is of fundamental as well as 
practical importance to be able to compute the time-stress curve 
of a relaxing bolt from the data obtained by the tension creep 
tests, since these tests are much more common than relaxa- 
tion tests, and masses of data have been accumulated from them. 

Here, two cases of bolt relaxation are considered; simple 
relaxation in which the ends of the bolt remain continuously a 
fixed distance apart, and relaxation with the elastic or plastic 
follow-up, where the assembled parts by the bolt possess either 
elastic or creep characteristics or both of the same order of 
magnitude as the bolt. Methods for determining the relaxation 
Analytical 
and graphical methods are presented for simple relaxation; 
these are then compared with several other solutions on the basis 
of a numerical example. Then the procedures that appear to be 
satisfactory for simple relaxation are extended to obtain methods 
of solution for the more complex case of relaxation with the 
follow-up. 

It is tacitly assumed that the relaxation process takes place 
at a constant temperature, and the material exhibits no unde- 
sirable metallographical transformations, i.e., it is dimensionally 
stable and is found to be usable at the temperature considered. 


FORMULATIONS FOR TENSION CREEP CURVES 


In the relaxation of a bolt, the stress varies with time; hence 
the variation of the creep rate with stress and time must be 


1Taken from Ph.D. thesis presented to Stanford University, 
Palo Alto, Calif. Other portions of the dissertation, on bending 
and rotating disks, will appear at a later date. 

? Assistant Professor of Civil Fngineering, University of California. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

For presentation at the National Meeting of the Applied Me- 
chanics Division, Schenectady, N. Y., June 23-25, 1947, of Tum 
American ‘Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addsessed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1947, for publication at a later date. Diccus- 
Sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


determined. As it is known that creep proceeds at a much more 
rapid rate during the transient or initial interval of time than 
what it eventually attains, a careful description of the tension 
creep curve for this period must be made. For the relaxation 
problem, the importance of accurate information regarding the 
transient of the creep curve cannot be overemphasized. There 
are but a few proposals to do this correctly, as most of the atten- 
tion of investigators has been directed at establishing relations 


for the minimum creep rates’ variation with stress. One ade- 
quate relation has been offered by Soderberg (3) as 


where e, is the plastic or creep strain, S is the stress function, 
and T' is the time function. The time function T is so selected 
in a given problem that its ordinates (time being the abscissa), 
multiplied by a constant for a particular stress give approxi- 
mately the plastic strain-time test curve. This function may 
be expressed analytically or graphically. Assuming that it 
varies as a parabola with a fractional exponent m, we may 
express it as 


where C is an experimental constant, and ¢t is time. The multi- 
plying constant at a particular stress, or the stress function S, 
has been found to vary approximately as 


| 


where s; is an experimentally determined constant, E is the 
elastic modulus, and e is the base of natural logarithms. Thus, 
using these particular forms for S and 7, Equation [1] becomes 


= (7/1) T= K (e/"—1) [4] 
where K, s;, and m are experimental constants. This equation is 
a special form of Equation [1] and is to be used only when it 
fits the test data. Other forms for Equation [1] may be devised. 

Another way in which the tension creep curve may be com- 
pletely described considers the total plastic strain as the sum of 
two components, i.e., the transient plastic-strain component 
€,, Which after a certain interval of time reaches a constant value, 
and a steady plastic-strain component ¢,, which proceeds at a 
uniform rate regardless of the time interval. Thus, in the form 
of an equation, we have 


But the steady plastic-strain component as a function of time is 
[6] 


where u* is the steady or minimum creep rate, and ¢ is time. 
The transient component after an interval of time reaches a 
certain constant value ¢, known as the zero intercept, since 
projection of the asymptote of the tension creep curve to the 
ordinate at zero time determines its value. Hence, in general, 
we may write an expression for the transient plastic strain as 


[7] 
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where f(t) is any suitable function of time ¢ that fits the par- 
ticular creep-curve data. ; 

A special form of Equation [5] with a particular function for 
f(t) was proposed by MeVetty (4) a number of years ago as 


where @ is an experimental constant. This expression appears 
to be satisfactory in many cases because it often fits the experi- 
mental tension creep curves.‘ A more general form of Equation 
[5] may be written as 


where f(t) is selected to fit the particular test data. 

Either Equation [8] or [9] may be used. However, these 
expressions must be further generalized to give us the variation 
of plastic strain with stress. 

Many proposals exist which formulate the variation of mini- 
mum creep rate u* with stress. Here we will make use of the 
hyperbolic-sine creep law (6), in preference to the exponential 
law. This law, proposed by Dr. Nadai, in addition to fitting 
well the experimental curves, has some theoretical support based 
upon the kinetic model of a solid by L. Prandtl and on physico- 
chemical investigations by H. Eyring (7). The equation for 
this law, expressing the minimum creep rate as a function of 
stress, is 


u* = uo sinh {10} 


where uo and oo are experimental constants. These constants. 
in a particular case may be determined by trial or by use of a 
specially prepared chart (8) which simplifies the work. 

The study of the zero-intercept variation with the stress has 
been very limited. However, a reasonable proposal has been 
suggested by McVetty (9) giving this variation as 


(11] 
C2 
where c; and cz are experimental constants which can be deter- 
mined when two intercepts at two different stresses are known.® 
Substituting Equations [10] and [11] into Equation [9], we 
thus obtain a general expression for the plastic strain 


= caf(t) sinh ~ + uf sinh ~.......... [12] 
C2 


This expression is equivalent to Equation [4]. The choice 
between the two is determined by the fit obtainable with a 
particular set of experimental tension test curves. Other creep 
laws and intercept-variation expressions may be used in Equation 
[12] instead of the ones selected. Either Equation [4] or [12], 
together with the elastic characteristics of the material, is suffi- 
cient to solve the relaxation problem. 


RELAXATION 


Let us consider first a bolt with a simplifying assumption that 
it grips infinitely rigid flanges at constant temperature. This 
corresponds to the tests that may be performed on the Westing- 
house machines (1) and means that the length remains constant. 
There is initially a certain elastic elongation corresponding to 
the applied tension in the bolt. With time, due to creep, some 
plastic deformation occurs. Since the length of the bolt must 
remain the same, the elastic deformation (and the tensile force) 


4 A similar expression has also been advocated by M. Ros and A. 
Eichinger (5). 
5 Another form has been suggested by Davis (10). 
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should diminish so that, together with the plastic deformation, 
both give a constant sum equal to the initial elastic deformation. 
It is assumed that the elastic modulus remains constant at all 
times regardless of the amount of plastic flow that has taken 
place. This fact is verified by tests. The state of deformation 
equivalence can be represented at any instant by the equation 


> 
AE 

In this equation, P is the gradually diminishing tensile force, 
P* is the initial tensile force, A the cross-sectional area of the 
bolt, EZ the elastic modulus, LZ is the length of the bolt, And 
¢p is the unit plastic strain. Simplifying, we obtain a funda- 
mental equation for simple relaxation 


where e, is the elastic and ¢, is the plastic strain, and e* is the 
initial elastic strain. This equation, as we see, is independent 
of bolt length. 


SoDERBERG’sS METHOD 


Equation [1] or its special form Equation [4] may be used to 
obtain the solution of bolt relaxation. These equations, as was 
noted earlier, properly describe the transient period of creep, as 
its time function 7' is selected to fit the test data. 

Then, returning to our fundamental Equation [14] for simple 
relaxation and differentiating it with respect to time, and 
noting that e* is a constant, we obtain 


which may be called the differential equation of simple relaxa- 
tion. It says that the sum of the rate of change of the elastic 
and plastic strains with time must at all times be zero. But 
the elastic strain is stress divided by the elastic modulus which 
remains constant with time; hence 


which is a differential equation establishing the relation between 
plastic strain and variable stress in the relaxing bolt. 
If we now use Equation [4] for elastic strain and differentiate 
de 
it with respect to time, it gives an expression for a Equating 


it to the right-hand side of Equation [16] and transforming (3), 
we obtain 


e7/ 


do = [17] 


But this differential equation cannot be readily integrated, 
although it would give directly the solution for stress as a fune- 
tion of time. To solve it, we resort to arithmetical integration. 
Rewriting Equation [17] for such use, gives (3) 


Ao 


AT "1 + 


which may be solved step by step, starting from zero time and 
the initial stress o*, provided constant s, is known and we have 
either analytical or graphical information for the time function 7: 

This method appears to be satisfactory, although recently it 
was misinterpreted by a number of writers who have shown its 
lack of correlation with the tension tests. 
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ALTERNATE METHOD 


As was noted in connection with Soderberg’s method, the 
resulting differential equation for relaxation cannot be readily 
integrated. In order to facilitate the numerical work, a strain- 
hardening® assumption has been proposed (11). 

Consider a family of creep curves as shown in Fig. 1. For a 
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ASSUMPTION, ACCORDING TO DAVENPORT 


given material, provided the various experimental constants are 
known, these curves may be calculated from Equation [4] or 
{12] for the constant stresses 02, 03, etc. Now considering 
a variable stress condition we still may say that, at the beginning 
for a sufficiently small interval of time At, the creep curve is 
essentially the same as would be obtained at the initial stress 
o* Ao. So we arrive at the point A in the diagram. During 
this interval, the material elongated plastically an amount equal 
to «. This elongation reduces by the same amount the initial 
elastic strain. This reduces the initial stress in the relaxing 
bolt to some new smaller stress, say, 2. Now we assume that 
creep will continue along the o2 curve, starting from a point on 
it corresponding to the plastic strain ¢;, i.e., the amount of plastic 
strain that has already taken place. The new start along o2 
curve is made from the point B, lying on the intersection of this 
curve with a horizontal line from A. 

sy the same reasoning, we arrive at points C and D, etc. This 
has been called the strain-hardening assumption because it is 
based upon the amount’of plastic strain that has taken place. 
Stated in other words, we assume that, at equal plastic strains 
and stresses, the creep curves are alike. With this assumption 
and equations such as Equation [12], we may easily set up a 
procedure for the arithmetical solution of the relaxation problem. 
For calculations we use small steps of stress and time. 

From Equations [12] and [14], and remembering that the 
elastic strain is stress divided by the elastic modulus, we obtain 
approximately 


ef(t) sinh “* + uot sinh “2 = ¢* —¢, = —— = Ae. [19] 
Ce E 


where o* is the initial stress, o, is the final stress at the end of 
the step, and o, is an average stress that acts during the interval 
of the step. 

Calculations must be carried continuously from zero time. 
The initial stress o*  o; is known, and if we assume the “‘final’’ 
stress as o; at the end of the first step, then Equation [19] may 
be solved for the time At, = t;. This corresponds to the point 
A in Fig. 1. Then with the stress 0, we may find another time 
t:’ corresponding to the same plastic strain as was found for t 
under stress o;. This is point B in Fig. 1. Now assuming an- 
other final stress o; from Equation [19], we find another time 
The new Ah = t, — ty’. Similarly At; = t; — This 
process may be repeated until the desired final stress is reached. 
The relaxation time, corresponding to several of the stresses, 
is simply the summation of At’s, i.e., £ = = At,. 


* The term “strain-hardening” is not to be confused with the usual 
use of thisterm. For want of a better expression, this nomenclature 
1S preserved as originally proposed. 
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In forming Equation [19] for solution of the problem, using 
the strain-hardening assumption, Equation [12] was used. 
However, Equation [4] may also be used instead of Equation 
[12] and such a procedure is illustrated in the numerical example 
to be discussed. 

GRAPHICAL METHOD 


Based on the same assumption as the alternate method just 
described, that creep rate depends upon stress and the amount 
of plastic flow that has taken place, a very convenient graphical 
method has been developed by Davenport (11). Expressed in 
symbols, it is assumed that the creep rate is u = f(¢, €,). This 
function may be represented as a surface in space with a, ¢,, 
and u as the co-ordinate axes. Intersection of constant o- 
planes with the surface are the constant stress creep curves. 
Then, since the creep rate is the time derivative of plastic strain, 


de, 
1e.,u = —, we may write 


dt 
t €p €p 
dt 1 
{= it = — de, = 20 


which states that the area under a 1/u versus e, diagram is 
equal to the time elapsed. So, corresponding to any particular 
plastic strain ¢,, a particular time can be found, but, corres- 
ponding to any plastic strain, from Equation [14], we know that 
it is equal to 

Ac 


E E 


Hence the relaxed stress o, corresponding to different time, 
may be calculated. 

Numerical Example. To illustrate the foregoing methods of 
calculation for the relaxation curve, data (10) on oxygen-free 
copper will be utilized. These tests by E. A. Davis at the 
Westinghouse Research Laboratories were particularly complete, 
and both the creep-time and relaxation curves were obtained. 
The specimens were approximately 0.2 in. diam of high-conduc- 
tivity oxygen-free copper, and were carefully annealed in a 
nitrogen atmosphere before creep tests. Each specimen was 
prestretched 8 per cent, corresponding to 23,500 psi stress before 
testing. 

Fig. 2 shows the experimental creep curves at stresses noted 
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at 165 C. Constants for the hyperbolic-sine law are found in 


the reference given, which upon substitution, give a particular 
expression for the steady-state creep 


u* = 6.10 X 10-* sinh a0 ™ per in. per hr.... [21] 


The zero intercept variation with stress may be expressed 
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by an equation such as Equation [11]. The constants and 
Cc, were determined by trial-and-error procedure. The resulting 
equation is 


The values obtainable from these equations for the particular 
stresses are in good agreement with the experimental curves. 

To determine the transient creep curves, the curves in Fig. 2 
are shown replotted in Fig. 3. Here we have merely the plot of , 
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the difference between the usual creep curves in Fig. 1 and the 

values of plastic strain as given by Equation [21]. A parabola 

with a fractional exponent of time for the f(t) function of Equa- 

tion [7] may be selected in this case for the transients. Here 

it is also assumed that the transient curves reach a constant value 

at 1400 hr. The expression for the transient creep then becomes 


58 6000 


1400-22 4. 


or 


= 5.68 X 10-5 0.2! sinh in. perin....... [23] 


for0 <t < 1400hr, and = fort > 1400 hr. These expressions 
fit the test data fairly’ well as may be seen in Fig. 3 for the 
transient portion, and in Fig. 2 for the total plastic strain. 

Now with all the constants determined and by letting (10) 
E = 14.1 X 10° psi, for this oxygen-free copper, the general 
equations for calculations may be arranged after Equation [19] as 


800 sinh 


for0 < ¢t < 1400 hr, and 


+ 0.86 ¢ sinh a = o* —a,... [24] 


4150 


3660 sinh + 0.86 sinh o* —g..... [25] 
fort > 1400 hr? Here, o* and o;, as mentioned before, are the 
initial and “‘final” stresses, and o,, in the hyperbolic-sine terms, 
the average stress during the step. The numerical solutions 
were carried out from the initial stress of 13,500 psi. The 
results of the analysis are plotted in Fig. 4 and again in Fig. 5. 
The relaxation test results (10) are also shown on the same 
graphs. For the duration of the test the agreement is excellent. 

Calculations for another case of relaxation from the initial 
stress of 10,700 psi were also made. The material is the same, 
i.e., oxygen-free copper. Test results for the relaxation from 
the foregoing stress were also available from the reference pre- 


7 These equations have a discontinuous derivative at 1400 hr, 
but this is of no importance. It is a result of ‘‘curve fitting.’’ 

® In calculations, instead of using average stress o, in Equations 
[24] and [25], the author used the average of the hyperbolic sines. 
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viously mentioned (10). The calculated and test results are 
shown in Fig. 6. The agreement, while not quite as good as for 
the former case, may still be considered satisfactory. The test 
curve shown in this case has an unusually rapid rate of relaxation 
in the last part of the test. Examination of several other re- 
laxation test curves did not indicate such a rapid rate of relaxa- 
tion, but, in the latter cases, no tension creep data were available 
to the author. 

Equation [4] has an advantage of algebraic simplicity when it 
is compared with Equations [24] and [25], provided the time 
function T can be expressed analytically. In this numerical 
example, after determining the constants, we find that it is con- 
veniently expressed as 


Equation [4] in this particular case, after substituting in it 
the proper values for s; and EZ, becomes 


= 26.8 X 10-8(e7/7500 — [27] 


In Fig. 2 this function is plotted for comparison with the exper 
mental curves. This expression, together with the fundamental 
relaxation Equation [14], after transformation, becomes 
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and may be used in the step-by-step procedure based upon the 
assumption of strain-hardening in the same manner as before. 
Solution for the times in this case involved no trial-and-error 
procedure. The calculations are less laborious. Their results 
are plotted in Fig. 5, where it may be seen that the agreement 
for the duration of the relaxation test is rather good and is in 
substantial agreement with the previous solution. Beyond 
about 2000 hr the results between the two solutions disagree. 
The former is probably more nearly correct; the latter using a 
parabolic time curve may be inadequate for extrapolation to 
unusually long periods of time. In a parabola the slope of the 
tangents to the curve, equivalent to the creep rates, continues 
to decrease indefinitely. No minimum creep rate is thus reached, 
a fact not in agreement with some tests 

For relaxation from the initial stress of 13,500 psi, the problem 
also has been solved by Soderberg’s method and using Daven- 
port’s graphical scheme. The results are shown in Fig. 4 and, 
as may be seen, are in substantial agreement with the test curve. 


MIscELLANEOUS METHODS 


The problem of relaxation, due to its importance in the turbine- 
design field, has attracted a considerable amount of attention 
in the past. Many methods have been developed. The ones 
that appear satisfactory have already been discussed. Others 
that are still in general use and that are included in texts (12) 
will now be briefly outlined. 

(a) Methods That Ignore Transient of Creep Curve. By far the 
largest number of the proposed methods for calculating the 
relaxation of a bolt ignore the transient period of the creep curve. 
In these methods the creep rate is assumed to be the minimum 
creep rate at any time. For such a rate one of the creep laws 
is then used. Thus, for example, using the hyperbolic-sine 
creep law, Equation [10] from Equation [16] it follows that the 
differential equation for relaxation is 


1 do 
u Uy sinh E di [29] 


which upon integration, reduces to the expression (7) for the 
time ¢ that is required for the stress to relax to a particular 
stress o 


o* 
tanh 9 - 
tu 
tanh 


where oo and up are constants in the hyperbolic-sine law, F is 
the modulus of elasticity, and o* is the initial stress. 

From this expression, in a given problem, a curve for stress 
versus time is readily computed. To examine the results that 
are obtained by this equation, the previous numerical example 
is solved and the results are plotted in Fig. 4. Here it will be 
noticed that while the solution is direct and simple, the agree- 
ment with the relaxation test is poor. 

The exponential creep law was also used (7, 12, 13) to derive 
an equation for bolt relaxation. Proceeding on the same basis 
as before we have 


[31] 


which, after integration, gives the value of time as a function of 
a stress 


1 
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Here B and n are experimental constants in the exponential creep 
law. Again, the numerical example previously used was solved 
by this formula. The value of the exponent n was determined 
from a log-log plot (n = 1.6) where experimental minimum creep 
rates were plotted versus stress. The relaxation curve so ob- 
tained is shown in Fig. 4. Here again, by comparison, we see 
that the solution obtained is not satisfactory. 

It has also been suggested (12) that the second term in the 
brackets of Equation [32] may be neglected, because for rela- 
tively high initial stress the ‘‘second term becomes small for the 
lengths of time usually considered.” Thus the expression 
reduces to 


1 


(n — | 


Such simplification seems unwarranted, as even the more com- 
plete formula appears to be unsatisfactory. 

From the two solutions shown, it appears that methods neg- 
lecting the initial stage of the creep curve are unsatisfactory. 
Simple use of other minimum creep-rate laws (13) will lead to 
similar results. 

(b) Time-Hardening Methods for Relaxation. Another ap- 
proach to the solution of a relaxation problem has been advanced 
(10, 11) on the basis of a time-hardening assumption. This 
assumption is best visualized by considering a family of time- 
strain creep curves, as shown in Fig. 7, used as a basis to solve.a 
variable-stress problem. A mathematical description of such 
curves may be made by any of the several methods previously 
discussed. Let us examine these curves in terms of a finite 
variation of the variables. Such a process in the limit that At 
approaches zero will also be valid for use with the differential 
equations. Let the stress “steps” decided upon be between 
o1, 02, etc. in Fig. 7. Then, as we proceed along the o; curve 
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for a certain time, 4, we arrive at a point A on this curve. It 
is assumed that the effect of time on the material that exhibits 
creep is the most important factor; and now that the stress in 
a relaxing bolt has decreased to o2, because the plastic strain 
has reduced the elastic, the step is made vertically downward 
to the o2 curve, i.e., in zero time. It is assumed that the ma- 
terial at point B under stress a: has the same creep rate whether 
it has been subjected to the higher stress or not. The initial 
portion of the creep curve in strengthening or hardening the 
resistance of the material to creep is assumed to have been 
accomplished by the time of exposure to the high temperature. 
This process is repeated for other stresses as may be seen from 
the diagram. This assumption is considerably different from 
our previous assumption of strain-hardening where the corre- 
sponding steps are made at equal strains, i.e., horizontally. 
The time-hardening assumption then may be briefly stated: 
At equal times and stresses the plastic strain rates are also equal. 

If we use Equation [1] for the description of the creep curves, 
then, on the basis of the time-hardening assumption, its deriva- 
tive with respect to time becomes 
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because the stress function S is assumed constant. Equating 
this expression for the creep rate to the elastic rate of strain 
change, as in Equation [16], yields a solution, provided the 
stress and the time functions can be expressed in a particular 
case analytically. 

The development of this theory has a very interesting history. 
Soderberg (3) in presenting his idea of ‘“‘geometric similarity” 
of curves, when he introduced Equation [1], beside the terse 
mathematical statement, tried to attach certain physical meaning 
to the expression. The interpretation that he very cautiously 
implied was that the hardening effect, i.e., the decrease in creep 
rate, primarily depends upon time and not upon the plastic flow 
that has taken place or the stress which caused the flow. This 
assumption was later termed time-hardening. Later, Boyd (14) 
also suggested the possible mechanism of creep relaxation based 
either upon the strain or time-hardening assumption, but left 
the question an open one. Davenport (11) carried the physical 
notion of time-hardening further and in a manner similar to the 
strain-hardening relaxation interprets it with a diagram like 
Fig. 7. This interpretation was then said (11) to give the same 
solution as given by the Soderberg solution. With this con- 
tention, the author is decidedly in disagreement. Equation [1] 
in a differential form is 


and not 
[36] 


Thus the time function as a function of stress (11) 


obtained from using a special form of an exponential creep law 
with a, b, and c as experimental constants, cannot be considered 
as a correct solution of Soderberg’s equation which uses a complete 
differential. 

This theory of time-hardening, however, may have some 
merit on its own, as many questions of creep remain to be solved. 
Trumpler (15), for example, for an excellent high-temperature 

- Westinghouse alloy K-42-B was able to obtain some correlation 
from a number of relaxation tests to a constant tension creep 
test on this basis. His data, however, were not sufficiently 
complete to be considered reliable. 

The numerical data analyzed previously by the various 
methods have been solved analytically by E. A. Davis on the 
basis of the time-hardening assumption. He has shown that the 
tension test curves given in Fig. 2 may be reasonably well 
described by an empirical equation (10) for plastic strain as 


sinh (at + 8) 


where uo and op are constants in a hyperbolic-sine law, and a 
and 8 are merely constants selected to give the proper shape of 
these curves. For these curves a = 1.12 X 10-* and 8 = 0.035. 
The accuracy of agreement between this equation and the test 
curve is shown in the figure. Now, if we examine this function 
with regard to the variables, which are stress and time on the 
right-hand side of the equation, we conclude that it is of the 
type given by Equation [1]. It is a product of a stress and a 
strain function. Then, since, according to the time-hardening 
assumption, the stress function need not be differentiated with 
respect to time, the creep rate is obtained by differentiating 
with respect to time only the part containing time. This gives 


— sinh — In 
a do 
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This is an equation for variable creep rate and may be put into 
Equation [16]. After integrating the thus formed differential 
equation, we obtain (10) 


o* 
(wan 


where all quantities in our particular numerical problem are 
known and constant, except o and t. This equation gives stress 
as a function of time. The results are plotted in Fig. 4 and it 
may be seen that the agreement obtained with the test results 
is poor. Hence this method which is very much different from 
Soderberg’s type solution cannot be recommended. In examin- 
ing this solution, one may contend that the poor agreement with 
the relaxation test curve is caused by the unsatisfactory de- 
scription of the actual creep curves by Equation [38]. However, 
a similar result is obtained by using other forms of functions 
which formulate the creep curves, if the time-hardening as- 
sumption is used. Equation [27] fits the particular curves in 
Fig. 2 the best of any functions here considered. So using this 
equation and calculating step by step and following along the 
creep curves as in Fig. 7, we obtain the solution for bolt relaxation 
by the time-hardening method. The results obtained, while 
not in very close agreement with the test results, are surprisingly 
close to the solution obtained previously with Equation [40}. 
Thus the particular fit obtained by the mathematical expressions 
for the constant tension test curves is of secondary importance. 


tanh —— = 


RELAXATION WitH Etastic Fottow-Up 


The problem of bolt relaxation with the elastic follow-up is 
a more general case of relaxation than what was just considered. 
It occurs in practice perhaps more often than simple relaxation, 
because the assembled parts under compression caused by a bolt 
usually possess an appreciable amount of elastic recovery and 
are not completely rigid. The basic condition of this type of 
relaxation is that at any instant the length of the bolt must 
equal the length of the compressed assembly, and it may be easily 
shown that the following relation holds 

where subscript A denotes the assembled part, and B the bolt. 
Subscripts p refer to plastic strains, and e to elastic. Starred 
values of strain are the initial ones, all others are for the same time. 
This is the fundamental equation of relaxation for a bolt with 
an elastic follow-up. It is, as we see, also independent of length. 
It states that the sum of the plastic strains for the bolt and the 
assembly at any time is equal to the sum of the initial elastic 
strains less the sum of elastic strains at the same time. 

Since the elastic strains are proportional to stress, we may 
rewrite the foregoing equation in another form, as 


€Ap + €Bp = 


where the starred stresses are the initial stresses, subscripts 
A and B as before refer to the assembly and the bolt, respectively, 
and E£ is the elastic modulus. 


SpEcIAL CaAsEs 


(a) Strain-Hardening Method. Now we will proceed to some 
special cases, as in the usual case the moduli of elasticity of the 
bolt and the assembly are equal. By calling the ratio of the 
stress in the assembly to the stress in the bolt r = i which 
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B — 


tap + = (1 +1) 


Here the plastic elongations, «4, and ¢g,, may be expressed by 
any suitable functions. In case the assembly and the bolt are 
of similar materials, the same creep law may be used for both. 
For instance, using the special form of description of the plastic 
strain as in Equation [19], we obtain 


- = + sinh 
C2 C2 


+ —— | sinh — + sinh = — og...... [44] 
+r 


where F and G are experimental constants, c: is a constant from 
an intercept Equation [11], oo is a constant from the hyperbolic- 
sine creep law, r is the ratio of stresses (or cross-sectional area 
of the assembly to that of the bolt), m is some fractional ex- 
ponent of the time ¢, o,* is the initial stress in the bolt, and 
ao, is the final stress in the bolt at any time. In this equation, 
then, all constants may be determined in a particular case and 
the two variables are og and the time ¢. 

It may be solved by starting the calculations from zero time 
by the step-by-step process on the basis of the strain-hardening 
assumption precisely as for the case of ordinary relaxation. 
When the final stress og in the bolt is assumed, all quantities, 
exeept the time ¢, become known. 

The developed equation is not exact for the strain-hardening 
assumption. This may be seen by considering two families of 
creep-time curves simultaneously, one for the bolt and the other 
for the assembly, as shown in Fig. 8. A higher unit stress is 


| A, ‘ 


z BOLT 
< 

| 

Y | 

< ASSEMBLY 


Fic. 8 anp AsseMBLY CREEP CURVES 


assumed in the bolt. Then, for example, following along the 
bolt curves, the upper group in the sketch, exactly in the same 
manner as we did before in Fig. 1, we obtain a series of steps. 
Equation [44] implicitly connects the two families of curves 


for the same times. Project the points ti, tz, ts..... down to the 
assembly creep curves. Then after connecting the points A, 
B,C, Bisssus as shown, it is easily seen that lines AB, CD..... 


are inclined down and to the right. This is inconsistent with 
our basie assumption, as these lines should be horizontal. How- 
ever, it is believed that the error so introduced is not too great 
and the equation is sufficiently accurate. 

If the elastic and creep properties of the bolt and the assembly 
are equal, i.e., r = 1, the expression becomes exact. In such a 
case, it is of interest to note that the relaxation curve for the bolt 
becomes identical with the relaxation curve of a similar bolt with 
no elastic follow-up. Physically, it is easy to see that this 
should be so. The identical plastic strains of each part are 
directly compensated by the elastic strains of each. It is also 
obvious that for r = 0, the equation again becomes exact and 
identical to Equation [19]. Values of the ratio r, between 0 


and 1, represent the usual range because the assembly stress 
is normally less than the bolt stress. 

In some cases it may be permissible to neglect the creep of 
the assembly; Equation [44] then simplifies to 


F G 
i (sion 4 + (sin t = og* — og..[45] 


This expression is exact for solution by the strain-hardening 
assumption, as no creep curves for the assembly exist. 

Other forms of equations that describe the creep curves may 
be substituted into Equation [43]. Thus using, for example, 
an expression like Equation [27] and assuming that the time 
function may be set up as a parabola Kt”, we get 


, 1 


where s;, m, and K are experimental constants, e is the base of 
natural logarithms, and r, as before, the stress ratio. This equa- 
tion, on the basis of the strain-hardening assumption, may be 
solved in precisely the same manner as before. It is also not 
strictly correct for the same reason as explained in Fig. 8. 

(b) Extended Soderberg’s Method. Soderberg’s method for 
the solution of ordinary relaxation may be adopted to give a 
solution for relaxation with the elastic follow-up. Since the 
initial stress is a constant, Equation [43] in a differential form 
becomes 


de, dex, 


Using a particular form for the stress function S Equation [4] 
and proceeding in the same manner as before after transforma- 
tion and arrangement for the step-by-step process of solution, 
we obtain 


= 
AT + rt "+4 rel a/*/)T (48} 


The constant s; has the same meaning as before in Equation 
[18]; 7 is the time function that may be expressed analytically 
or graphically; e is the base of natural logarithms; and r is the 
stress ratio. This equation is more complicated than Equation 
[18], but may be solved in a given case in the same way as before. 

(c) Previous Methods. Previous investigators (12) for re- 
laxation with the elastic follow-up have used minimum creep 
laws, such as the exponential creep law, and ignored considera- 
tion of the transient period of the creep curve; and, although 
starting with a correct expression as Equation [41], the results 
obtainable from such solutions must be considered as not very 
reliable. The discrepancy apparent between tests and results 
given by the simplified theories, as was shown in the case of 
simple relaxation, will undoubtedly exist in this more involved 
case. The resulting formula (12) of one such sclution is 


l 
1+r BE(n — | («) | [49] 


which is identical with Equation [32], except for the factor 
1+r. 
1+r’ 
is the ratio of the creep deformations of the assembly to the 
bolt, and, it is assumed constant at any time. 


in which r has the meaning as in Equation [43], and r, 


CONCLUSIONS 


In this paper methods have been discussed for obtaining the 
stress in a relaxing bolt based upon the fundamental creep- 
tension test. Agreement was shown to exist if either the strain- 
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hardening or Soderberg’s method properly interpreted is used 
for obtaining a solution for ordinary relaxation. The extension 
of methods to cases of relaxation with the elastic follow-up then 
seemed reasonable and procedures were developed. The im- 
portance of using the methods which consider the variable creep 
rate to account properly for the primary stage of creep has been 
emphasized. 

For estimating the ordinary relaxation of a bolt from tension 
creep data, the graphical strain-hardening .method is recom- 
mended. However, when the tension data are limited, say, to 
two tension-creep curves, it may be more convenient to resort 
to the analytical solutions. Using the analytical methods, the 
uncertainties of intrapolation and extrapolation are made easier. 

For calculating the relaxation of a bolt with the elastic follow- 
up, the strain-hardening analytical or the modified Soderberg 
methods appear to be the only ones that may give satisfactory 
results. 

Admittedly, the recommended schemes lack mathematical 
elegance. They are laborious. The methods suggest a search 
in the future for a convenient function of the creep rate de- 
pendent upon stress and plastic strain. If such a function could 
be written, direct integration would give us the desired results 
for the strain-hardening method. 

The time-hardening method was shown to give unsatisfactory 
results. This method’s difference with the original Soderberg 
solution was also pointed out. 

Apparently the plastic recovery (16) of metals does not play 
the major role in the case of relaxation that some investigators 
(10) have attributed to it. ‘ 

The retightening problem of a bolt has not been discussed 
here, although it is an important one. The effect of time of 
rest at no load and the length of interval between retightenings 
are undoubtedly important. 

Finally, it must be stated that theories discussed here need 
further experimental support. The methods given are satisfactory 
for copper and apparently for steels (3). 
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The Mobility Method Applied to Mechanical 
Wave Filters With Inductive Coupling 


By ALICE WINZER,! PROVIDENCE, R. I. 


This paper? describes a new analysis of mechanical ele- 
ments connected by inductive coupling as contrasted to 
series or parallel connections. The mobility method as 
applied to mechanical wave filters has been discussed be- 
fore (1).2. In connection with the high-pass filter, the 
impossibility of putting masses in series‘ arises. By use 
of the technique given in the following, high-pass filters 
may be constructed without any difficulty and, also, all 
other types of filters may be obtained. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
F = force 
! = compliance of a spring; displacement produced across a 
spring by unit force acting on it; reciprocal of spring 
constant 
mass 
= time 
velocity 


v 
z= = mobility 
nobility 


z, = mobility at point A 
z,, = mobility of mass m 
circular or angular frequency 


INTRODUCTION 


This paper is concerned with mechanical systems composed 
of springs and masses. These fundamental elements are repre- 
sented by certain symbols, as shown in Fig. 1. Acting upon or 
within a given mechanical system is a simple harmonic force 


F = 


which, after the steady state is reached, will produce in the vari- 
ous elements of the system simple harmonic displacements and 
accelerations. For our purposes, all the elements will be con- 
sidered as being “pure;” for example, springs will be considered 
as massless, masses as being nonelastic. Any important devia- 
tions from these properties can be taken care of by adding other 
elements to the system. In addition to this, the system will be 
considered linear. Jn short, the systems under consideration are 
linear systems with lumped parameters. 

' Brown University. 

* This paper is part of a thesis submitted to Brown University 
in partial fulfillment for the degree of Master of Science. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

= The terms series, mobility, etc., arise in the vocabulary associated 
with the technique, see (1, 2). 

For presentation at the National Meeting of the Applied Me- 
chanics Division, Schenectady, N. Y., June 23-25, 1947, of Tue 
AMERICAN Sociery OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York 18, N. Y., and will be ac- 
cepted until July 10, 1947, for publication at a later date. Diseus- 
Sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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SPRING 


STATIONARY TERMINAL 


MASS (WITH A 
STATIONARY TERMINAL) 


HARMONIC FORCE 
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Fic. 1 


The mobility z of an element (or a group of elements) is the 
ratio of the velocity across the element to the force through the 
element. By the velocity across an element is meant the velocity 
of one of its terminals relative to the other terminal; the net 
force applied to the elements is termed the force through. ;The 
mobility of a mass is z = —j/wm, and the mobility of a spring is 
z = jwl. The mobility of a group of elements connected in 
series is the sum of the individual mobilities; the mobility of a 
group of elements connected in parallel is the reciprocal of the 
sum of the reciprocals of the individual mobilities.® 


Systems INpuctTIvVE CoupLING 


Consider now the system of Fig. 2 which consists of n mobili- 


] 

| 


| |e 
Fa 
A 


Fig. 2) INpuctTIVELY CouPLED SECTION 


ties, which may be any combination of masses and springs, all 
attached to a rigid weightless bar which is constrained only in 
that it must remain in a given plane. To this system, a force 
F 4 is applied at A. The mobilities z2, 2;,..., 2%, Zn 
are attached at arbitrary distances from A, distances which 
are proportional to a, a2, a3, ..., @(=1), respec- 
tively. Furthermore, superimpose a co-ordinate system on Fig. 
2 such that point C coincides with the origin. The following 
conditions will be satisfied: 


5 See (1) and (2) for a complete discussion of these statements. 
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i=] 
Uk 0 1 
v4 


Equation [1] states that the force input is equal to the sum of the 
reacting forces produced in the system; 
Equation [2] states that the sum of the moments acting on the 
bar is zero; nee 
Equation [3] fixes the condition that any three points on AB, say, 
A, B, and C, must always lie on a straight line. The determinant 
in Equation [3] actually gives one half the area of the triangle 
formed by A, B, C, which in this case must be equal to zero. 
Expanding Equation [3] gives 

Uy = + — ay) 
Since 

the foregoing expression may be written in the form 

z,F, = no + ZaF4 (1 — a,) 


and 


2% 
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Fig. 3) System CoupLep SEcTIons 

is like the one considered in Fig. 2. Each section is connected to 
the preceding section as at A, and to the following section as at 
B. z, stands for the mobility of all the sections preceding the 
one under consideration; z, stands for the mobility of all the 
remaining sections. Evidently then 


2 2 2 
an ay 
+- + — 
21 2. 
2 
(ay , \@ a3) la 
2, Ze 222, 271 


The mobility at A, z4, is the mobility of, say, N + 1 sections, 
while z, is the mobility of N sections. Since N is large (the sys- 
tem consists theoretically of an infinite number of sections), it is 
justifiable to set z4 = z,,so that 


—a3[zi(a3 — + — 2a:)] a; V (2; + 22) a — + 2(a; — 


24 


From Equation [1] 


i=1 2 i=1 % 
and from Equation [2] 


t=1 i=1 2 


These two homogeneous equations have a solution if 


n 2 n 
i=l t=1 2 
n n 
#4 (1— a), 
t=] 2; 
Solving this for z4 yields 
n 
jal & 
(a; a;)? 


Mobilites connected as in Fig. 2 are said to be inductively 
coupled, and this expression for z4 gives the mobility of a set of 
n inductively coupled mobilities. 

Now consider a system composed of an infinite number of 
identical sections such as shown in Fig. 3, each section of which 


— a»)? 


In this case 
Fa + F; + Fz 
and 
0 1 
a) 
Ug a; 1 


Eliminating F; between the first two of these equations and soly- 
ing this new equation together with the third equation above 
for F4/F gives 


213 
a3 ay 
Fa ( =) ae 
— as) 2) a3 
| 


Simplifying and setting z, = z,.as before 


Fa Z40(a2— a1) + — a3) 


Fp 24(a1 — a3) (a2 — a1) + 


Substituting the value of z4 into this expression 
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2 — (a1 — a2) (ae - 
F, 22 


@3) + ai +2 (ay 2a2) (as 2a) 1)| (a — 2a)? (ag 
22 22 22 


F ,/F g is the propagation factor, and is the reciprocal of the ratio 
by which the amplitude of the motion is reduced from section to 
section. Naturally if = 1, no reduction of amplitude takes 
place; but if F4/Fg>1, the motion will eventually die out since 
there are (theoretically) an infinite number of sections. Conse- 
quently, the behavior of this expression describes the performance 
of the system completely. 
Since z, and z) are made up of masses and springs only, 2:/22 
is always real. If the square-root expression in 4/F'g is positive, 
then F',/Fg will be entirely real and a function of w, the fre- 
quency. In this case then, waves cannot be transmitted. When 
the square-root expression is negative so as to give a complex 
ratio for F4/F'g, rather lengthy algebraic manipulations yield the 
| 

result that Fal = 1. In this case, waves are transmitted. 

This will be so under either of two conditions 


2a)? + — (a; 
2, 


2 
< O and (a, 2a:)? > 
22 


z 
+1 > Oand (a; — 2a;)2 + = (a — 2a2)? < 0... [5] 


These conditions may also be written in the form 


( 2a)? 2 < 4a] 
( ary 2a»)? 22 
F — 2a)? 
[5a] 
22 (ag — 


Which of these conditions holds in any particular case depends 
on the choice of the parameters a,. In either case, the critical 


frequencies of the filter occur for z,;/z; = —1 and 2,/z2 = 
Since z,/z2 <0 in any case, the inequalities 
(a3 — 
may be rewritten in the form 
z (ag — 2a)? 
< [48] 
2, (a3 — Zaz)? 


and 


(a3 — la 


(aa — 2as)* ~ 


Inequality [4b] holds when 


ae > Oand a 4. a2 > a3 
or 

ae < 0 and ay ar < ag 
Inequality [5b] holds when 

a2 < 0 and a1, + a2 > 
or 

> Oand a + < a3 


Conditions [4b] and [5b] show that this system may be made into 


a high-pass, low-pass, or band-pass filter, for proper choices of the 
parameters. 


For example, if = z2 = —j/wm, then 2;/z. = —w*lm. If 


2 (a1 — + (a; — az) fa (a3 — 2a2) + (a3 — 2a;) + 1)| (a — + (a; — 
22 la 22 2: 


as 


a a > 
If, in [40], ag = 2c, then 


, either [4b] or [56] will yield a band-pass filter. 


1< wlm< @ 
and this is precisely the condition for a high-pass filter. Waves 


1 
will be transmitted if 02 Tm but not for frequencies less than 
lm 


A section of such a filter is shown in Fig. 4a 
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this critical value. 
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Fic. 4a 


Hicu-Pass FILTER 


Fic. 4b Low-Pass FILTER 


A 


Considering Equation [5b] for a3 = 2a, the inequality reduces to 
0< wlm <1 


which is the condition for a low-pass filter. A section of this 


filter is shown in Fig. 4b. 
Of course many other choices for these mobilities might be 


1 wm 


made. As an example, let z,;=1 


jal — 22 = Jul —j/wm. 
—w'lm 
Then z,/z2 = (otlm — 1)” and if a3 = 2a, inequality, [5b] reads 
wlm < 
— 1)? — 
or 


wlm< (w%lm — 1)? 
Waves will be transmitted if 


wVim < M5 
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or 


3+V5 
2 


so that such a filter is a band-elimination filter. 
this filter is illustrated in Fig. 5. 


A section of - 


Fic. 5 FILTER 


If for the same z; and 22, a3 = 2a in inequality [5a], then 


1< wllm/(wtlm — 1)? 
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or 
(w%lm — 1)? < wlm 


A filter composed of such sections would be a band-pass filter, 


with critical frequencies im v5. Evidently, with 
2 


the theory now set up, many other mechanical wave filters could 
be constructed and analyzed mathematically. 


ACKNOWLEDGMENT 


The author wishes to express appreciation to Prof: G. F. 
Carrier of Brown University and to Dr. R. E. Gaskell, formerly 
of Brown University, for their help in the preparation of this 
paper. 


BIBLIOGRAPHY 


1 “Direct Analysis of Mechanical Wave Filters,"” by R. C. 
Binder, JourRNAL or APPLIED Mecuanics, Trans. A.S.M.E., vol. 67, 
1945, p. A-129. 

2 ‘The Mobility Method of Computing the Vibrations of Linear 
Mechanical and Acoustical Systems: Mechanical-Electrical Ana- 
logies,”’ by F. A. Firestone, Journal of Applied Physics, vol. 9, 1938, 
p. 373. 

3 ‘Transmission Networks and Wave Filters,’ by T. E. Shea, 
D. Van Nostrand Company, Inc., New York, N. Y., 1929. 

4 “Elements of Acoustical Engineering,”’ by H. F. Olson, D. 
Van Nostrand Company, Inc., New York, N. Y., 1940, pp. 49-75 


| 
3 
rt 
se 
on 
| di 
st: 
be 
lo: 
lo 
So 
un 


Sym. 

cbt 

3 

| 
2°-N-2 fe fit 


90° 


Fig. 1 or Test SPECIMEN 


+ Combined-Stress Tests on 24S-T 
_— Aluminum-Alloy Tubes 


By W. R. OSGOOD,! WASHINGTON, D. C. 


Combined-stress tests were made on five 24S-T alumi- those previously made in concentrating attention on the “knee” 
num-alloy tubes, 15/4 in. ID X 0.05 in. thick. The ratios of the stress-strain curve, since this is of greater importance in 
of circumferential (hoop) stress to axial stress were 0, the stress analysis of aircraft structures than the stress-strain 
3, 1,2, and ©. The tubes were tested to failure and suf- curve near rupture. It was hoped that it might be possible to 
ficient measurements of circumferential strain and axial _ relate the results of such tests to simple mechanical properties 
strain were taken to plot stress-strain curves almost upto of the material and expect these relations to carry over to sheet 
' rupture. The results are presented in the form of two material when the corresponding simple mechanical properties 
__ setsof stress-strain curves for each ratio of stresses, namely, of the sheet material were considered. 


' maximum shearing stress plotted against maximum shear- A beginning was made with 24S-T aluminum-alloy tubes, 
__ ing strain, and octahedral shearing stress plotted against | which were tested with five nominal ratios of circumferential 
_ octahedral shearing strain. In each plot the maximum _ stress to axial stress, namely, 0, '/2, 1, 2, ~. 

| deviation of the curves is about + 5 percent. A method of Sie _ 

_ evaluating small octahedral shearing strains from the . 

_ data is given which does not assume Poisson's ratio to be Six specimens were machined from 2 in. X !/, in. round tubing 
" V5, bought to Federal Specification WW-T-785 for tubing, aluminum- 


alloy (Al-24) (aluminum-copper—magnesium [1.5 per cent }— 
manganese); round, seamless—condition T. The drawing for a 
T was desired by the Bureau of Aeronautics, Navy Depart- specimen is shown in Fig. 1. It was hoped that the thickness of 
ment, to obtain the stress-strain relations of sheet under — the middle 12 in. could be kept uniform within 1 per cent. Actu- 
: various combinations of biaxial stress. Much consideration ally the measured thickness varied from a little over 2 per cent in 
j Was given to methods of accomplishing this, but no method was one specimen to almost 3 per cent in another. The outside 
' found which would subject flat sheet to accurately known diameter was uniform to less than 0.1 per cent. 
states of combined stress. It was decided therefore to fall The size and proportions of the specimen, 1/4 in. ID with a 
back upon tests of tubular specimens under combined axial thickness of only 0.05 in., made the machining difficult; but it 
load and internal pressure. Such tests have been made for a Was thought desirable to keep the ratio of diameter to thickness 
long time to study stress-strain relations of the material in the as large as feasible in order to secure as nearly uniform condi- 
neighborhood of rupture. The tests reported herein differ from tions of stress and strain throughout the thickness as possible. 
Assuming the radial zero, the ratio of the difference be- 
Engineer, National Bence of fltamdande. tween circumferential strains at the outside and inside surface~ 


For presentation at the National Meeting of the Applied Mechanics tO the strain at the middle surface is 
Division, Schenectady, N. Y., June 23-25, 1947, of THe AMERICAN 
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SocieTy OF MECHANICAL ENGINEERS. d,? — d;? 
§ Discussion of this paper should be addressed to the Secretary, 2d.d. 
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cepted until July 10, 1947, for publication at alaterdate. Discussion where d, and d. are the outsid nai : . ively 
; utsice and inside diameters, respectively. 
received after the closing date will be returned. 
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ence has been as large as 14 or 15 per cent. At large strains, the 
corresponding difference in circumferential stresses at the out- 
side and inside surfaces will be much smaller than 14 or 15 per 
cent, but not so at small strains. If, however, conditions at 
fracture are considered important, then regardless of the differ- 
ence between the stresses, a difference of even 10 per cent be- 
tween the circumferential strains at the outside and inside sur- 
faces seems to the author too great to be negligible. 


MEASURING THE SPECIMENS 


Considerable difficulty was expected in measuring the thick- 
ness of the specimens accurately. Mr. Clyde E. Haven of the 
Gage Section of the National Bureau of Standards, however, 
suggested an entirely satisfactory method. The setup for meas- 
uring thickness is shown in Fig. 2. A piece of 1'/2-in. drill rod 
about 32 in. long, A in Fig. 2, is clamped between V-blocks at 
one end to a surface plate. Four stops, B and C, are also clamped 
to the surface plate. A V-block matching the lower V-block at 
the clamped end of the rod is slid under the other end to a posi- 
tion determined by the stops B at thisend. At the middle of the 
rod is a hardened button set radially into the rod. The diameter 
of the button is !/, in., and the surface is ground to a portion of a 
cylinder of radius !8/;,in. The cylinder and the rod are coaxial. 
The measuring part D of an “electrolimit gage”’ is slid into posi- 
tion against the stops C, previously positioned so that the meas- 
uring element F of D is at the highest point of the button. Now 
the pointer of the indicating part F of the gage is set to zero. 
The gage block, part D, and the movable V-block are removed, 
the specimen is slid over the rod, the movable V-block is re- 
placed, and part D is slid into its former position against its stops. 
By balancing the specimen on the button, the thickness may be 
measured at any desired point. The weight of the specimen 
causes a deflection of 0.00004 in. at the button, and readings of 
the electrolimit gage must be corrected by this amount. Meas- 
urements of thickness were taken every 30 deg at the middle 
cross section of the specimen and at sections 2 in. on either side 
of the middle. The errors in the measurements are estimated not 
to exceed 0.1 per cent, or 0.00005 in. 

Six diameters were measured with a ratcheted micrometer 
caliper at the middle section, and six at each of two sections 2 in. 
on either side of the middle. All the diameters measured were 
measured twice. The values were equal to each other within + 
0.0001 in. 


MEASUREMENT OF STRAINS? 


Strains up to about 0.03 were measured by means of six SR-4, 
type A-3, wire strain gages applied to the middle of the speci- 
men. Two of the gages appear in Fig. 4. Three of the six 
gages were applied 120 deg apart to measure axial strains, and 
the other three gages were alternated with these to measure cir- 
cumferential strains. Calibration factors for similar gages in 
pure tension and compression indicate that the probable error 
for strains less than 0.03 is of the order of 2 per cent. 

It was attempted to measure axial strains greater than 0.03 
by dividers on two 4-in. gage lengths along opposite elements 
of the cylindrical surface, and circumferential strains by microme- 
ter calipers across various diameters. This method did not 
prove very satisfactory. Among other things it was too time- 


2 **Performance Tests of Wire Strain Gages, I—Calibration Fac- 
tors in Tension,’”’ by W. R. Campbell, N.A.C.A., T.N. No. 954, 
Washington, D. C., November, 1944. 

“Performance Tests of Wire Strain Gages, II—Calibration Factors 
in Compression,’”” by W. R. Campbell, N.A.C.A., T.N. No. 978, 
Washington, D. C., September, 1945. 

‘Performance Tests of Wire Strain Gages, I[I—Calibrations at 
High Tensile Strains,” by W. R. Campbell, N.A.C.A., T.N. No. 997, 
Washington, D. C., December, 1945. 
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Fieg.3 EXTENSOMETER 


consuming. The “table extensometer” shown in Fig. 3 was 
designed, accordingly, to obtain measurements of axial strain 
and circumferential strain simultaneously. Clips for holding the 
extensometer on the specimen are also shown in Fig. 3. Fig. 4 
shows a top view of the extensometer attached to the specimen 
for which p = 1 (circumferential tension equal to axial tension). 
The extensometer was machined from one piece of aluminum | 
alloy. It is in the form of a table with four stiff legs and with 
four flexible members along the top. At the end of each leg 
is a conical steel point A, Fig. 3, with axis parallel to the short 
dimension of the “table.” Any change in axial strain produces 
bending in the long members of the top. The bending is meas- 
ured with two pairs of wire strain gages, B, attached to opposite 
sides of the flexible (cut-out) portion. Similarly, any change in 
circumferential strain results in a change in diameter which is 
measured by the two pairs of wire strain gages C, attached to the 
opposite sides of the flexible portion of the short members of the 
top of the table. 

The extensometer was calibrated by subjecting the gage 
points A to known displacements in the axial and transverse 
directions and measuring the output of the wire strain gages. 
The extensometer was left on the specimen to failure and, 4l- 
though damaged twice, could be repaired without excessive dil- 
ficulty. 

APPLICATION OF LoapD 


Circumferential stresses were produced by forcing oil under 
pressure into a specimen. The ends of the specimen were closed 
by aluminum-alloy flat-bottomed threaded caps, shown at the 
top and bottom left in Fig. 4. In order to obtain a tight seal be- 
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Fig. 4 View or ExTeENSOMETER ATTACHED TO SPECIMEN 


tween the specimen and the caps, the specimen was gripped by 
square nuts clamped to it just inside the threaded ends. One nut 
is shown clamped to the specimen and the other is shown on its 
side in Fig. 4. The threads were lubricated with Alcoa thread 
lubricant. Oil pressure was obtained by filling a ram that. was 
placed in an ordinary testing machine and then “coming down” 
on the ram with the head of the testing machine. Pressure was 
measured with a 5000-psi Heise Bourdon-tube pressure gage. 
Surprisingly little trouble with leakage was experienced through- 
out the system. In particular, no leakage occurred at the ends 
of the specimen between the 90-deg seals, Fig. 1, and the caps. 

Axial stresses not produced by the oil pressure were obtained 
by screwing spherical ended pull rods into the caps on the ends 
of the specimen and applying the desired tensile load through 
the pull rods in a universal testing machine. Theoretically, 
compressive loads could be applied by loading the specimen 
axially in compression through the caps at the ends, but since 
the over-all length, including the caps, was 26 in., it would be 
almost impossible to apply a compressive load centrally enough 
to preclude bending stresses. 
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The test under “pure” circumferential tension was made with an 
arrangement similar to one used previously by E. A. Davis. Actu- 
ally some axial stresses are produced in this test by the friction 
of the packing and by the pressure exerted in the axial direction 
as the specimen expands. 


Tests 


In all the tests at first there was little creep. As creep de- 
veloped, 5 min were allowed for it, by which time the error in 
not reading the strain gages simultaneously was considered not 
to be significant. 

The tests are conveniently distinguished by the ratios, p, of 
the circumferential stress to the axial stress. 

p = 0: This was a pure axial tensile test, made pretty much 
like any other tensile test. 

p = '/,: Here axial tension had to be applied in addition to 
that produced by the oil pressure. To proceed from one load 
to the next, an increment of axial load or of pressure was chosen 
and the corresponding new pressure or new axial load was com- 
puted. The new axial load and new pressure were indicated 
with soft marking pencils on the glasses of the respective dials 
reading axial load and pressure. Load was applied slowly, the 
operator of the machine applying axial load or the operator of 
the machine applying pressure calling tenths of increments to the 
other operator, who kept his load “in step’? by this procedure. 
The new axial load and the new pressure were reached almost 
simultaneously and were held while the strain gages were read. 

p =1: The procedure was the same as for p = !/2. 

p = 2: Here only internal pressure was applied, with both 

ends of the specimen closed. Actually, p = 2.06 because of the 
finite thickness of the specimen. 
Here only internal pressure was applied, with one 
end of the specimen “open,” as described by Davis? and men- 
tioned in the preceding section. Actually p was finite (p = © —) 
and it varied throughout the test because of axial friction at the 
open end and axial pressure acting on the projection of the ex- 
panded part of the internal circular area. p was as low as 15 for 
the last pressure at which strains were read, shortly before failure, 
but up to octahedral shearing strains of about 0.013, o was greater 
than 100, based upon axial stresses with friction neglected. 


p= 


ReEswu.ts or TEstTs 


The results of the five tests are shown in the form of plots of 
true maximum shearing stress, rmax, against maximum natural 
shearing strain, ymax, in Fig. 5, and plots of true octahedral 
shearing stress, 7, against natural octahedral shearing strain, +o, 
in Fig. 6. These quantities are defined at the end of the Appen- 
dix. The lower scale along the axis of abscissas in each figure 
refers to the lower curve, and the upper scale to the upper curve. 
The method of computing the plotted stresses and strains is ex- 
plained in the Appendix. Two plots are shown in Fig. 5, for p 
= 0, corresponding to the shearing strains with respect to planes 
at 45 deg to the axial and radial direction, solid triangles, and 
with respect to planes at 45 deg to the circumferential and axial 
direction, open triangles at the same shearing stresses. If the 
material were isotropic and the stresses and strains uniform 
throughout the thickness of the specimen, the shearing strains 
would be the same with respect to all planes at 45 deg to the 
axial direction. 

In both Figs. 5 and 6, the amount by which faired curves 
through the plotted points would depart from one another 
may be accounted for in part by experimental errors, varia- 


3 Yielding and Fracture of Medium-Carbon Steel Under Com- 
bined Stress,’’ by E. A. Davis, JouRNAL oF APPLIED MECHANICS, 
Trans. A.S.M.E., vol. 67, 1945, p. A-13 (see Fig. 4). 
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tions in the mechanical properties of the different specimens and 
anisotropy. 

Experimental errors, not including errors arising from im- 
perfect attachment of the wire strain gages to the specimens, 
may account for differences of the order of 1 per cent. Prelimi- 
nary straining of the specimens to about go = 0.0024 indicated no 
suspicious behavior in any of the wire strain gages. The read- 
ings obtained were in everv case considered not unreasonable, 
based upon values of Youn,’s modulus, EZ, and Poisson’s ratio, 
v, computed from them. Since there is no way, however, in which 
to check wire strain gages directly, particularly in the plastic 
range, the errors in them remain unknown and may have con- 
tributed to the differences in the plots in Fig. 5 and in Fig. 6. 

As for variations in the mechanical properties of the speci- 
mens, although they were all cut from one original piece of tub- 
ing, the properties may have varied along the length, and the 
machining operations may have worked the material to different 
degrees. 

Some of the mechanical properties found are given in Table 1. 
Three sets of values of E and of v are given, corresponding to three 
methods of computing them, as explained in the Appendix. The 


TABLE 1 VALUES OF CONSTANTS E AND » 
—Solution I~ —Solution II— —Solution III— Yield 
10-¢* E, 10-6 E, E, strength, 

p psi v psi v psi v psi? 
0 10.46 0.325 10.46 0.325 10.46 0.325 47600 
10.30 0.324 10.13 0.341 10.17 

eee 
2.06 10.26 0.320 10:70 0.303 1077 .... 
oo 10.35 + 0.303 10.85 — 0.308 10.75 — 0.314 46200 


a 2/-E secant yield strength (Solution III). 


values for Solution I are considered to be the most reliable. The 
constants E and » cannot be computed when p = 1. The ?// 
secant yield strength obtained in the circumferential direction 
(op = @) is 3 per cent lower than that obtained in the axial 
direction (p = 0), probably indicating anisotropy. 


ConcLusIONs 


Both the maximum-shear and the octahedral shear-stre> 
strain curves scatter within about +5 per cent (on the stres 
axis) to either side of a common curve, with perhaps a slightly 
smaller scatter for the maximum-shear curves than for the oct 
hedral-shear curves. The scatter is ascribed in part to devia- 
tions from isotropy of the material. There is no systematic vari- 
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tion in the shape of the stress-strain curve as the ratio of cireum- 
ferential stress to axial stress is varied in five steps from 0 to @. 
Tests on more specimens will be required to determine whether 
the maximum-stress theory or the octahedral theory is in closer 
accord with experiment. 


Appendix 
ComMPUTATION OF STRESSES AND STRAINS 


The shearing stresses and strains plotted’ in Figs. 5 and 6, 
were computed by making certain assumptions, as follows: 

It is assumed that the material is isotropic elastically, i.e., 
that the elastic constants / and v do not vary with direction, 
nor depend upon previous strain history. Unless these quanti- 
ties do in fact vary widely, no serious errors are introduced by this 
assumption. 

Normal stresses and linear strains are denoted by the letters 
a and e, with the subscripts ¢, a, r to indicate the circumferential 
tangential), axial, and radial directions. The additional sub- 
scripts e and p are used with the strain ¢ to indicate the elastic 
part and the plastic (permanent) part of the strain. Bars over 
letters denoting stresses and strains indicate true stresses and 
natural strains, i.e., stresses based upon actual areas and strains 
referred to instantaneous gage lengths. 

The chief problem concerns itself with obtaining the radial 
strain, since this cannot be measured directly. The following 
procedure is believed to give a close approximation to it: For the 
elastic strains we have the three relations 


1 
= Ag — oa, + 


1 
from the first two of which 
_ & (3, + &) —% + 
Constancy of density requires for the plastic strains 
(I + (1 +95) (1 (6] 
from which 
1 


(1 (1 + €ap) 
With 
Equation [7] gives 
1 
ret 
(1 + &—e,) (1 + €, — €,,) 


Substitution in Equation [8] from Equations [1], [2], and [3] 
gives, with 


=€ 


[8] 


1 
+ E — oa + .. [9] 
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If products and powers of 2,/# and ¢,/E are negiected, and we 
set 


Equation [9] may be written 


6, = 
5,54 
p 
1 = 
E p p 
[10a } 
or in the special case of pure axial loading, p = 0 
Ta 
1— E (5,54) 


It becomes necessary at this stage to consider more closely to 
what circular cylindrical section of the specimen the stresses and 
the strains are to be referred. At the outside surface, the strains 
e, and e, are known (nmieasured), and the stress G, is zero; but 
only average values of , and g, are known in any case, and the 
values at the outside surface are not so near the average values as 
at the middle surface, for example. At the middle surface «, 
is known (this can hardly vary through the thickness), the 
stresses must be close to their average values, and the strain «, 
must be closely equal to 


1 


€ 


or 


where d, and ¢, are the original outside diameter and the original 
thickness, «,, is the circumferential strain at the outside sur- 
face, and ¢, is an average value of the radial strain. 

The average stresses ¢, and &, are seen with little difficulty to 
be given by the expressions 


- P(A 2t,6,) 
21,6, 


% 


_ pl(d,6,, — — (d, — 2t,)?] 
4t,6, (d,5,. — t,6,) 


a = o—... [13a] 
where p is the internal pressure in the specimen and P is the ex- 
ternally applied axial load. 

Certain approximations will be made in solving for 5,, and 
it will be convenient to denote the value of 5, in Equation [11] 
by 3,’ 
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and to write Equation [13] for p = Q0as 


[14a] 


By substituting 5, from Equation [14] and o, from Equation [12] 
in Equation [10a], and rearranging terms, the following ex- 
pression results 


v 


d, ld 1 1 dy 
1 41 1+ 1 v 
Pp 2 6, p 
d, 
t, 5q : 6, 9 E v t, to% 


= 0, 


and by substituting 6, from Equation [14] and @, from Equation 
14a] in Equation [10b], and rearranging terms, the following 
expression results 


- 5 2 + 
ty te 


5,5,” 6,? 2 810 + 
6, d, fd, 
mt, *E 5, t, 
d, 3 d, 1 5 6,’ t 
a 
4,8, =0, 9 = 0........ [16} 


By making different assumptions concerning 6,’ and ¢,, Equa- 
tions [15] and [16] take on different forms. These forms will 
be referred to as Solutions I, IT, and ITI. 

Solution I. A rather accurate value of 65, should result if in 
Equations [15] and [16], working with the middle surface of 
the cylinder, we set 

1 


,, 2 Pp 

Equation [15] then becomes a cubic in 6, and Equation [16] a 
quartic. Such equations would be extremely inconvenient to 
handle. Since 6, will not be too far from 1, it seems probable 
that 5, in the cubic equation can be replaced by 


3,3 = 1— 38, + 33,2 


reducing the equation to a quadratic, but to compute the coef- 
ficients and to solve even the quadratic equation for a large 
number of observations is still quite time-consuming. It is 
quite possible that the quartic can also be replaced by a suf- 
ficiently accurate quadratic equation. 

Solution II. Solution II involves the approximation that the 
stresses 3, and @, at the outside surface are equal to their average 
values. 
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in Equations [15] and [16]. 
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If we work with the outside surface of the cylinder, 5, = 6,, 


5,’ = 5, = 0 


Equation [15] then becomes 


{17 


and Equation [16] becomes Equation [19] which appears later. 
These equations are of the form 


ax? +br+c= 
where ¢ is small. The solution will be sufficiently accurate if 
taken as 
b 4 c 
z=—- - 
a 


Solution III. Another approximation that suggests itself is to 
assume the circumferential strain at the middle surface equal to 
that at the outside surface (the axial strains are the same at the 
two surfaces). If we make this assumption and, working with 
the middle surface, take 


p 
E to 2 v t, to 2 v 2 t, 
l vd, 
6, 1 >} 65, = 0) 
{18 
and 
P 
Sto 545, 5to 1 5, 
—1) 
P 
+ = 0, p 


Since the constant terms in Equations [18] and [19] are small, 
the values of 6, are nearly 


= 
E 2 to a 


1 p 1\ d, 
1 — 8,3 
1\ d, ld, » 
mE (> :) te v 2t, ] 
p #0 


5 


x 
° p 2 p t a 
t — pol=+1)— d 2E =} — 5,25 
5,’ = &,, 1 
“quations ({15] and [16 
| reduce to 
Kite 
ti 


é () 
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and 
P 
1+ ——« (5,. — 
rEt,? 1) Sie 
~ 61050 
P 
dy 
rEt,? (‘ ') 
> - , [21] 


d to” 


where the denominators of the second terms on the right are 
the same as the numerators of the first terms. 

Solution I would be expected to be the most accurate since 
the assumptions on which it is based are less arbitrary than 
those made for the other two solutions. It is not easy to decide 
at a glance which of Solutions II and III is to be preferred; by 
computing E and » from observed data in the elastic range, some 
ground for choice may emerge. One should not expect large 
variations in these quantities for the different values of p. 

Corresponding to solutions I, II, and III, the following ex- 
pressions for EZ and » are obtained from Equations [4] and [5] by 
the proper substitutions 


Solution I 


a r t, r 
+ tee + or 1) 
y= 
% % o \% % 
Solution II 
% fice ee 
fae fie % fas 
% % % % %m% 
Solution ITI 
o+o, 
E % 
% 


a 


+ % Tq fae 


% 


The stresses are based on the original areas, and the ratios of 
the stresses are constants. For p = o, there is a stress o, 
produced by friction, as noted. If the force of friction is con- 
stant, # and » will not be affected by taking it equal to zero. 
There is good evidence that the friction remained constant for 
six or seven observations in the elastic range, for when o, was 
plotted against «,, and against ¢,, for these observations, the 
points lay on straight lines. 

The values of E and » for the three solutions are given in Table 
1. The values for Solution I show the least scatter and the least 
departure from commonly accepted values and from the value for 
p = 0. Unfortunately, Solution I is too complicated for prac- 
tical use, as previously explained. There is not much to choose 
between Solutions II and III, but the spread in values of both E 
and » is greater for Solution II. On this basis, Solution III seems 
the preferable one to use, and 4, in this report was computed 
from Equations [20] and [21]. 

The three true principal shearing stresses are given by 


1 


> 3 (Fa — To = 5 (Gr = 5 — 


and the true octahedral shearing stress is given by 
3 + + 7,” 


The three natural principal shearing strains are given by 


= log(1 + €,) — log (1 + 


l+e«, 5, 


Ya = = log (1 + —log (1 + 4) 
lo lo 
Ye = — = log(1 + —log (1 + 


and the natural octahedral shearing strain is given by 


2 
Y= 3 +708 + 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal includes a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data have been prepared by a subcommittee of this 
Division—S. Timoshenko, R. E. Peterson, J. Ormondroyd, 
J. N. Goodier, J. H. Keenan, and J. M. Lessells. 


Method of Characteristics for Two-Dimen- 
sional Supersonic Flow 


Graphical 
and Numerical Procedures 


By ASCHER H. SHAPIRO! ann GILBERT M. EDELMAN,? CAMBRIDGE, MASS. 


The method of characteristics for two-dimensional 
supersonic flow is reviewed and summarized. A char- 
acteristics chart is presented for use with the graphical 
procedure of Prandtl and Busemann. A new numeri- 
cal procedure is described which eliminates graphical 
operations and which allows of more accurate solutions. 
To facilitate the numerical method, a table of useful 
functions is included. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


cross-sectional area 

slope of Mach line 

local velocity of sound 

ratio of specific heats 

= Mach number, V/c 

dimensionless velocity, V/c* 

static pressure 

= velocity in x-direction 

velocity in y-direction 

velocity 

rectilinear co-ordinates 

= Mach angle, arc sin 1/M 

= see Fig. 4 and Equation [25] 

= inclination of velocity vector to z-axis 

= density 

velocity potential 

= perturbation velocity potential 

= a—dvw; see Fig. 4 

= a function of M, defined by Equation [18a] 
co-ordinate of characteristic of first family 
= co-ordinate of characteristic of second family 


See 8 
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1 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology. Jun. A.S.M.E. 

2 Gas Turbine Laboratory, Massachusetts Institute of Technology. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1947, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Notz: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Subscripts and Superscripts: 


o—subscript referring to stagnation conditions 
*—-superscript referring to conditions where M = 1 


INTRODUCTION 


General. The flow of compressible gases at high speeds has 
become increasingly important because of modern developments 
in high-speed aircraft and missiles, propulsion systems, and flow 
machinery, such as turbines and compressors. 

While the solution of problems in these fields is generally 
difficult, there is one important class of problems the solution: 
to which prove surprisingly simple. This is the case of supersonic 
two-dimensional-flow patterns in the absence of friction, heat 
transfer, and compression shocks. 

Although the method of characteristics is described in several 
publications (2, 3, 4, and 5),3 these are not easily accessible to the 
English-speaking technical world. Therefore it seems desirable 
to present a short summary of the method, with emphasis in so 
far as possible on the physical concepts involved rather than on 
the mathematical aspects. The graphical method of Prandtl 


‘and Busemann is reviewed and the new computational procedure 


is described. 

Assumptions. (a) The flow is supersonic and has uniform 
stagnation enthalpy and pressure. (b) There is neither friction 
nor heat transfer. (c) Compression shocks are absent. In 
practice, the method prevides quite accurate results if only 
weak shocks are present. (d) The fluid is a perfect gas. (¢ 
The flow is steady. 

From assumptions (a), (b), and (c), it follows that there are no 
variations in entropy over the field of flow and that the flow is 
irrotational. 

Relations for Isentropic Flow. For convenience, we summarize 
certain useful relationships which are valid for isentropic changes 


in state 
k—1 


1 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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ANALYTICAL Basis or METHOD 


Equations of Motion 


lrrotationality : Ou/ dy — Ov/dr = 0... (6) 
Continuity: + A(pv)/dy = 0... 
Momentum: dp = —pVdV.... 
Sound velocity: c? = dp/dp...... 


The condition of irrotationality together with the absence of 
discontinuities is the necessary and sufficient condition for the 
existence of velocity potential. Thus we may write 

u = = v = Ob/dOy = ,........ [10] 

Combining Equations [6], [7], [8], [9], and [10], we obtain, 


after rearrangement, the differential equation of motion in terms 
of the velocity potential, 


2,4, 


where 


= 0.. [11] 


— 1 
2 + 2)... [12] 


| 


to 
te 


quatitn [11] is of hyperbolic type when (#,? + ,?) > i.e., 
when the flow is supersonic, and is, moreover, nonlinear. The 
further treatment of the problem is considerably simplified if 
this equation is first linearized. 

Linearization of Differential Equation. Let us assume for the 
moment that we are dealing with a flow pattern which is almost 
uniform and parallel, and that deviations from the uniform 
parallel flow are small. Then, if we take the mean velocity to be 
in the z-direction, and if mean quantities for the flow are dis- 
tinguished by a bar, we may write 


where Vz is the average potential for the uniform flow, and ¢ 
is a perturbation potential, small compared to #, which repre- 
sents the deviation from the uniform flow. 

Using Equation [13], the derivatives and 
‘., are computed and are then substituted into Equation 
11]. After rearrangement and cancellation of terms of higher 
order, we obtain the differential equation for the perturbation 
potential 


— (M? — 1) + = [14] 


This may be recognized as a form of the wave equation. It is 
hyperbolic but linear, thus permitting the perturbation velocities 
to be superposed on the principal velocity. 

It may be verified by direct substitution that the general solu- 
tion of Equation [14] is given by 


where ¢g; and ¢: are arbitrary functions of the arguments indicated 
for each. 

A simple physical significance may be attached to Equation 
[15]. Referring to Fig. 1, we see that lines of constant ¢; are 
inclined at an angle a to the x — axis, while lines of constant 
¢2 are inclined at an angle —a@ to the z— axis. The angle a 
is the mean Mach angle, defined through the equation 


cot a = V M?— 1,s0 that the ¢; and ¢- lines are the Mach lines 


of the uniform parallel flow. 


~ 


Fig. 1 


Since the ¢; and ¢: lines represent surfaces of uniform per- 
turbation potential, it follows that in supersonic flow small dis- 
turbances are propagated along these lines. Furthermore, the 
perturbation in the velocity vector must be normal to one of 
these lines, by virtue of the fact that the velocity is normal to the 
lines of constant velocity potential. In Fig. 2 there is illus- 


= CONST 


trated a situation where a streamline crosses a disturbance 
(¢:) line of the first family, and is thereby deflected downward 
through an angle d#@. By the reasoning previously employed, 
if the velocity vector upstream of the disturbance line is repre- 
sented by ob, the velocity vector on the downstream side must 
extend from 0 to some point on the line ab. In the case shown, 
it extends to d and corresponds to an acceleration or an expan- 
sion. It is evident that there are four classifications of disturbance 
lines or waves, according as they are of the first or second family, 
and as they accelerate or decelerate the stream. 

The relation between the velocity change and the deflection 
angle when crossing a disturbance line may be found from the 
geometry of Fig. 2, namely 


tana = = dV/Vd0................ {16] 


where the plus sign is for waves of the second family, and the 
minus sign for waves of the first family. The pressure change is 
found with the help of Equations [8] and [16], to wit 


dp = — pVdV = — pV* tan ad@........... [Sa] 


Waves of a Single Family. It is evident from the assumptions 
previously stated that the linearized solution is exact only when 
the perturbation velocities are infinitesimal. However, a simple 
stepwise procedure which,can be of any desired accuracy may 
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be used when the deviations from the uniform parallel flow are 
large. 

Consider, for example, the flow over the thin airfoil in Fig. 
3(a). Wereplace the curved airfoil by a series of chords from each 
of which a disturbance wave is propagated downstream at the 
Mach angle. From the boundary conditions at the profile, it is 
clear that the streamline, on crossing a disturbance line, turns 
through an angle which is the same as the angle between the two 
adjoining chords. Using this angle of turn, the velocity change 
and pressure change may be found from Equations [16] and 
[8a], and the Mach number, density, etc:, following the disturb- 
ance line from Equations [1 to 5], inclusive. For each dis- 
turbance line, the values of V, 4, and p to be used in Equations 
[16] and [8a] may be those corresponding to conditions upstream 
of the disturbance line or, better still, they may correspond to 
the average of the conditions on both sides of the disturbance 
line. Using this method, the process is analyzed for one distur- 
bance line at a time, the conditions downstream of this dis- 
turbance line are found, and then the process is analyzed across 
the next disturbance line, until the entire field of flow is covered. 


(a) Physical Plane 


Fig. 3 Over THIN AIRFOIL 


The stepwise solution of the airfoil flow in Fig. 3(a), is equiva- 
lent to the replacement of an infinite number of infinitesimal 
waves (corresponding to the exact solution) by a finite number 
of weak but finite waves into which changes in the flow pattern 
are considered to be concentrated. In the case here considered, 
where on the upper side waves only of the first family are present 
and on the lower side waves only of the second family are present, 
the exact solution may be found in the following manner: 

We start with Equation [16] for infinitesimal changes and drop 
the bars, thus obtaining 


= + V/M?—1 [16a] 
Using Equations [5] and [12], we find that 
dV k—1 
M?].......... 
y = (: ) [17] 


Substituting Equation [17] into Equation [16a] and inte- 
grating, we obtain 


= tan (M? — 1) 
k—1 k+1 


— arc tan 1 [18] 


where K is a constant of integration which may be found from 
the initial Mach number and the initial inclination of the stream- 
line. For convenience, we set 
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where w depends only on the Mach number and is related to 6 
through the constant K. 

Equation [18a], together with Equations [1] through [5], pro- 
vides a complete solution to problems of two-dimensional, super- 
sonic, isentropic flow when waves of only one family influence the 
streamline under consideration. Under these circumstances, 
only a single independent variable is involved. 

Using Equations [18a] and [4], we may plot the series of states 
along such a streamline in the hodograph diagram, for which we 
use the polar co-ordinates M* and @, so that at any point on this 
diagram we read directly the magnitude and inclination of the 
velocity vector. Such a curve‘ for the case of a streamline cross- 
ing waves of the first family is shown in Fig. 4. It is important 
to note that at each point of this curve the radius vector makes the 
Mach angle with the normal to the curve. That this must be so 


is evident when we consider that the increment in the velocity 
— 


vector dV, of Fig. 2, forms an element of arc on the characteristic 
curve of Fig. 4. 


487 


1*513 
(b) Hodograph Plane 
tan-'b 
> 
> 
\ 
\ 
{ 
CHARACTERISTIC 
m* CURVE OF FIRST 
FAMILY 
Fig. 4 


For the graphical solution of more involved problems, it is 
convenient to have a chart like Fig. 5, giving in the hodograph 
plane a series of characteristic curves corresponding to the two 
families of disturbance waves and corresponding to different 
values of the constant A in Equation [18]. In addition, Table 
1 gives in convenient form the relations between w, a, @ (refer 
to Fig. 4), M, M*, A/A*, p/po, and p/po, and is derived from 
Equation [18a] and Equations [1] through [5]. 

Waves of Both Families. When waves of both families are 
involved in a problem, it is in general not possible with present- 
day methods to find an analytical solution. However, a graphical 
stepwise method has been devised (3), which makes the solution 
quite simple. 

The underlying idea is to divide the flow field in the physical 
plane into small regions in each of which the velocity is considered 


‘ For a perfect gas, this curve is an epicycloid found by rolling on 
the circle of radius 1 another circle of diam ~/ (k + 1)/(k —1) —1. 
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Fic. 5 CHaracreristic Curves’ ror Perrect Gas WITH k = 1.4 
to be constant. Since the velocity can change only as a stream- 
line crosses a disturbance line inclined at the Mach angle to the 
flow, it is evident that each of the small regions of constant 
velocity must in general be a quadrilateral, bounded by Mach 
lines. The concepts, illustrated in Figs. 2, 4, and 5, are em- 
ployed for determining the changes in stream properties as a 
streamline passes from one quadrilateral to the next. 

In carrying out the solution, either a graphical or numerical 
procedure may be used, as indicated in the following sections. 


GRAPHICAL PROCEDURE 


Numbering System. In applying the graphical method of 
Prandtl and Busemann (3), it is convenient to follow Busemann’s 
suggestion that a numbering system be used for the characteristic 
curves in Fig. 5. It may easily be verified that with the number- 
ing system used here the following rules apply 


6 = I+ II — 1000.... [19] w = I—II.... [20] 


where the symbols I and II refer to the numbers on the char- 
acteristic curves of the first and second families, respectively. 
Thus the description of a point in the hodograph plane is made 
in terms of the curvilinear co-ordinates I and II; from these co- 
ordinates the inclination of the streamline is obtained with 
Equation [19], and the Mach number, pressure, etc., with Equa- 
tion [20] and Table 1. 

Flow Past Thin Airfoil. 
flow pattern in Fig. 3. 

The approach flow is parallel and horizontal and has a Mach 
number 1.986. Using Table 1, we find that w; = 26 deg, and, 
since 6, = 0 deg, we find from Equations [19] and [20] that in 
region 1 the characteristic co-ordinates are I, = 513 and II, = 487. 


’ Large-scale copies, 11 X 17 in., of Fig. 5 may be obtained from 
the authors. 


As a simple example, consider the 
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4° 
(a) Physical Plane 


(b) Hodograph Plane 


y 
(0,41) (1.96,1) 


b=O 


(431-301) 


(c) Numerical Solution 


Fie. 6 REFLECTION oF EXPANSION WavE From StraicutT Souip 
BouNnDARY 


We suppose that the straight-line chords which replace the 
actual profile are at an angle of 4 deg to each other, and that 
the leading edge is at an angle of attack of 4 deg to the stream. 
The flow in passing from region 1 to 2 is influenced, therefore, by a 
wave of the first family and is deflected downward by 4 deg. Point 
2’ in the hodograph plane, representing region 2 in the physical 
plane therefore is found on the characteristic curve I = 513 and at 
an angle of @ = —4 deg [Fig. 3(b)]. The direction in the hodograph 
plane of the expansion wave (a) is the same as the direction of the 
normal (a’) to the segment 1’-2’ in the hodograph plane. Wesee 
that region 2 has the characteristic co-ordinates I, = 513 and 
II, = 483; that from Equation [20], w: = 30 deg; and that from 
Table 1, Mz = 2.134. 

Having determined conditions in region 2, we proceed to region 
3 with the same technique, and so on, until the entire flow pattern 
is established. 

Reflection of a Wave. Fig. 6(a) and (b) show the flow pat- 
tern for a wave reflected from a straight solid wall. Assuming 
that the flow in region 1 is horizontal and has a Mach number 
1.986, and that the expansion wave a arises through a 4 deg de- 
flection of the stream, the data for regions 1 and 2, and the di- 
rection of the line a are found as described previously. Con- 
sidering the reflection of a wave from the upper wall, we see that 
the reflected wave will be of the second family, and must so de- 
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flect the stream that there will be no separation from the upper 
wall. Point 3’ in the hodograph plane is found therefore at 
the intersection of the line @ = 0 deg and the characteristic I] = 
483. The disturbance line b is then drawn with the direction of 
the normal b’. From the characteristic co-ordinates of region 
3, all properties in that region may now be found. 

We see from this example that a disturbance is reflected in like 
sense from a straight solid boundary, i.e., an expansion wave is 
reflected as an expansion wave, and vice versa. 

If there were a bend in the upper wall where wave a struck 
it, the strength of the reflected wave b and conditions in region 
3 would have been found in similar fashion, except that the 
boundary condition would have to be modified to fit the new 
direction of the stream after the deflection. In particular, it is 
interesting to note that the reflected wave b is of zero strength, 
and therefore absent, if the upper wall is bent, at the point where 
wave a intersects it, in the direction of the streamline in region 
2. This method of canceling a wave is the design basis of the 
Prandtl-Busemann parallel-flow nozzle. 

Using this same general method, it may be demonstrated that 
a wave is refiected from a boundary of constant pressure in unlike 
sense, i.e., an expansion is reflected as a compression, and vice- 
versa. 

Intersection of Waves. Consider the flow in the passage of 
Fig. 7(a). The stream properties in regions 2 and 3 are deter- 
mined and the waves a and b drawn in the manner previously 
described. 

To find the stream properties in region 4, we note that region 
4 may be reached either from region 2 or from region 3. Since 
wave (d) is of the second family, point 4’ in the hodograph 
plane must lie on the characteristic of the second family passing 
through point 2’, Fig. 7(b). By the same token, it must lie on 
the characteristic of the first family passing through point 3’. In 
this way, point 4’ is found, and, using the characteristic co- 
ordinates for region 4, we find the stream properties in this region 
with the aid of Equations [19] and [20] and Table 1. The waves 
c and d are drawn with the directions of the normals c’ and 
d’ to the chords 3’-4’ and 2’-4’, respectively, in the hodograph 
plane. 

Design of Parallel-Flow Nozzle. The application of the 
“unit” processes described to the design of a nozzle contour for 
producing a uniform parallel stream is shown in Figs. 8 (a) and (6). 

The M* — a Ellipse. The difficulty of drawing normals to the 
characteristics in the hodograph plane may be avoided through 
the use of a simple construction suggested by Busemann. 

Equations [4] and [5] may be combined and rearranged to 
give the following relation between M* and a 


M*? cos? a 


(k + 1)/(k — 1) 


This is the equation of an ellipse with half-axes 


Vk + — 1 


and unity, respectively, as shown in Fig. 9. The radius vector 
to any point on the ellipse is the dimensionless velocity M*; 
the angle between the radius vector and the major axis is the 
Mach angle a; and the projection of M* on the minor axis 
is the ratio of the local sound velocity to the critical velocity 
e/c*. 

For practical purposes, the M* — a ellipse is drawn on a sheet 
ot tracing paper to the same scale as Fig. 5. To find the direc- 
tion of the normal at any point of a characteristic, the ellipse is 
rotated until it cuts the characteristic curve at the point desired; 
the major axis of the ellipse then gives the direction of the nor- 
mal to the characteristic. Since for each value of M* there are 
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(b) Hodograph Plane 
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(c) Numerical Solution 
Fic. 7 INTERSECTION OF WAVES 


two orientations of the ellipse, corresponding to the two families 
of Mach waves, care must be taken to use the correct orientation 
for the family in question. 


NuMERICAL PRocEDURE 


Analysis. All the graphical solutions of the preceding section 
were built up in terms of an elementary step which might be de- 
scribed as follows (Fig. 10): Given the co-ordinates of the points 
1 and 2 of the Mach net in the physical plane, and the slopes br and 
bir of the Mach lines (or boundary contours) passing throug) 
these points, find the co-ordinates of the point 0. In the 
computational method we use the following formulas derivable 
from analytical geometry 

(y2 — birz2) — (y: — 


22 
To (22] 


Yo = + bi(to — 21) = + bu — 22)... 23a, b] 


where br and bi are the slopes of the Mach waves for the first 
and second families, respectively. 
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(b) Hodograph Plane (to scale) 
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(c) (above) and (d) (below) Numerical Solution 


Fic. 8 Desien or Snortest Possiste Nozzie To Propuce UntrormM tet STREAM WiTtH NumBer 1.503 


Flow assumed uniform and parallel with Mach number unity at throat 7. There is a sharp corner at 7, with an angle equal to 0.5 w,, i.e., in this 
9 case 6 deg. Mach net based on 2 deg deflection of streamlines.) 


From Fig. 4 we see that 
br = tan (¢1 + 81); bi = tan (on + [24a, 
Also, from Fig. 4 and Equations [19] and [20], we have 
= w + = 2 (I — 500)............. [25a] 
du = — (w— 6) = 2 (JI — 500)........ [255] 


The angle ¢ is given by the relation (see Fig. 4), 6 = a —~w. 
The value of ¢1 for the characteristics of the first family is given 
in the algebraic sense in Table 1. For the value of ¢u in the 
algebraic sense, we note that ¢1 = — ¢1 


To apply the numerical procedure, we first make a large sketch 
of the wave pattern in the physical plane, necessarily not to scale, 
and label each Mach quadrilateral with the characteristic co- 
ordinates I and II, using Equations [19] and [20] as an aid. It 
is also helpful, as a visual guide, to label the corresponding points 
on the hodograph diagram. Next, the values of w and ¢ are in- 
serted in each Mach quadrilateral, and, if desired, the values of 
6, M, and p/p» as well, using Equations [19] and [20] and Table 
1. On each Mach line there is then inserted the value of ¢, which 
is the average of the two values of ¢ in the bordering Mach 
quadrilaterals (due account must be taken of sign); the value 
of 8 as found from Equation [25]; the value of ¢ + 4; and the 
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Fig. 10 


value of b calculated from Equation [24]. Following this, the 
co-ordinates of the Mach net in the physical plane are calculated 
with the help of Equations [22] and [23]. The order of calcu- 
lations is identical with the order of graphical construction for 
the graphical method. 

Reflection of a Wave. Refer to Figs. 6(a) and (c). From the 
condition that the flow in region 1 is uniform and horizontal with a 
Mach number of 1.986, we may write 6; = 0 deg and w, = 26 deg. 
Equations [19] and [20] then show that in this region I; = 513 
and II, = 487. Using Table 1, we get ¢, = 4.23 deg. 

Region 2 is determined by the data @. = 4 deg and I, = 513 (note 
that, in passing from region 1 to region 2, a Mach line of the 
first family is crossed, thus indicating that the characteristic 
co-ordinate of the first family is unaltered). Using Equations 
{19} and [20] and Table 1, we find for this region that II, = 483, 
we = 30, and ¢2 = 2.055. 

For the Mach wave a, we have 


@ = (4.23 —2.06)/2 = 1.09 deg 

dr = 2([— 600) = 2(513 — 500) = 26 deg 
o+ 6 = 27.09 deg 

b = tan 27.09 deg = 0.5115 


Now, using the co-ordinates of points d and g, and the slopes 
of the lines d-e and g-e, the co-ordinates of the point e are, with 
the help of Equations [22] and [23], found to be z, = 1.955, 
y, = 1. 

In region 3 the flow must be horizontal if the flow is not to 
separate from the wall, thus yielding 6; = 0 deg, and since a Mach 
wave of the second family is crossed when passing from region 
2 to region 3, we have for the latter the characteristic co-ordinate 
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II; = 483. Using Equations [19] and [20] and Table 1, we find 
the remaining data for this region and proceed as before to find 
the data for wave b and the co-ordinates for point f. 

Intersection of Waves. Refer to Figs. 7(a) and (c). The data 
for regions 1, 2, and 3, and for the Mach waves a and b are 
found in the manner just described. Next the co-ordinates of 
point"g are found from Equations [22] and [23]. 

From the condition that upon crossing a Mach wave of a cer- 
tain family the characteristic co-ordinate of that family is un- 
changed, we find the characteristic co-ordinates of region 4 
from those of 2 and 3. The remaining information for region 4 
and for waves c and d is found in the usual manner, and the 
co-ordinates of points A and j are obtained from Equations {23} 
and [22]. 

Design of Parallel-Flow Nozzle. The numerical analogue to the 
graphical design of Figs. 8(a) and (6), is summarized in Figs. § 
(c) and (d). 

To indicate the effect of the fineness of the Mach net on the 
accuracy of the solution, Fig. 11 shows the computed co-ordinates 
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FINENESS OF Macu Net, Using NUMERICAL PROCEDURE 


at point Z of the nozzle contour as a function of direction incre- 


ment across the disturbance waves. 

In carrying out the numerical computation, all the work ma) 
conveniently be done on large-scale rough sketches of the wave 
pattern, using a code system to identify the various number 
which appear on the sketch. 
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Discussion 


Buckling Under Locally Hydro- 
static Pressure’ 


B. J. Ateck.?, The author has investigated thoroughly the 
stability of a thin bar subjected to locally hydrostatic pressure. 
Under certain end conditions he has proved that buckling is not 
possible under the action of local hydrostatic pressure alone. No 
indication of the additional axial load required to produce buck- 
ling is given. To solve this problem the writer used an approxi- 
mate energy method. 

For ease in performing integrations, he replaced the pressure 
distribution p(x) of Equation [1] of the paper by the following 


2 
p(x) = po — Po E + iv(7) ky (7) [a] 


This form is identical to Equation [1] for integral values of m 
2 
the exponent. of (; ) , When all values of & vanish except f,,. 


The energy method used consists in setting the change in po- 
tential energy equal to zero when the amplitude of the deformed 
column deflection is changed from a to (a + 6a). The details 


can be outlined as follows: The assumed mode shape is y = 


a sin The force holding the column in buckled form is ocrA. 


The decrease in column length when the amplitude of its de- 
flection is increased from a to (a + 6a), is 


d 1 /dy\? 
(da) 3 dx =a OL (da) 


The axial load, ocrA, therefore, loses potential energy 
2 


=orAa OL, (6a) 


The net lateral pressure tending to restore the column to its 
initial shape is 


wx 
L 

As the amplitude of the column deflection is increased from a to 
a + 6a), each force p(x) dr moves through the distance 


dx? 


We 
oa) sin —, 


The lateral pressure gains in potential energy by the amount 


L 
2 
™ = [ sin (5a) sin dx 


or substituting from Equation [a] for p(x) 


aAr? 
[1 — ko — 0.500 — 0.357 ba 


The general value of coefficient of km is 


LJo 


‘By G. H. Handelman, published in the Sept, 1946, issue of the 
JOURNAL AppLIED MEcuanics, Trans. A.S.M.E., vol. 68, p. A-198. 

* Special Projects Department, The M. W. Kellogg Company, 
Jersey City, N. J. Jun. A.S.M.E, 


The increase in potential energy of the column due to flexure 
when the amplitude of the column deflection is increased from 
a to (a + 6a), is 


L 
d 1 d?y\? 
2 = (6a) — —id 


-™ + m+ 7m =0 
Cor = Ger + Po — Po(Ko 0.500 ky 0.357 ky {b] 


Since 


If p = 0 


Ocr = Ger 


the usual Euler buckling stress. Equation [b| can be checked 
against the exact solution for m = 0, 1, 2. The author’s problem 


was to determine what values of oer = po were possible. For 
m = 0, Equation [a] becomes p(x) = po(l — ko); Equation [}] 


Cer 


Po 


yields po = oer + (1 ko)po or € = = kp. This agrees 


identically with the author’s solution. 

For m = 1, e = 0.500 ki; for m = 2, e = 0.357 ky. It can be 
seen by calculation or comparison with the author’s graph of e 
versus m, that these values are in excellent agreement with the 
exact values. Comparison of the coefficients of Equation [b] 
with the author’s graph of e versus m, with k = T suggests that 
Equation [b] may be rewritten 


Cor = Cor Po Po >, kne(m, k = 1) 


The corresponding pressure distribution would be 


P = Po — Po > (2) {a’} 


It should be noted that the values of m need not be integral in 
Equations |a’| and [6’}. Attention is also called to the super- 
position principle indicated in Equations [6] and [b’]. 

Let us now investigate the author’s statement that buckling 
cannot occur under uniform hydrostatic pressure. For this prob- 
lem all terms k in Equations [a] and [6] vanish. Equation [b] 
reduces to 


This confirms the author’s result, ocr is always greater than po. 
It gives the additional result that ocr always exceeds py by the 
same amount, ocr, independent of po. Physically, Equation [c] 
may be interpreted as follows: 

A column will buckle at the same superposed axial stress 
whether the column is tested in a vacuum or in an atmosphere of 
high pressure, po. In other words, the increased load which the 
column can carry because of local hydrostatic pressure is applied 
to the ends of the column by that hydrostatic pressure. 

The writer was curious to know whether the hydrostatic 
pressure exerted on a bearing-pile submerged in water would 
appreciably increase its stability. Equation [6] indicates that the 
additional load which the column could carry would be of the 
order of the weight of the displaced water. For this application, 
the effect of hydrostatic pressure is negligible. 
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This paper will have a direct application to thermometer wells 
in high-pressure vessels. 

The writer wishes to compliment the author for noting that the 
presence of hydrostatic pressure increases the buckling load which 
a column can support. 


AvutTHor’s CLosuRE 


The author wishes to express his appreciation to Mr. Aleck for 
his interesting discussion of the paper in question and, in par- 
ticular, for his extension of the analysis to the case where an end 
load is present in addition to the locally hydrostatic pressure. It 
should be noted that Equation [6] of the author’s paper can 
be made the basis for such considerations provided the restric- 
tion P = poA is removed. Mr. Aleck’s use of an energy prin- 
ciple seems, however, to be much more convenient for computa- 
tional purposes. 

The problem treated in the author’s paper can also be written 
in terms of an energy or variational principle which is similar to 
that offered in the foregoing discussion but phrased in somewhat 
different mathematical terms. Furthermore, the pressure distri- 
bution can be given in more general form than that of Equation 
{1], namely 


p(z) = po (1 —f(z)] 


where f(0) = 0 and 0 < f(z) < 1 forO0 < < l. The basic dif- 
ferential equation becomes 


M' + =0 


This will be recognized as a generalization of Equation [8]. The 
variational principle corresponding to this differential equation 


is 
M? ax 
P = min El 
az 


where M is taken from the class of all functions satisfying the 
boundary conditions and having the necessary continuity proper- 
ties. This energy principle can be proved directly or else ob- 
tained from the fact that the basic differential equation is the 
same as that encountered in the longitudinal vibrations of an 
elastic bar with variable mass. Such results can be found in 
references like S. P. Timoshenko, “Vibration Problems in Engi- 
neering,” D. Van Nostrand Company, Inc., New York, N. Y., 
1937, page 376. Once the energy principle has been obtained, 
approximate solutions can be found by such standard methods 
as the Rayleigh-Ritz procedure. 

It is particularly interesting to note that the question of 
hydrostatic buckling arises in connection with the practical prob- 
lem mentioned by Mr. Aleck. 


Internal Friction in Engineering 
Materials’ 


ANDREW GeEMANT.? The authors have presented a valuable 
addition to the existing literature on internal friction of solid ma- 
terials. The following comments are suggested: 

1 The writer agrees with the authors in that the mechanism of 
internal friction is, in the majority of cases, associated with dis- 
tortion and not with changes in volume. Reviewer presented a 


1 By J. M. Robertson and A. J. Yorgiadis, published in the Sept., 
1946, issue of the JouRNAL oF AppLiED Mecuanics, Trans. A.S.M.E., 
vol. 68, p. A-173. 

a Research Department, The Detroit Edison Company,” Detroit, 
ich. 
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detailed explanation of losses on this basis,* in deriving the mag- 
nitude of internal friction from the experimentally obtainable 
initial deformation during plastic flow. The foregoing statement 
does not hold for cases in which the loss is of a thermal nature, 
since such losses are essentially due to longitudinal vibrations 
and changes in volume. 

2 The authors observed a linear increase of the specific damp- 
ing capacity with the stress. This behavior appeared to hold for 
steel and magnesium alloy up to their yield points; beyond that 
damping increased with stress at a higher rate. If internal fric- 
tion is explained on the basis of plastic distortion of materials, 
then such a behavior is in keeping with most experimental facts 
on plasticity, as also with existing theories of plastic flow, for 
instance, that by Eyring. 


AutHors’ CLOSURE 


It is gratifying to have Dr. Gemant agree with the general con- 
clusions that internal friction is due to a plasticity effect. As he 
points out, the conclusions are not valid for materials in the range 
of stresses where internal friction is predominantly due to thermal 
or magnetic effects. However, the authors feel that these effects 
are not significant in problems involving engineering materials at 
appreciable stress amplitudes. 


Concentrated-Force Problems in 
Plane Strain, Plane Stress, and 
Transverse Bending of Plates' 


J. J. Potivxa.? The deflection of a thin circular plate due to 
a concentrated transverse load has been discussed by A. Clebsch.’ 
Slight errors in the complex computations were corrected by A. 
Féppl.‘ J. H. Michell® has the merit to simplify the problem by 
using the process of inversion which leads to the solution for an 
eccentric load by the inversion of that for a central load, express- 
ing Green’s function for the differential equation V‘ w = 0. 
The author presents another simplification of the problem which 
becomes very cumbersome and complex, if more complicated 
boundary conditions are to be considered, e.g., a ring-shaped 
plate clamped along its outer edge. Recently, the writer had the 
opportunity to apply the methods of Féppl and Michell to the 
latter type of plate as a simplified case of the spirally warped 
ramp designed by Frank Lloyd Wright for the Guggenheim 
Museumof Art in New York, N. Y., and was able to corroborate the 
results of the tedious analysis by tests on models. Influence de- 
flections (deflections due to concentrated loads) with an accuracy 
of */20,000 in. were measured and fair agreement found with the 
analytical solution. It is suggested to apply the author’s method 
to this special case. 

The discrepancy mentioned im the author’s footnote 4 is not 
existing. Timoshenko’s terms are taken from Féppl’s paper and 
are correct for this method of solution, as can be seen by sub- 
stituting r = 0 in the respective terms. 


3 “Frictional Phenomena XIII,” by Andrew Gemant, Jovrnal of 
Applied Physics, vol. 14, 1943, pp. 204-216. 

1 By P. S. Symonds, published in the Sept., 1946, issue of the 
JouRNAL or AppLIep MEcuaANics, Trans. A.S.M.E., vol. 68, p. A-183. 

2 Consulting Engineer, Berkeley and San Francisco, Calif. Mem- 
A.S.M.E. 

3“*Theorie der Elasticitaet,’’ Carlsruhe 1862; French edition by 
Barre de Saint-Venant, ‘‘Theorie de |’elasticit* des corps solides,’ 
Paris, 1883. 

‘Die Biegung einer kreisfoermigen Platte,” Sitzungsb. d. math. 
phys. Klasse der Akad. d. Wiss., Munich, 1912, p. 155. 

5 Author’s Bibliography (3, 9). 

® Author’s Bibliography (2), p. 268. 
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DISCUSSION 


AUTHOR'S CLOSURE 


The method and equations developed in the paper could 
readily be applied to the problem mentioned, of a ring-shaped 
plate clamped along the outer edge, free at the inner edge, and 
loaded by a concentrated transverse force at any point. The 
solution would be the sum of Equations [6] and [7] of the paper, 
with the constants of [7] adjusted to meet the foregoing boundary 
conditions. However, a simpler procedure would be to use the 
known solution for the clamped circular plate with noncen- 
tral force, since this is already available in both finite and 
series form. 

The moments and shears at any radius ean be canceled by 
adding the general series solution, Equation [7] to the series 
form Equation [8a]. The final result would be the auxiliary 
solution thus obtained plus Michell’s finite form of the solution 
for the clamped circular plate. This is apparently the method 
used by the discusser. 

As for the discrepancy mentioned in footnote 4 of the paper, 
and questioned by Mr. Polivka, the derivatives as well as the dis- 
placement must be finite at the center of the plate. Hence a term 
proportional to r log r cannot appear, and should be replaced by 
one proportional to r log a, as given in the paper. 


Calculation of Stress in 


Crane Hooks’ 


A. O. Gates.? The author’s method recalls one for the design 
of sections in bending, where the unit stresses have different 
values for tension and for compression. In the case of the crane 
hook, if the unit direct tension stress. 


be subtracted from the allowable unit stress of the material and 
added to the same unit stress, say, for steel, we have two different 
unit stresses to work with. 

This method applied to beams involves the design of two sec- 
tions, symmetrical about the neutral axis, using the unit stress 
for tension in one case, and using the unit stress for compression 
in the other, under identical external conditions, as in Fig. 1 


COMPRESSION 


TENSION COMBINED 
4 NEUTRAL AXIS 


1 


of this discussion. The two designs are then combined along the 
neutral axis. 

The crane hook would similarly be designed with two symmetri- 
cal figures, starting from an assumed neutral axis. This method 


has been used for the design of cast-iron frames; it applies to 
reinforced concrete also. 


‘ By A. M. Wahl, published in the Sept., 1946, issue of the JourNAL 
or APPLIED Mecuanics, Trans. A.S.M.E., vol. 68, p. A-239. 


Bi, Mechanical Engineer, Utility Engineers, Inc., Salt Lake City, 
Utah. Mem. A.S.M.E. 
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An Elementary Theory of the 
Bourdon Gage’ 


EAsTMAN Smiru.? An improved Bourdon-gage analysis, such 
as has been undertaken in this paper! has been much needed by 
manufacturers and designers of instruments. Although the earlier 
circular-section type of tube was invented nearly a century ago, 
only a few mathematicians have presented useful analyses, and 
with doubtful success in the case of the modern flattened tube 
shapes, which provide increased deflection. While the author did 
well to limit his references (to a bare six), the list might, conveni- 
ently, have included several others; since much of the more re- 
cent work seems to be confidential. 

The writer’s (confidential) list of some sixty references, was 
first aided by the Heise Bourdon Tube Company with one or 
two later additions through the Foxboro Company and other 
manufacturers. Also, an A.S.M.E. committee has compiled 
a bibliography which may now be available. We have heard of 
other work, not made public, remaining, naturally, in company 
files. 

One of the more important analyses, made public by Chido 
Sunatani (cited by the author) seemed to claim agreement with 
test results; and Sunatani faithfully illustrates his laboratory 
equipment and methods. Yet, one or two American manufac- 
turers have stated their failure to find such agreement. As this 
interesting reference was listed by the author only incompletely, 
we include, for benefit of readers, the title and other essential 
data.’ 

A useful engineering reference by Charles Susa‘ should be 
brought to the attention of those interested in this subject. By 
the helpful use of his reference curves, Susa concludes that the 
ordinary beam theory is suitable. His test results seem to agree. 
In some of the writer’s preliminary work, which is after a different 
fashion, he has not yet come upon this agreement; but does 
chide himself on this account and trusts that further develop- 
ment may produce a method of utilizing a modified beam theory; 
for designing engineers. 

To avoid confusion in comparing mathematically calculated 
values with test values, or with manufacturers’ data, attention 
should be called to the use of inside liners, in many flat-type 
Bourdon tubes. The liner is made up from a flat-type metallic 
strip, bent to conform to the curve of the tube. Taking up space, 
it reduces the required volume of operating fluid, thus improving 
the accuracy and response for temperature-recording instruments. 
Although its presence may be unknown to the observer, yet the 
added stiffness will cause variation from calculated values. 

The paper might have benefited by an inclusion of one or more 
figure illustrations, which might have enabled the rapid reader 
to decide as to ‘‘(points on) the middle line” versus “‘(traces of) 
the middle line,” which is clarified only by the following, ‘‘length 
of are, s,” and the are formula. A further discussion of the po- 
tential-energy formula might have overcome doubts, perhaps 
such as to using a force twice; and the negative sign. Also, a 
discussion of longitudinal and transverse shear, with and without 
end bending moment, would now be welcome. 


1 By Alfred Wolf, published in the Sept., 1946, issue of the JourRNAL 
or AppLiep Mecnanics, Trans. A.S.M.E., vol. 68, p. A-207. 
2 Associate Professor of Mechanical Engineering, University of 
Missouri, Columbia, Mo. Mem. A.S.M.E. 
*“Theory of the Bourdon Tube Pressure Gage and an Improve- 
ment in Its Mechanism,’’ by Chido Sunatani, Technol. Reports 
Tohoku Imperial University, Japan, vol. 4, no. 1, 1924-1925, pp. 
69-110, in English; and Journal of the Society of Mechanical Engineers, 
vol. 27, 1924 (in Japanese). 
‘ “Determining the Range of Helical Bourdon Springs,” by Charles 
Susa, Instruments, vol. 5, April, 1932, pp. 85-86 and 88. 
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AUTHOR’s CLOSURE 


It is to be hoped that at least some of the confidential work 
mentioned by Professor Smith will be published soon. 

The phrase “potential energy of the gage” as given by Equation 
{1] may be somewhat confusing; actually, W is the potential en- 
ergy of a system consisting of the gage and of a constant-pressure 
reservoir of incompressible fluid to which the gage is attached; 
the arbitrary zero point of potential energy is taken to correspond 
ton =0,56R=0. 

The result of applying external bending moments to the Bour- 
don coil can be calculated without difficulty with the degree of 
approximation represented by Equation [4] since one of its con- 
sequences is that an external bending moment produces the same 
deflection whether or not there is pressure applied to the gage at 
the same time. 


Orthogonal Functions Used 
in the Solution of Linear 
Difference Problems’ 


N. J. Horr.? The writer fully agrees with the results of the 
paper but cannot quite accept some details of the proof. For ex- 
ample, the author shows that the problem of the beam on several 
supports can be represented in general (without consideration of 
the end conditions) by Equation [22] 


][A][T][m] = 


if a solution is assumed in the form of a sine series of as many 
terms as is the number of unknown moments at the supports. The 
solution, Equation [30], of this matrix equation can be given 
immediately as 


[m] = — [T][A]'[T] [8] 
since 
= [T] 


Next, the author writes down Equation [23], which represents 
the actual problem, taking into account the end conditions. In 
the contracted matrix form this equation is 


[®][m] = -——[6] 
From the two equations the author concludes that 
[®] = [T)}[A][T] 


The conclusion is incorrect since the transformation leading to it is 
as follows 


][A} [7 ][m][m]-? = [#][m][m]-? 


The last equation would prove the author’s conclusion if the in- 
verse of the matrix [m] existed. However, matrix [m] is a column 
matrix and has no right inverse. Consequently, the conclusion 
does not hold. 

On the other hand, it is not necessary to use matrix analysis in 
order to prove that the general solution given in Equation [30] is 
also the solution of the actual problem whose end conditions are 
that the moments must vanish for the first and the last supports. 
As the solution was assumed in the form of a sine series, every 


1 By S. U. Benscoter, published in the December, 1946, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 68, p. A-281. 

2 Professor of Aeronautical Engineering, Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y. Mem. A.S.M.E. 
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term automatically satisfies the end conditions. Consequently, 
the method given in the paper is correct. 

In the numerical example given in the paper, three matrix 
multiplications are needed for the calculation of the three un- 
knowns. The same number of matrix multiplications would be 
required in order to transform the matrix into a triangular 
matrix, which is the usual procedure. However, this number in- 
creases as the number of unknowns in the usual procedure while 
three matrix multiplications always suffice in the author’s solu- 
tion. The latter clearly represents a great saving of time and 
effort. 

The writer is interested in finding solutions by the author's 
method of finite difference equations of a higher order. He does 
not know, however, how the greater number of end conditions can 
be satisfied in such equations. The author’s ideas on the sub- 
ject would be appreciated. 


AvuTHOR’s CLOSURE 


Professor Hoff’s interest in the paper is appreciated and an at- 
tempt will be made to answer the questions proposed by him in 
so far as possible. It is true that the equality of Equation [26] 
has not heen rigorously demonstrated. This proof is obtained by 
premultiplying and postmultiplying Equation [26] by [7'] to ob- 
tain 


[7] = [A 


The indicated multiplication on the left side ean be performed 
by using appropriate trigonometric summation formulas. The 
matrix [®] will be transformed into the diagonal matrix [A\. 
This will also oceur if the matrix [#] is a standard fourth-order 
difference type of matrix. A proof that the statement can be 
extended to any order of difference matrixes is beyond the ability 
of the author. 

The ‘standard difference type” of matrix is defined by the 
author. as a symmetrical matrix in which all of the elements of 
each diagonal row are identical. For,each type of structure there 
are certain boundary conditions that lead to this type of matriy. 
Undoubtedly there are other types of matrixes that can be 
transformed into diagonal matrixes by an orthogonal transforma- 
tion matrix with columns defined by an orthogonal analytical 
function. The discovery and classification of such types remains 
for future research study in applied matrix algebra. 


Control and Prediction of Pulsa- 
tion Frequency in a Duct System’ 


A.M.G. Moopy.? This paper contains a clear statement of, 
and a very nice answer te, a specific problem. This problem, how- 
ever, is only part of a broader one, namely, that of the severity of 
pulsations. The frequency is, in the writer’s opinion, of greatest 
importance when related to intensity. Consequently, it is hoped 
that the authors will continue their work in this field. 

The question of intensity or amplitude involves considerations 
of excitation and damping. Offhand it would appear that one 
relevant factor is the shape of the characteristic curve in the un- 
stable range. While this is, to be sure, difficult to determine, the 
writer has found that it can sometimes be done. One careful ex 
ploration of this region indicated a split curve. One curve was 


1 By W. R. Heath and W. R. Elliot, published in the December, 
1946, issue of the JourNaL or AppLiep Mecnanics, Trans. A.S.M.E., 
vol. 68, p. A-291. 

? Chief Blower Engineer, Elliott Company, Jeannette, Pa. 
A.S.M.E. 
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followed as flow was reduced below the surge point, and another 
as it was increased, giving a picture a little like that encountered 
in the familiar friction-factor curve in the transition from laminar 
to turbulent flow. There may even be a kind of hysteresis loop 
which would have a bearing on the damping. 

The writer would like to know if the authors have any data 
which would give some idea of the amount of energy involved in 
the pulsation phenomenon, and he would also like to urge them 
again to go further with their investigations, which have been so 
ably carried out up to this point. 


Authors’ Closure 


The authors wish to thank Mr. Moody for his comments. 
The split performance curve to which he refers is quite a common 
phenomenon, It is indicative of a passage in the compressor 
which is too large for the volume of air being handled and there- 
fore occurs at low capacities. This instability is inherent in the 
compressor itself, and although it may occur on the same portion 
of the fan-performance curve as does pulsation, the two phenom- 
ena are not otherwise related. 

No experimental measurements on the intensity of pulsation 
have been taken because the problem was concerned primarily 
with the elimination of this instability. An exciting force of low 
intensity may in some cases simply be damped out and in others 
may result in pulsations of great amplitude. In one installation, 
where a compressor was driven with a slip-ring motor and the fre- 
quency of pulsation was extremely low, so that the compressor 
could accelerate between pulsations, the instantaneous power re- 
quirements for the motor was over four times normal. With an- 
other type of drive and with higher frequency, the same exciting 
force might result in no more nuisance than a slightly increased 
noise level. 


General Stress-Strain Laws of 
Elasticity and Plasticity' 


Wituram Pracer.? The stress-strain relations which have 
been proposed for plastic materials with‘strain hardening, can be 
divided into two groups. 

According to the stress-strain relations of the first group, there 
exists a one-to-one correspondence between stress and strain even 
in the plastic range, provided of course that the material is being 
loaded (i.e., that the octahedral shearing stress is never allowed to 
decrease during any one test). As long as this condition is not 
violated, the strain which corresponds to a certain state of stress is 
entirely independent of the manner in which this state of stress 
has been reached. For instance, the state of strain of a thin- 
walled tube under combined torsion and axial tension would be 
independent of the precise manner in which the final combination 
of torque and axial load is built up, starting from the stress-free 
state. It is clear that this one-to-one correspondence between 
stress and strain constitutes a far-reaching assumption which 
should not be accepted without supporting empirical evidence. 

The stress-strain relations of the second group are based upon 
the alternative assumption that, for a given state of stress, there 
exists a one-to-one correspondence between the rates of change 
of stress and strain in such a manner that the resulting relation 
between stress and rates of stress and strain cannot be integrated 
80 as to give a general relation between stress and strain. Accord- 


‘By A. Gleyzal, published in the December, 1946, issue of the 
JOURNAL oF APPLIED Mecuanics, Trans. A.S.M.E., vol. 68, p. A-261. 


* Professor of Applied Mechanics, Brown University, Providence, 
R. I. Mem. A.S.M.F. 


ingly, for a material of this type, the strain will depend on the 
manner in which the state of stress is built up. . 

The theories of plasticity based on the stress-strain relations of 
these two groups have been aptly called ‘theories of plastic def- 
ormation” and “theories of plastic flow.’’? The author’s is a 
theory of plastic deformation, as is the theory of Nadai and 
Davis‘ to which the author’s theory reduces in the case of an in- 
compressible material. Theories of plastic flow for materials with 
strain hardening have been suggested by W. Prager® and, more 
recently, by G. H. Handelman, C. C. Lin, and W. Prager.6 As 
these authors pointed out, to yield an adequate representation of 
the mechanical behavior of a plastic material in the strain-harden- 
ing range, the stress-strain relation for loading must be supple- 
mented by a relation for unloading (i.e., for decreasing octahedral 
shearing stress). The latter is most easily written as the general- 
ized law of Hooke for the rates of stress and strain 


= — [o,’ —w (o2' + etc. 


where the primes denote rates of change and Ey and »% are the 
elastic values of Young’s modulus and Poisson’s ratio. 

Handelman, Lin, and Prager introduced the concept of ‘‘neu- 
tral change of stress.” This is a change of stress such that the 
octahedral shearing stress remains constant. Since neutral 
changes of stress constitute borderline cases between loading and 
unloading, it seems natural to demand that, applied to neutral 
changes of stress, the stress-strain relations for loading and un- 
loading should yield the same result. Handelman, Lin, and 
Prager established the fact that no theory of plastic deforma- 
tion will fulfill this requirement, whereas theories of plastic flow 
can easily be constructed so as to fulfillit. In view of this fact, the 
writer is inclined to doubt the validity of all theories of plastic 
deformation. Unfortunately, the experiments of Ro’ and Eich- 
inger,’ Schmidt,® and Davis,* which are often quoted in support 
of theories of plastic deformation, are not decisive, because they 
are conducted under conditions for which the theories of plastic 
deformation and the theories of plastic flow furnish identical 
predictions. This has been pointed out by A. A. Ilyushin.* 
Further experimental work, therefore, is indicated; thisshould be 
conducted under conditions for which the predictions of the two 
groups of theories differ markedly. 


‘Relation Between the Theory of Saint Venant-Lévy-Mises and 
the Theory of Small Elastico-Plastic Deformations,’ by A. A. 
Ilyushin, Prikladnaia Matematika i Mekhanika, Moscow, Russia, 
vol. 9, 1945, pp. 207-218. 

‘*Plastic Behavior of Metals in the Strain-Hardening Range,” 
part 1 by A. Nadai, Journal of Applied Physics, vol. 8, 1937, pp. 
205-213; part 2 by E. A. Davis, Journal of Applied Physics, vol. 8, 
1937, pp. 213-217. 

5‘*A New Mathematical Theory of Plasticity,’’ by W. Prager, 
Prikladnaia Matematika i Mekhanika, Moscow, Russia, vol. 5, 
1941, pp. 419-430. 

“On Isotropic Materials With Continuous Transition From Elastic 
to Plastic State,’’ by W. Prager, 5th International Congress for 
Applied Mechanics, Cambridge, Mass., 1938, pp. 234-237; ‘‘Theory 
of Plasticity’’ (Brown University mimeographed lecture notes), Provi- 
dence, R. I., 1942, chap. 7. 

* “On the Mechanical Behavior of Metals in the Strain-Hardening 
Range,” by G. H. Handelman, C. C. Lin, and W. Prager, Quarterly of 
Applied Mathematics, vol. 4, no. 4, January, 1947, pp. 397-407. 

7M. RoS and A. Eichinger, Diskussionsbericht No. 34 der Eidgen. 
Mat. prdf. anstalt, Zurich, Switzerland, 1929. 

§“‘Uber den Zusammenhang von Spannuagen und Formandern- 
gen im Verfestigungsgebiet,’’ by R. Schmidt, Ingenieur-Archiv., vol. 
3, 1932, pp. 215-235. 

*“Increase of Stress With Permanent Strain and Stress-Strain 
Relations in the Plastic State for Copper Under Combined Stresses,” 
by E. A. Davis, Trans. A.S.M.E., vol. 65, 1943, p. A-187. 
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AUTHOR’s CLOSURE 


The author wishes to thank Dr. Prager for his discussion and 
is in agreement with the general views on plasticity which are 
expressed. The thought of the paper however, was not to ob- 
tain all inclusive stress-strain laws, but to write a simple law 
which describes for small strains, essential features of both elastic 
and plastic properties of a material. In view of Dr. Prager’s 
discussion it would be interesting to write down the flow law which 
is implied by Equations [5] if it is assumed that the material, 
after undergoing permanent strain, still obeys Equations [5] 
for small new strains de;;. These and other considerations are 
included in a paper now being written by the author. 


Forced Torsional Vibrations With 
Damping: An Extension 
of Holzer’s Method’ 


H. Poritsky.? It will be noted that the authors have followed 
the use of the “shorthand notation,” which is of the complex- 
amplitude method, for studying discrete masses, thus trans- 
forming Equation [1] into Equation [3] at a considerable saving 
of complexity over the equations which would have resulted from 
direct substitution of the real solutions [2] into [1]. However, in 
solving the problem of distributed inertia with damping, namely, 
Equation [4], they have followed scrupulously the complicated 
procedure consisting in utilizing Equation [5], resulting in two 
simultaneous differential Equations [6]; while pointing out that 
Equation [4] can be written in a form similar to Equation [3], 
they dismiss it with the remark that “‘it is full of imaginaries,” 
and feel that a point has been scored in Equations [5] to [13], be- 
cause all the quantities are real. The logic of the foregoing proce- 
dure is obscure to this reviewer, who feels that, properly intro- 
duced, complex amplitudes have their place in distributed linear 
problems with damping where they result even in more spectacu- 
lar saving of complexity and in greater elegance. 

The connection between the “‘shorthand notation” and _ sin- 
usoidal quantities 


@ = acos wt + bsin wl................ {1] 


lies in the fact that Equation [1] of this discussion is the real part 
of the complex solution 


By assuming a time factor e/*t in the various quantities ¢,(t), 
¢(z,t) 


o(z,t) = [4] 


and substituting in the equations one can eliminate the factor 
et, thus reducing the calculations to the complex amplitudes 
¢n, ¢(x) whose real and imaginary parts yield the amplitude of 
0-deg-phase and the 90-deg-phase vibration components. The 
expression [2] of this discussion is equivalent to the “vector- 
crank” diagram, where c corresponds to the initial position of the 
vector, e/“t represents the uniform angular rotation of the crank, 


1 By J. P. Den Hartog and J. P. Li, published in the December, 
1946, issue of the Journat or AppLiep Mecuanics, Trans. A.S.M.E., 
vol. 68, p. A-276. 

2 Engineering General Division, General Electric Company, Sche- 
nectady, N. Y. Mem. A.S.M.E. 
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and taking the real part to the projection on the axis of reals.’ 
Proceeding thus, Equation [4] of this discussion furnishes 


Tw? — enjw 


ki + Cri jw 


whose solution, subject to the conditions g’ = 0, ¢ = 1 for 
z = 0, is 


AP [5] 


yielding 
M = (ki + sin Av........ 


The expression of the sin Az, cos Ax in terms of trigonometric 1) 
hyperbolic functions of az, br, where \ = a + jb, is readily carrie 
out yielding of course results agreeing with Fig. 5 and Table 2 of 
the paper.‘ 

In conclusion, the writer wishes to emphasize that he is not 
taking any issue with the correctness of the authors’ solu- 
tion and that the point brought out refers merely to the relative 
merits of the complex versus the real method of arriving at the 
same result. 


An Improved Fuse Escapement for 
the Mark 18 and Other U. S. Navy 
Mechanical Time Fuses’ 


R. H. Wurreneap.? Fig. 2 of the paper illustrates the British 
mechanical time fuse driven solely by a coiled mainspring previ- 
ously wound and using the form of eseapement shown in Fig. 3. 
The beat of this escapement was also reduced by adding weights 
to the lever B of Fig. 3, as in the case of the improved escapement 
of the authors. 

The escapement shown in Fig. 3 is a so-called “mixed escape- 
ment” and is the invention of the late Dr. Junghans of Schram- 
berg, Germany, and used also in the German mechanical time 
fuses for antiaircraft and other artillery applications. 

The mixed escapement is basically an inferior timekeeper 
to the escapements used in fine watches but has the merit of a 
high rate of energy absorption, coupled with high-frequency 
operation or beat, and its ability to withstand setback and cen- 
trifugal forces during service firing. It is subject, however, to 
greater changes in rate with variations of applied power from the 
gear train, and in this respect has some of the poor timing quali- 
ties of a straight verge escapement with balance, but without the 
added hairspring. 

The basic elements of a timing mechanism are as follows: 

a_ Source of power consisting of centrifugal or gravity weights, 
coiled mainspring, helical starting springs, etc. 

b The gear train delivering power to the escapement, and 
carrying hands or timing disk which starts and stops with each 
beat of the escapement. 


3 An alternative treatment utilizing the imaginary part of 
= C= A+ 
and yielding 
A sin wt + B cos wt 
is possible, and would correspond more to the authors’ Equation [2]. 

‘ The criticism has been voiced that mechanical engineers are } 
hind times compared with electrical engineers as regards facility in 
handling vibration problems. While this discusser has heartily dis- 
agreed with such statements, he must admit that equal diffidence 
toward the use of complex amplitudes in treating the analogous elec- 
trical problem (a transmission line with resistance) could hardly be 
expected nowadays, though it may have occurred early in the century 
when complex amplitudes were first introduced. 

1 By F. G. Kelly and J. L. Zar, published in the December, 1946, 
issue of the Journat or Appiiep Mecuantcs, Trans. A.S.M.E., vol. 
68, p. A-285. 

2 Sachems Head, Guilford. Conn. 
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c The escapement controlling the flow of power to result in as 
nearly as possible uniform movement of the gear train regardless 
of the variation of (a) or friction in (6). 


The desirable timekeeping results are secured as follows: 


1 By having as uniform a source of power (a) as possible. 

2 By having a minimum and uniform friction in the gear 
train (b) as possible, including hand or disk friction load. 

3 By having an escapement that will absorb with a varying 
natural vibration such flow of power with the minimum variation 
from the correct timed beat. 


The escapement (c) is the heart of the structure and the power 
delivered to it must not exceed its natural ability to absorb and so 
interfere with its rhythmic vibration and, at the same time, its 
vibration with the minimum of power must give what horolo- 
gists term a good lively motion. If the escapement is forced, its 
natural rhythmie motion is destroyed and timekeeping becomes 
erratic, although it may be erratically uniform. 

If we take any form of verge escapement, including the mixed 
escapement illustrated, and apply power of varying amounts to it 
from a gear train starting with the minimum power to operate the 
escapement, we will find that the beat increases rapidly as the 
minimum power is at first increased until we reach a point in the 
curve where it flattens out, then for a considerable increment of 
the applied power the beat increases only slightly. If we keep on 
applying more and more power, the escapement becomes erratic 
or unpredictable because it cannot absorb the flow of such power 
without interfering with its free natural motion. In clock and 
watch parlance, it is equivalent to the ‘‘overbanking” of a clock 
or watch-lever escapement. 

In early work on the Mark 18 fuse, while the writer was presi- 
dent of The New Haven Clock Company, with the old escape- 
ment he found and demonstrated to his satisfaction that the 
escapement would not handle the flow of power without erratic 
action, and successfully had built and fired fuses with greatly re- 
duced power but was unable to change the escapement. Re- 
covered fuses showed no change resulting from such firing. How- 
ever, the timing deviation increased because the fuse was not 
operating on the correct increment of the power curve. How- 
ever, the timing error could be predicted for the setting mecha- 
nism having a uniform scale and based on a constant beat. 

The writer is confident that the improved results of the new 
escapement with reduced power or centrifugal weights of the 
authors are largely due to a better proportion of power and ability 
of the eseapement with reduced beat to absorb such reduced 
power with a natural rhythmic motion and operation on more 
favorable limits on the torque-period curve. The way was 


‘ pointed by the British when they added weights to slow down 


their escapement. 

The authors state the torque efficiency of the gear train under 
flight conditions was calculated and found to be 28 per cent. The 
writer suspects that this calculation is in error and that the efli- 
ciency is very much higher. Such a low efficiency would result in a 
poor fuse. His guess is that 80 per cent of the power is delivered 
to the eseapement, by which is meant all elements drawn in Fig. 3. 
After all, in the British fuse, there is no great difference between 
static and centrifugal timing, and the British at first relied on 
static timing. Also part of the difference that exists and which 
can be allowed for is due to centrifugal forces in flight acting on 
the hairspring D in Fig. 3. The writer found with the old escape- 
ment that, with the centrifugal-weight starting spring greatly re- 
duced but designed to deliver power through the entire period of 
operation, these springs alone would operate the fuse statically, 
thus making no use of the centrifugal weights, indicating a low 
friction in the gear train itself. 

The writer must also disagree with the statement that with the 


closest tolerances which could be maintained in production, the 
parts could not be maintained accurately enough with the old 
escapement and that ten sizes of wheels accordingly were neces- 
sary to match escapements. 

Early in 1938 the writer suggested the use of laminated plates 
and subdies for piercing and sizing pivot holes so as to hold 
dimensions of such holes as to size and distance apart ‘‘on the 
button.’ It is believed the record will show that where such 
laminated plates were used, fuses required only a single-size 
wheel made in a subdie. The Ingraham Clock Company made 
millions of such plates and wheels. It is true, however, that there 
was a departure in the shape of the tooth on the escape wheel from 
the drawings which would make the escapement more in line with 
calculated tooth form such as is so well shown by the authors. 

Attention is also called to the fact that when the subdie art de- 
veloped by the American cloek industry was used, millions of 
other fuses were made without matching escapements or taking 
advantage of tolerances shown on drawings, and required by 
other methods. When holes are pierced in a subdie, accuracies 
which are impossible in a drilling operation may be obtained. 
Techniques developed by the American clock industry during the 
war for piercing and shaving plate holes, eliminate tolerances re- 
quired by previous methods and at the same time greatly reduce 
costs. One die for stamping an escape wheel or train wheel will 
turn out millions all alike at a fraction of the cost of cutting. 

The changes made in the mechanical time fuses, both Army 
and Navy, as a result of the intensive co-operation of the Navy 
and Army and industry, under stress of war, show the value of 
study, research, use of available talent, and the open mind. 

In the period of peace may such co-operation continue and may 
there be more excellent thought-provoking papers such as the one 
presented by the authors. : 


AvuTHORsS’ CLOSURE 


Mr. Whitehead’s discussion is an excellent supplement to_the 
original paper both technically and historically. In commenting 
upon it, the authors wish to disagree with Mr. Whitehead’s state- 
ment: ‘The writer is confident that the improved results of the 
new escapement with reduced power or centrifugal weights of the 
authors are largely due to a better proportion of power and ability 
of the escapement with reduced beat to absorb such reduced 
power with a natural rhythmic motion and operation on more 
favorable limits on the torque-period curve.” The improvement 
is due strictly to proper phasing of the driving impulses, as indi- 
cated in the theory of mechanical and electrical oscillators given 
in our references. In fact, both the old and the new escapements 
have about a 6:1 torque tolerance range. The applied torque 
varies nearly 3:1, so that the argument is hard to support even 
without the denial of theory. Asalast word, we urge that anyone 
faced with a choice between the old and the new escapements try 
both to assure himself of the 10 to 20 times improvement in time- 
keeping accuracy of the improved design. 

Mr. Whitehead’s suspicion that our figure of 28 per cent on the 
gear-train efficiency is wrong, is answered in the following man- 
ner: Fuse gears (as we saw them made) were not as well polished 
as watch gears. Therefore the efficiency of a single gear-to- 
pinion transmission was expected to be in the order of 80-85 per 
cent. Now there are five gears in the Mark 18 train so that the 
over-all efficiency is 0.82 to the fifth power, or 37 per cent. Re- 
membering that the centrifugal force of some 400 times gravity on 
all the gears produces excessive pivot friction which adds to the 
above loss, the 28 per cent is easy to understand. Experimental 
checks on a centrifuge, while irregular, substantiated this in order 
of magnitude. This low efficiency does not mean the fuse will not 
operate on low torque. Except for centrifugal pivot friction, the 
gear losses approach zero as the transmitted torque approaches 


_ 
| 
‘\- 
ts 
nt 
ne : 
ne 
er 
n- 
to 
he 
li- 
he 
is, 
We 
re 
2] 
in 
‘alt 
is- 
ce 
: 
: 
16, 


A-170 


zero, Which explains why Mr. Whitehead was able to run a fuse on 
only the starting spring. 

Mr. Whitehead’s remarks on the greater accuracy obtainable 
with laminated clock plates, pierced and shaved holes, and 
punched gears, are valuable additions. to this discussion. While, 
as he says, millions of fuses were made during the war without 
hand-matching, ‘. . . there was a departure in the shape of the 
tooth . . . which would make the escapement more in line with 
calculated tooth form such as is . . . shown by the authors.” 

Mr. Whitehead’s discussion has been stimulating, gratifying, 
and informative as to the history of the Mark 18 fuse and certain 
phases of the clock-manufacturing technique. 


Supersonic Nozzle Design’ 


A. R. Eaton, Jr.2— An important assumption in the theory, 
as presented in the paper, is the one of linear velocity distribution 
in the throat of thé nozzle. It is not easy to obtain such a dis- 
tribution; and, if zero static pressure gradient in the test section 
is to be approached, it may be essential in the application of the 
method to compute the nozzle shape from an experimental ve- 
locity distribution in the throat. 

Also with regard to the length of nozzles, there is one considera- 
tion that has not been mentioned. As the author has stated, it is 
usually easier to obtain a good static pressure distribution in the 
test section if the nozzle islong. On the other hand, if supersonic 
tests are to be entirely valid, they must be free from effects of 
condensation of water vapor in the test section. And when a 
nozzle is very long, there is more time for condensation to occur 
between the throat and the test section; consequently, a long 
nozzle must be operated with lower intake humidity than a 
short nozzle. 

The difference may be important; for in the case of two nozzles 
already designed by the method discussed, for the same Mach 
number, the shorter nozzle can be safely operated with an intake 
relative humidity of about 10 per cent, while the longer nozzle 
must apparently be operated with an intake relative humidity 
about 2 per cent. Thus the design of drying equipment must 
be considered along with nozzle design; the nozzle must not be 
made so long that the drying job is prohibitively difficult. 


K. J. DeJunasz.* This paper is a valuable addition to the 
growing literature on supersonic flow which assumes today an 
ever-increasing importance in view of the recent developments 
in gas turbines and jet engines. The paper serves to clarify this 
subject to a considerable extent, and it is particularly to be com- 
mended that the author makes use of graphical methods, which, 
for most engineers are clearer and more readily visualized than 
purely mathematical derivations. It is felt, however, that the 
value of the paper would have been enhanced by the inclusion 


of some examples and their solutions, showing the actual con-— 


struction of the nozzle, and the device in which it is to be used. 

In this connection reference is made to a recent article by 
P. de Haller, on dynamic problems in gases, which is probably 
but little known. This article makes even more extensive use of 
the graphical method, but treats the problem more generally and 
less specifically than does the author’s paper. 

Supersonic flow in nozzles is a branch of the broader group of 


1 By A. E. Puckett, published in the December, 1946, issue of the 
JOURNAL OF APPLIED MEcuaANtcs, Trans. A.S.M.E., vol. 68, p. A-265. 

2 Applied Physics Laboratory, The Johns Hopkins University, 
Silver Spring, Md. 

3 Professor of Engineering Research, The Pennsylvania State Col- 
lege, State College, Pa. Mem. A.S.M.E. 

4“'The Application of a Graphic Method to Some Dynamic Prob- 
lems in Gases,”’ by P. de Haller, Sulzer Technical Review, 1945, no. 1, 
pp. 6-24. 
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phenomena of fluid flow under conditions such that the variation 
of the velocity of propagation and of density must be taken into 
consideration. Examples of engineering importance are explo- 
sions in space and in a cylindrical pipe, and intake, exhaust, and 
scavenging phenomena in engines and compressors. The theoreti- 
cal groundwork for these problems has been laid by great mathe- 
matical minds, Rankine, Raleigh, Riemann, Hugoniot, and 
others. But there seems to exist no comprehensive work which 
would unify these theories and make them readily usable by the 
practical engineer. 

The writer found the clearest and most consistent treatment 
by J. Ackeret.6 Until now, the writer has not had opportunity to 
obtain and study references (2, 3) of the author’s paper, and 
hopes that these fill the great need in this respect. 

The writer has given considerable study to the basic theories 
in this field, in connection with engine intake and exhaust phe- 
nomena. Among these the work of Hugoniot® is by far the most 
basie and thorough; it is also rather difficult to follow, because 
its author was a man of immense mathematical imagination, but 
reluctant to use graphical methods of explanation and treatment. 
Unfortunately, he died just after the completion of the paper 
mentioned,® which was the beginning of what would have been 
his ‘‘magnum opus.” 

_Acomprehensive treatment of gas dynamics from the point of 
view of engineering, as distinct from aerodynamic applications is 
a challenge to some exceptional expositor (who should be prefera- 
bly more an engineer than a mathematician), who would pre- 
digest the available literature in this field and would present it in 
an understandable and readily usable form for the practical de- 
signer. 


A. H. Sapiro.” Scant attention has been paid in the technical 
literature to the question of how an incident wave, either expan- 
sion or compression, is reflected from a solid surface which is 
shielded by a boundary layer. 

In the absence of boundary layer, it is easy to demonstrate that 
a wave incident on a straight wall must be reflected in like sense 
(e.g., an expansion wave is reflected as an expansion wave), as 
indicated in Fig. 6 of the paper. Here we make use of the fact 
that the stream leaving the reflected wave must have the same 
direction as the stream entering the incident wave. 

When a boundary layer is present, however, the situation is 
considerably more complex, as the Mach waves do not then pene- 
trate to the wall. Since the streamlines within the subsonic 
boundary layer may have curvature, there exists in general no 
unique relationship between the curvature of the solid wall on the 
one hand and the nature and strength of the reflected wave and 
the net change in direction of a supersonic streamline on the other 
hand. 

If the effect of boundary layer on the mode of wave reflection is 
of major consequence, the method of nozzle design first proposed 
by Prandtl and Busemann may have to be modified considerably. 

It is the writer’s impression that the nozzles used in supersoni¢ 
wind tunnels in Germany were not all satisfactory with respect 
to uniformity of velocity at the exit. Deviations from the theo- 
retical condition of a uniform velocity profile seem in general to be 
attributed to (a) uncertainties as to the extent of boundary-layer 
displacement thickness, and (6) uncertainties as to the velocity 
profile near the throat of the nozzle. The writer offers for discus- 
sion the question of whether or not the effect of the boundary 

5 ‘‘Handbuch der Physik,”’ vol. 7, Julius Springer, Berlin, Germany, 
1927; “Gasfynamik,” by J. Ackeret, chapt. 5. 

‘ “Sur un Théoreme Relatif au Mouvement Permanent et a’l’écoul- 
ement des Fluides,”’ by H. Hugoniot, Comptes Rendus, vol. 103, 1886, 
pp. 1178-1181. 


7 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. A.S.M.E. 
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layer on the nature and strength of the reflected waves may not 
be of major significance. 

The author suggests that the channel be widened to accom- 
modate the displacement thickness of the boundary layer. This 
procedure of course is not connected with the point brought up 
by the writer, but serves better to approximate the design Mach 
number at the nozzle exit. In view of the uncertainties as to the 
effect of boundary layer on wave reflections, the writer asks, in a 
spirit of inquiry, whether an equally good result might not be 
obtained by designing on the basis of frictionless flow with a 
Mach number slightly higher than that ultimately desired, using 
previous experience as a guide for determining the relation be- 
tween the ‘frictionless’ Mach number and the actual Mach 
number to be expected. 

Perhaps the only conclusion which can be drawn from this 
discussion is that there exists a need for a great deal more experi- 
mental work on the interaction between waves and boundary 
layers along the general lines followed by H. Liepmann. 


AuTHOR’s CLOSURE 


The problem of avoiding condensation of water vapor in the 
nozzle of a supersonic wind tunnel is, as Mr. Eaton has mentioned, 
a serious one. Such condensation may influence test results not 
only through its effect on wind-tunnel Mach number, but perhaps 
also in details of the flow around a model, such as conditions in the 
wake of a blunt body. For this reason it appears that accurate 
wind tunnel testing may require in any case very low absolute 
humidities, probably less than 0.1 per cent, corresponding to in- 
take relative humidity less than 2 per cent for air at 70 F. If this 
is accomplished, as Mr. Eaton points out, the length of the 
nozzle is probably not such a critical choice. 

Professor DeJuhasz calls attention to a problem which is con- 
fronting the theoretical aerodynamicist very forcibly today 
that of making new and refined developments in gas dynamics 
available in useful form to the engineer. It is well to have this 
problem clearly emphasized, and it is hoped that the increasing 


A-171 


interest of engineers in the field will stimulate efforts in this 
direction. 

The question of manner of reflection of a finite shock wave from 
a boundary layer, raised by Mr. Shapiro, certainly requires much 
further study. However this problem probably does not enter 
critically in the design of a supersonic nozzle. The family of finite 
waves used in the graphical construction of the nozzle shape is, as 
stated in the paper, only an approximation to the infinite num- 
ber of infinitesimal waves which must represent the real, continu- 
ous flow in the nozzle. The streamlines at the edge of the boun- 
dary layer, therefore, do not experience any sudden or discon- 
tinuous changes in direction. The “curvature” of the streamlines 
in the boundary layer must then, within the scope of the usual 
Prandtl boundary-layer theory, remain small. The essential prob- 
lem is then only one of computing the behavior of a compressible 
fluid boundary layer in the presence of a continuous pressure gra- 
dient. If this can be done, it can be shown that the additional 
curvature imposed on the streamlines is represented approxi- 
mately by the increase of the displacement thickness of the 
boundary layer. It therefore appears that a reasonable correction 
for the effects of boundary later is the addition to a “perfect fluid”’ 
nozzle shape of the displacement thickness of the boundary 
layer, to arrive at an equivalent real boundary for the flow. 

It is clear that the value of this correction depends entirely on 
the accuracy of the computation of boundary-layer growth. This 
can be accomplished approximately in several ways, with a fair 
amount of labor. However for a quicker answer without this re- 
finement, or perhaps in view of the uncertainty of the computa- 
tion, an alternate correction is certainly the one mentioned by 
Mr. Shapiro—to design the nozzle for a Mach number slightly 
higher than that desired. This, of course, still leaves unsettled the 
question of final slope of the nozzle wall at its exit, which must be 
somewhat greater than zero to account for the continuing rate of 
increase of boundary layer at that point. An approximate compu- 
tation of boundary layer growth at least gives an approximate 
answer to this question. 


- 
- 
t 
t 
t. 
n 
if 
at 
se 
AS Ree 
ct 
is 
i 
no 
he 
nd 
ed 
ly. 
nic 
be 
yer 
ity 
us- 
ny, 
86, 
atts 


Book Reviews 


Static Structures 


Baustatik. By Fritz Stttssi. First edition. Verlag Birkhduser, 
Basel, Switzerland, 1946. Cloth, 61/2 X 91/2 in., xii and 368 
pp. Paper-bound, Swiss fr. 34.50; linen-bound, Swiss fr. 38.50. 


REVIEWED BY E. STERNBERG! 


HE volume of lectures by, Professor Stiissi on statics of 

structures constitutes a text for an introductory course in 
the subject, given during the third semester to students of civil 
engineering at the Eidgenéssische Technische Hochschule in 
Ziirich, Switzerland. The volume comprises a treatment of 
statically determinate systems, elementary stress, and deforma- 
tion analysis, as well as an introduction to problems of stability 
and a brief account of the theory of cables. 

The material covered by the author would be divided among 
undergraduate courses in statics, strength of materials, and 
theory of structures in the traditional engineering curriculum of 
this country. A good many topics included in the text would 
ordinarily be reserved for graduate work. The present volume 
is the first of a series of textbooks planned by the author and his 
colleague, Prof. Max Ritter. A second volume, by Professor 
Ritter, containing the general theory of indeterminate structures, 
discussions of special structural systems, and an introduction to 
soil mechanics, is now in preparation. Two further volumes con- 
cerned with applications to steel, timber, and stone structures are 
intended for the future. 

The development in the first volume is for the most part very 
clear and concise. However, it presupposes a considerable meas- 
ure of maturity and analytical aptitude on the part of the stu- 
dent. Continuing in the Swiss tradition of K. Culmann and W. 
Ritter, the author places rather heavy emphasis on graphical 
methods. The reviewer wonders if part of this emphasis is not 
misplaced. It seems questionable, for example, whether the 
graphical solution of statics problems in space deserves the at- 
tention devoted to it in this treatise. 

Finally, the American reader is struck by the relative sparsity 
of illustrative examples and the complete absence of problem 
exercises. 


Vibration and Stability 


Les ReELations ENTRE LES Mopes NoRMAUX DE VIBRATION ET LA 
STABILITE DES SysTeEMES ELastiquEes. By G. Massonnet. Vol. 1 
of the ‘‘Bulletin des Cours et des Laboratoires du Genie Civil” 
of the University of Liége, Belgium. Published by Goemaere, 
21 rue de la Imite, Brussels, Belgium, 1940. Paper, 6!/2 X 9!/2 
in., 353 plus vi, pp., illustrated. 


ReEviEwED BY J. P. Den Harrtoa? 


THs book was published in Belgium just about on the fateful 

tenth of May, 1940, and the subsequent years of German occu- 
pation prevented it from reaching readers abroad. It is written 
by one of the younger professors in the department of civil 
engineering at the University of Liége, and it deals in a com- 
prehensive manner with the problem of the shapes and frequen- 
cies of free vibration of structures, with the related problem of 
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stability against buckling of such structures, and with the inter- 
relation between the two. The fact that the natural frequency of 
a structure is diminished by the application of a load in buckling 
direction, and that this frequency becomes zero when the load 
reaches its critical buckling value, is generally known. This 
book treats these relations in a most general manner with a pro- 
fusion of new theorems and illustrations. , 

The forces acting on a system are divided by the author into 
four classes, viz., (1) ‘ordinary forces,’’ which cause deflections 
proportional to themselves, so that Castigliano’s theorem holds, 
(2) “special forces in the direction of the system,” which cause no 
deflection ordinarily, but which may cause instability (end forces 
on beams causing buckling), (3) “special forces not in the direc- 
tion of the system,” for which the deflection is not zero, but 
neither is the deflection proportional to the force (such as occur 
in toggle joints), and (4) “inoperative forces,”’ causing no deflec- 
tion, no buckling, and no change in the frequencies (such that 
apply directly at a solid support of the system). 

These four kinds of forces are defined by means of the proper- 
ties of the partial derivatives of their deformations and thirty- 
two general theorems are derived in terms of them, sixteen of 
which the author claims to be original. They give methods for 
approximately calculating critical loads and natural frequencies 
which give results smaller than the exact values, which is useful 
in conjunction with the answers deduced by Rayleigh’s method 
which are greater than the exact values. 

The book concludes with discussing nondestructive test pro- 
cedures for determining critical buckling loads by measurement 
of two vibration frequencies under the influence of partial buck- 
ling loads. 


Fundamental Theory of 
Servomechanisms 


FUNDAMENTAL THEORY OF SERVOMECHANISMS. By LeRoy A. Mac- 
Coll. D. Van Nostrand Company, Inc., New York, 1945. Cloth 
6 X 9 in., xviii and 130 pp., 48 figs. $2.25. 


ReEvIEWED BY J. P. Den Harroc? 


HIS is a timely book dealing with an interesting subject 

which has acquired a greatly increased significance in the last 
few years, stimulated to a large extent by the many wartime 
applications of gunfire control. It is written by one of the out- 
standing mathematicians of the Bell Telephone Laboratories «t 
the request of the Applied Mathematics Panel of the N.D.R.C,, 
and it carries a lucid and easily readable foreword by the chair 
man of that Panel, Warren Weaver. 

The book points out that a servomechanism is the mechanical 
equivalent of a “feedback amplifier,” that is, the “power output 
is controlled by the error signal,” or in terms of a familiar ex 
ample, the steering engine of a ship is actuated by a function 0! 
the “error,” which is the angular difference between the actual 
course of the ship and the desired compass course. ‘There is ai 
extensive literature on electronic feedback amplifiers, which thus 
can be made directly applicable to these semimechanical serv0- 
mechanisms. The book starts with an elementary analysis 0! 
the operation of a typical servomechanism, pointing out that 
since it involves amplification by an external source of power, the 
possibility of “instability,” or self-excited oscillation, always 
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exists. In the previous literature on servomechanisms the 
stability was always investigated by means of the criteria of 
Routh or Hurwitz, and the principal contribution of this new 
book is the introduction of another criterion, due to Nyquist 
Bell System Technical Journal, 1932, p. 126), which is implied 
by the author to be superior to the older criteria, although he 
has not convinced this reviewer. This book discusses the new 
criterion at length, but no clear-cut definite statement or “recipe” 
of the stability criterion is given. Such a recipe does appear 
in a book by A. C. Hall (M.I.T. Press, 1943), but in testing it 
the reviewer has found one case where the criterion as stated by 
Hall led to the wrong result, i.e., it conferred stability on a palp- 
ably unstable system, A statement of Nyquist’s criterion, which 
seems to be without flaw, is given in a paper, “A New Method 
for the Treatment of Regulation Problems,” by P. Profos, Sulzer 
Technical Review (Winterthur, Switzerland), No. 2, 1945. 

The book then discusses a number of practical examples of 
servomechanisms in a general way and it is noted that the author 
objects to the somewhat intuitive analysis, current heretofore, 
where the result on the power output is studied separately for an 
input proportional first to the error itself, then to the time rate of 
change of the error, and finally to the integral of the error. This 
“derivative” or “integral” control is something that appeals 
to the intuitive understanding of an engineer, and again the 
author, being a mathematician, is not completely convincing in 
his statement that the new general analysis is preferable to the 
old one. 

The book closes with the solution of a nonlinear case stated by 
a differential equation of the second order treated by the method 
which has been made familar by Van der Pol in his publications on 
relaxation oscillations. 

In general it may be said that this book is highly stimulating, 
that it opens up a new field, and the fact that it is not eaSy to 
read and that some readers may disagree with some detailed 
result or method of approach does not detract from its merit. 


Mechanik 


Mecuantk. By E. Meissner and H. Ziegler, Verlag Birkhauser, 
Basel, Switzerland, 1946, Cloth, 6'/: X 9'/2 in., 340 pp., 368 fr. 


REVIEWED BY J. N. Goopirr? 


HLE author presents this book as the first of three volumes 

in which he seeks to give a concise, unified account of the 
different branches of mechanics—staties of rigid bodies, hydro- 
statics, strength of materials (vol. 1); kinematics and kineties of 
rigid bodies (vol. 2); kinetics of rigid, elastic, and fluid systems 
vol. 3)—usually found in different books, except for comprehen- 
sive works written from a very general point of view. The series 
is primarily for the beginner in engineering and intended to 
bring him to the stage where he may undertake the study of the 
specialized and advanced treatises in the several branches. The 
preface mentions that such a work became a necessity in Switzer- 
land during the war when other books, presumably German, were 
unobtainable. 

Since this volume deals with standard subject matter, its 
interest for English-speaking readers is mainly in how jt differs 
from their own texts. Although it is intended for engineering 
students it does not proceed with only the necessary minimum of 
mathematics. It introduces and employs vector analysis. 
Hydrostaties begins with a vectorial discussion of force fields 
occupying some twenty pages. Strength of materials begins 
with a specification of the general state of stress and proceeds 
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through Mohr’s circle to the simple states of tension, bending 
and torsion. 

This is in accordance with the author’s plan of leading up to the 
more advanced subject matter of volume 3. There is naturally 
a contrast in difficulty with the texts on engineering mechanics 
and strength of materials generally used in this country, which 
have no such orientation because most of their readers are in fact 
not destined to go further in these subjects. If the exceptions 
could be segregated they might well be given a more rigorous 
account of mechanics from the beginning. Some such segregation 
is now occurring through the development of curricula in engi- 
neering physics. 


Elementary Matrices and Some Ap- 
plications to Dynamics and 
Differential Equations 


ELEMENTARY Matrices AND SoME APPLICATIONS TO DYNAMICS AND 
DIFFERENTIAL Equations. By R. A. Frazer, W. J. Duncan, and 
A. R. Collar. The Macmillan Company, College Department, 
New York, N. Y., 1946. Cloth, 6 X 9!/2in., xvi and 416 pp., $4. 

Reviewep BY Louts A. Pires‘ 

HIS book is the first treatise that develops the theory of 

matrices with particular emphasis on its applications to the 
solution of differential equations and to the study of problems 
of classical mechanics. The purpose of the authors is to acquaint 
students of applied mathematics, who have no previous knowl- 
edge of matrices, with the conciseness of matrix notation and the 
convenience of using iterative processes of computation based on 
matrix algebra. 

The book is divided into thirteen chapters. The first three 
chapters are devoted to the presentation of the fundamental 
definitions and elementary properties of matrices and to a 
development of the caleulus of matrices, lambda matrices, and 
canonical forms. Chapter 4 deals with such miscellaneous 
numerical procedures as the evaluation of determinants, com- 
putation of reciprocal matrices, numerical solution of simulta- 
neous linear algebraic equations, computation of latent roots, 
and the solution of algebraic equations. 

The remainder of the book presents applications of the general 
theory of matrices. A detailed discussion of systems of linear 
ordinary differential equations is given in chapters 5 and 6. In 
chapter 7 numerical methods for the solution of linear ordinary 
differential equations are given. Some powerful methods that 
are not very well known to most mathematical technologists are 
discussed in this chapter. These methods include the Peans- 
Baker method, Collocation and Galerkin’s method, and the 
method of mean coefficients. Chapters 7 and 9 discuss the 
general subject of kinematics and dynamics of systems. 

These chapters illustrate the great power and efficiency of 
matrix methods in dealing with such topics of dynamics as 
changes of co-ordinates, Lagrange’s equation with a moving refer- 
ence frame, normal co-ordinates, and the properties of modal 
columns. In chapter 10 the powerful iterative matrix methods 
for the solution of linear dynamical problems are illustrated by 
the study of such systems as the torsional oscillations of a multi- 
cylinder engine, the flexural oscillations of a tapered beam, the 
oscillations of a wing in an air stream, and other problems of 
practical importance. 

The remaining chapters of the book are devoted to dynamical 
systems with solid friction, applications of friction theory to 
flutter problems, and the study of the oscillations of a frictionally 


constrained airfoil. Since the methods of analysis of dynamical 
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systems involving solid friction have not been very well developed, 
these chapters present a valuable contribution to the subject. 

In the opinion of the reviewer, the authors have succeeded 
admirably in making matrix theory accessible to the practical 
mathematician and engineer. With the development of more 
and more elaborate large-scale digital calculating machinery, the 
iterative numerical methods proposed in this volume should 
make it possible to analyze dynamical systems of increasing 
complexity. 

The only criticism that may be raised against this book is the 
fact that no mention is made of the many applications of matrix 
algebra that have been made by various investigators to the 
fields of electrical circuit analysis and synthesis and to filter 
circuit theory. 


. 


‘Mathematical Methods of Statistics 


MaTHeMatTicaL MetuHops or Sratistics. By Harald Cramer 
Princeton University Press, Princeton, N. J., 1946. Cloth, 6 xX 9 
in., xvi and 575 pp., $6. 


REVIEWED BY WALTER A, SHEWHART® 


INCE the turn of the century, there has been a revolutionary 

and profound development in mathematical statistics along 
twolines: (a) Largely through the efforts of French and Russian 
mathematicians, the calculus of probability has been put on a 
firm mathematical foundation satisfying the modern standards 
of mathematical rigor, and (6) largely through the efforts of 
English and American statisticians, an extensive theory of sta- 
tistical inference has been developed on a sound basis. The 
author provides a remarkably complete and rigorous exposition 
of these two fields and their interrelations—a combination not 
previously available. 

The book is divided into three parts. The first part consists 
of a 134-page mathematical introduction. Here is given an ac- 
count of point sets, theory of measure and integration, Fourier 
integrals, matrices, determinants, and quadratic forms—neces- 
sary equipment for following the modern developments in 
mathematical statistics as set forth in the remainder of the book. 
This material is particularly valuable for the engineer and applied 
scientist who unfortunately are often not adequately trained in 
such subjects, particularly in the theory of measure and integra- 
tion. The second part, Random Variables and Probability 
Distributions, gives the basic knowledge of probability required 
in statistics. Starting with the fundamental definitions and 
axioms, the more important probability distributions are con- 
sidered. In the first chapter of this part, the engineer familiar 
with the theory and practice of quality control will be surprised 
to find fluctuations in quality of manufactured product re- 
ferred to as being random. There is abundant evidence that not 
only such fluctuations but even those in the most elite measure- 
ments of the physicist do not satisfy the available criteria of 
randomness. The third part, consisting of 252 pages, is devoted 
to an exposition of the modern theory of statistical inference, sub- 
divided into sampling distributions, tests of significance, and the 
theory of estimation. 

The text presupposes a knowledge of calculus and an under- 
standing of limiting processes. Although many examples of 
the use of theory are given, the stress is on the mathematics. 
The book is‘intended for the serious reader interested in the 
fundamental background of modern statistical theory. However, 
the serious student of mathematical statistics per se or of its ap- 
plications will certainly find this treatise a storehouse of the most 
valuable kind of information. Because of lack of space, many 
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topics of interest, particularly to the applied scientist and 
engineer, have been omitted, such, for example, as the theory of 
random processes, statistical time series, and periodograms. 

This is a book that should be in every good engineering library 
and it is one that any serious student of mathematical statistics 
and its applications will want to have at his side for continual 
reference and study. 


Applied Mathematics for Engineers 
and Physicists 


APPLIED MATHEMATICS FOR ENGINEERS AND Puysicists. By Louis 
A. Pipes. McGraw-Hill Book Company, Inc., N. Y., 1946. Cloth, 
6 X 9in., xiii and 618 pp., $5.50. 


REVIEWED BY STEPHEN H. CRANDALL® 


CCORDING to its jacket, ‘This text covers those topics o/ 
higher mathematics which form the essential mathematica! 
equipment of a scientific engineer or a physicist.”” Throughout, 
the emphasis is on the use of mathematical analysis in the solution 
of technical problems rather than on the rigorous proof of mathe- 
matical theorems. The many illustrations of the applications o! 
mathematical techniques have been chosen from the fields of 
electrical, mechanical, and civil engineering, and classical physics. 
Some idea of the scope of the book ean be obtained from a list o/ 
chapter topics. 
1. Infinite series. 2. Complex numbers. 
4. Determinants and matrices. 5. Numerical solutions of alge- 
braie and transcendental equations. 6. Linear differentia! 
equations with constant coefficients. 7. Electrical oscillations 
8. Elastic vibrations. 9. The differential equations of the the- 
ory of structures. 10. Calculus of finite differences. 11. Par- 
tial differentiation. 12. Gamma functions. 13. Bessel fune- 
tions. 14. Legendre polynomials. 15. Vector analysis. 16. 
The wave equation. 17. Laplace’s equation. 18. The diffu- 
sion equation, 19. The theory of the complex variable. 20. 
Conjugate functions. 21. Operational ealeulus. 22. Nonlinear 
vibrations. At the end of each chapter is a list of further refer- 
ences and an average of fifteen exercises for the student. It is ex- 
pected that the reader has a mathematical background equivalent 
to that given by most engineering colleges in the first two years. 
This reviewer feels that the special feature of this text is the 
emphasis on operational notations and methods. The opera- 
tional calculus presented uses the symbolism of Heaviside, but, 
as is now customary, the validity of the method is exhibited with 
the aid of the Laplace transform. It should be noted that in 
order to retain the notation of Heaviside, Pipes defines the La 
place or Laplacian transform of f(t) as 


L(p) = p f f(t) dt 
0 


while most authors, including those he gives as reference, omit 
the multiplicative p. Since there already exists some confusion 
among engineers regarding the “differences” between the Heavi- 
side and the Laplace techniques, the author might well have made 
some mention of this. There are several typographical errors 
and one or two instances of careless notation, e.g., L stands for 
both inductance and the Laplacian operator on pages 545-546. A 
student will find the derivation of Lagrange’s equations in chap- 
ter 8 less difficult if he first reads chapter 11 on partial differentia- 
tion. Despite these occasional evidences of roughness, the book 
has much in its favor: tremendous coverage and brief clear ¢%- 
position of both classical and operational’ techniques in applied 
mathematics. 


3. Fourier series. 
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Beams on Elastic Foundation ‘' 


Beams ON Exrastic Founpation. By M. Hetenyi. University of 
Michigan Studies, Scientific Series, vol. 16, University of Michigan 
Press, 1946, Ann Arbor, Mich. Cloth, 6'/2 X 10 in., ix and 255 
pp., diagrams, $4.50. 


REVIEWED By S. TIMOSHENKO? 


HE theory of beams on elastic foundation, initially developed 
in connection with stress analysis of railroad track, was later 
applied to stress analysis of pressure vessels, boilers, containers, 
and also to the analysis of floor systems for ships, buildings, and 
bridges. At present this theory represents a very important and 
useful approach to various problems in structural engineering 
and machine design. 

The theory was developed principally in Germany and Russia, 
and this book represents the first comprehensive treatment of 
this important subject in English. M. Hetenyi in his book not 
only fully discusses previously developed methods, but in many 
cases gives new methods developed by himself and illustrates the 
application of these methods to many practical problems. 

The first two chapters of the book deal with the general theory 
of beams on elastic foundation and with its application to beams 
of infinite length. Such applications as stress analysis of railroad 
track and internal pressure of thin tubes reinforced by stiffening 
rings are discussed and illustrated by numerical examples. 

The third chapter contains a discussion of beams of finite 
length. The analysis of such problems by old methods usually 
required much laborious work, and Hetenyi has greatly simpli- 
fied the solution by using his own method, the method of end- 
conditioning forces. Splitting the general case of transverse 
loading into symmetrical and antisymmetrical cases, he reduces 
the calculations in each particular case to the solution of two 
linear equations with two unknowns. This method is of great 
practical importance and represents the author’s principal contri- 
bution to the theory of beams on elastic foundation. 

The application of the new method is illustrated by many prob- 
lems discussed in chapter four. Here Hetenyi considers various 
end-conditions and gives complete solutions for various cases of 
loading. The solutions are so presented that they can be readily 
adapted to numerical calculations in various practical cases. 
The examples are taken not only from the field of structural 
engineering, but problems encountered in machine design are also 
discussed. 

In chapter five the theory is extended to those cases where 
the flexural rigidity and the elastic property of the foundation 
are varying along the length of the beam. Such problems are 
encountered in discussing bending of circular plates on elastic 
foundation, stresses in cylindrical tanks with varying wall thick- 
ness, and conical shells. Several problems of this kind are fully 
treated in Hetenyi’s book. 

In chapters six and seven the simultaneous action of lateral 
and axial forces is considered and the case of lateral buckling of 
columns in an elastic medium is investigated. 

Chapter eight deals with torsion of bars in an elastic medium. 
Here the general theory is applied to the problem of torsion of 
rails under the action of lateral pressures of locomotive wheels. 

In chapter nine the author considers the theory of curved 
bars on elastic foundation and makes applications to the analysis 
of symmetrically loaded spherical shells. The rigorous solution of 
this problem, in the case of comparatively thin shells, is not 
satisfactory for numerical calculations, and Hetenyi’s method 
gives a very good approximate solution of the problem by using 
comparatively simple calculations. 
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The concluding chapter of the book deals with a more com- 
plicated problem for which the assumption of foundation reactions 
proportional to deflections is no longer accurate encugh and de- 
formations of the foundation as an elastic body must be con- 
sidered. 

At the end of the book extensive tables of numerical values of 
the functions, used in the analysis of beams on elastic foundation, 
are given. With these tables all calculations required in the 
application of the theory to particular problems are greatly 
simplified. 

The book is carefully edited and is illustrated with many ex- 
cellent figures. Every engineer interested in stress analysis will 
find it very useful in his work. 


Experimental Stress Analysis 


EXPERIMENTAL Stress ANAtysis. Proceedings of the Society for 
Experimental Stress Analysis, vol. 4, no. 1. Published and dis- 
tributed by Addison-Wesley Press, Inc., Kendall Square, Cam- 
bridge, Mass. Cloth, 8'/2 X 11 in., xviii and 129 pp., illustrated, 
$5. 


REVIEWED By A. M. Waut® 


S IN the case of previous publications of the Society for Ex- 
perimental Stress Analysis, this volume covers a rather 
wide diversity of subjects, although in the present instance there 
is considerable emphasis on the problem of stress determination 
from resistance-wire strain-gage readings. About one third of 
the twelve papers included are devoted to some phase of this 
subject while the remaining papers treat such subjects as re- 
sidual stresses in torsion bar springs, impact on prismatical bars, 
residual-stress indications using brittle lacquer, pressure of plastic 
concrete in forms, and mechanical separation of strains due to 
normal forces from those due to bending moments. 
Coming now to the papers dealing with the evaluation of stres- 
ses from strain readings, the first of these by Bossart and Brewer 
presents a simple graphical determination of principal stress and 
stress direction from readings obtained by means of equiangular 
strain rosettes based on Poisson’s ratio equal to 1/3. A feature 
of this paper is a method of correction to allow for the varying 
transverse sensitivity of the usual resistance-wire gage. This is 
advisable since SR-4 gages are usually calibrated in simple ten- 
sion where a lateral contraction of about 30 per cent of the tensile 
strain is to be expected. A method of correction for use where 
Poisson’s ratio differs from the value !/; is also outlined. 
Engineers who like to work with this type of diagram will ap- 
preciate the nomographic solutions for the strain-rosette equations 
presented in papers by T. A. Hewson and by Norman Grossman. 
The first of these (by Hewson) presents nomographs for deter- 
mining stresses from strains obtained using rectangular, tee- 
delta, or equiangular strain rosettes. Also included are nomo- 
graphs for determining principal strains from the rosette,readings. 
The paper by Grossman presents nomographs to find principal 
stresses based on a Poisson’s ratio of 1/3 and a shear modulus of 
11 X 10® psi for both rectangular and equiangular rosettes. To 
find the angle of prineipal stress, charts are provided. The use 
of the nomographs in these two papers should save much labo- 
rious computation in situations where more elaborate computing 
devices are not available. 
A fourth paper on the determination of stress from strain 
readings is that by R. E. Kern who deals with the construction of 
a resistance-wire gage for measuring stress directly in any given 
direction. It is here shown that by winding the gage in a V or 
herringbone pattern and by proper choice of the included angle 
of the V depending on the value of Poisson’s ratio, it is possible 
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to make a gage whose output will be proportional to stress along 
the orientation axis. The use of such a gage would eliminate 
much computation work and also may have advantages for cer- 
tain applications. 

Of particular interest to engineers concerned with residual-stress 
problems is a paper by Fuchs and Mattson which deals with re- 
sidual stresses in torsion-bar springs set up by the presetting 
operation. These residual stresses may be determined by machin- 
ing successive thin layers from the bar and measuring the twist 
increments after each machining by means of relatively simple 
equipment. It is shown that the stresses so measured are in fair 
agreement with those calculated theoretically using the torque- 
twist curve as a basis, except at points near the surface where 
shot-peening effects come into play. The data indicate that 
the shot-peened layer yields at lower torsional stresses than the 
remaining material, and this results in an increase in torsional 
residual stress near the surface. Incidentally, it was found 
necessary to shot-peen before presetting in order to obtain good 
springs. Since it was feared that some residual stress might be 
lost in service, tests were made on torsion-bar springs after severe 
service which showed residual stresses of about the value to be ex- 
pected in such springs directly after presetting, thus indicating 
that no great loss had occurred in use. Hammer blows on the 
surface of the spring did, however, result in a decrease of residual 
stress. 

A rather comprehensive model investigation of the impact 
stresses and energy losses set up by the long slender tools used in 
the percussion drilling of rock is reported in a paper by Davidson 
and Meier. Model bars varying from 3 to 7 ft in length were 
used. These investigators found that for concentric impact 
forces, no appreciable loss in energy due to elastic buckling occurs 
even when the impact force is many times the Euler load value. 
However, where the impact loading was eccentric to the bar axis, 
erratic results were obtained due to whipping set up under such 
conditions. In parallel with the test results a mathematical 
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study of buckling and transverse wave propagation under impact 
is also presented. 

The problem of pressures produced by plastic concrete in forms 
is treated by C. Macklin, who suggests that the hypothesis of 
fluid action for concrete during the setting period is not correct. 
In a discussion of the paper, this view is challenged by L. W. Teller 
who cites test results which show that under certain conditions the 
hypothesis of fluid action may give good results for depths as great 
as 12 ft. It appears that further study is needed to clarify this 
question. 

Engineers interested in stress measurements in pressure ves- 
sels, for example, should find the paper by A. Huggenberger of 
value. This author describes instruments (called fleximeters) 
similar to the well-known tensometer by means of which changes 
in curvature of the surface of a vessel or structure due to load 
application may be measured. From such changes in curvature, 
together with strain measurements on the outside surface, the 
stress on the inside of the vessel may be determined without the 
application of strain gages under hydraulic pressure. In many 
cases such stresses are the critical values. Such a procedure may 
be of advantage where the inside of a vessel is inaccessible or 
where difficulties are involved in using SR-4 gages under pressure. 

Other papers include those by C. W. Gadd who shows that 
indications of the kind and direction of residual stresses in a ma- 
chine part or structure may be obtained simply by drilling smal! 
holes in the part after coating with a brittle lacquer. A photoelas- 
tic analysis of a spar bulkhead is presented by H. Becker while « 
stress study of a fabricated steam chest is described by Brunot 
and Schmittner. This latter investigation is an example of « 
case where SR-4 gages are used under pressure. By using sepu- 
rate dummy gages mounted on blocks of steel, effects due to 
hydraulic pressure were evaluated. 

It is the reviewer’s opinion that as in the case of other publica- 
tions by the S.E.S.A. there is much data in this volume of sig- 
nificance to the mechanical engineer or designer. 
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Torsion and Shear Effects of Members Upon 
General Instability of Semimonocoque 


Structures Under Compression 


By TSUN KUEI WANG,' SIAN, CHINA 


Basic considerations of general instability of semi- 
monocoque structures under compression have been pub- 


lished in a previous paper (1).?_ In order to make complete . 


the theoretical treatment of the structure, both torsional 
effects of rings and stringers, and the shearing effect of 
the skin are investigated in the present paper. The final 
results are shown in Equation [28] and also are plotted in 
Figs. 4 and 5, for practical applications. The formula as 
derived involves use of more geometrical characteristics 
and section properties than have the formulas previously 
derived by other authors. It appears sufficiently general 
to cover longitudinal variations as well as radial variations 
of the structure concerned. A criterion is also developed 
for determining whether the cross section of the structure, 
under loading, buckles into an “elliptical shape,’’ or 
“multilobe pattern.”’ 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A, = area of cross section of each stringer, assumed 
constant 
a,., = amplitude of buckling wave 
B = subscript for bending 
b = distance between two adjacent rings, assumed 
constant 
c = linear length of surface between two adjacent 
stringers, assumed constant 


moment of inertia of each ring in radial direction 
Z,, = moment of inertia of each stringer in radial direc- 
tion 


d = width of panel measured along circumference 
7, = modulus of elasticity of rings 
E, = modulus of elasticity of stringers 
f = subscript for frames (or rings) 
G = shear modulus 
G, = effective shear modulus 
G,K, = torsional rigidity of rings 
G,K, = torsional rigidity of stringers 


' Senior Structures Engineer, Northrop Aircraft, Inc.; now Direc- 
tor of Aeronautical Engineering Department, National Northwest 
University. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the National Meeting of the Applied Mechanics 
Division, Schenectady, N. Y., June 23-25, 1947, of Te AMERICAN 
Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1947, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


1,, = moment of inertia of each stringer in tangential 
direction 
it = integer 
j = integer 
L = length of cylinder 
m 
n 


= number of whole waves of rings during buckling 

= number of half-waves of stringers during buckling 

P = axial compression force in pounds per stringer, 
applied at ends of stringers 

P,,, = Euler’s load in pounds per stringer for elastic 


buckling of hinged bar 
p = number of rings, except two end ones 
q = number of stringers 
R = radius of cylinder 
r = subscript for radial direction 
s = subscript for stringers; also for shear 
T = subscript for torsion 
t = subscript for tangential direction; also, thickness 
of skin 
V = expression for strain energy 
W = expression for work done 
w, = instantaneous deflection in radial direction 
w, = instantaneous deflection in tangential direction 
7, @ = represent arbitrary expressions 
p = radius of curvature 
o, = average compression stress in panel 
occ, = Critical compression stress 
¢€ = normal strain 
€., = buckling strain of panel 


INTRODUCTION 


The semimonocoque type of construction in aircraft, which 
has been most commonly used by designers for many years, 
continues to present serious difficulties to the structural analyst. 
In so far as the instability problems are concerned, the solution 
for the structure under compression, bending, torsion, or com- 
bined loading is urgently needed. The structures under pure 
bending have been solved (2) in a previous paper. Although 
structures under pure compression have been analyzed, lack of 
consideration for both torsional and shear effects on the struc- 
tural elements makes the present paper necessary. While this 
problem is occasionally encountered in aircraft design, its solu- 
tion is an intermediate step toward the analysis of structure under 
combined-loading conditions. 

When semimonocoque structures are loaded, the applied forces 
produce, in general, bending, torsion, and shear on the structural 
elements as soon as the condition of general instability is attained. 
The phenomenon of general instability means the simultaneous 
collapse of all elements, rings, stringers, and skin of the structure. 

To solve the problem of this infinitely redundant structure, the 
Rayleigh-Ritz-Timoshenko energy method is used. The analysis 
includes the strain energy due to bending and torsion of rings and 
stringers, and also the strain energy due to shear of the skin. 
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In order to arrive at a reasonable solution, the following assump- 
tions’ are made. The idealized sheet is assumed to carry only 
shear, but the fact that the actual sheet along the edges carries 
longitudinal and transverse stresses in addition to the shear is 
taken into account by means of “effective widths’ of sheet at- 
tached to the rings and stringers. Each stringer, together with a 
certain effective width of sheet, is called the ‘effective stringer.”’ 
The resulting effective stringers are assumed to carry only longi- 
tudinal bending and torsion. In the same manner, each ring, 
together with a certain effective width of sheet, is called the “‘ef- 
fective ring.”” The resulting rings are assumed to carry only 
transverse bending and torsion. Further assumptions are de- 
scribed as follows: 


1 Stringers are identical in dimensions and are equally spaced. 
The same is true of the rings. 

2 End rings are absolutely rigid while the stringers are 
hinged to them. 

3 Rings fail in a plane normal to the axis of the cylinder. 

4 Stringers fail both radially and tangentially. 

5 Hooke’s law is valid. ° 

6 Neither local nor panel instability occurs. 


DERIVATION OF FUNDAMENTAL EQUATIONS 


There are two parts being considered. The first part deals 
with the analysis of bending-strain energy accumulated in the 
structure, Fig. 1, and work done by the external forces during 
buckling. This part is the same as that derived in reference (1), 


LONGITUDINAL STRINGERS 


P 4 
TRANSVERSE RINGS 


P 


Fic. 1 GENERAL GEOMETRY OF SEMIMONOCOQUE 


except for some changes in notations. Therefore the details 
will be neglected here. The second part investigates the tor- 
sional-strain energy accumulated in the stringers and rings, and 
the shear-strain energy stored in the skin. Detail consideration 
of the torsional-strain energy can be obtained from reference (2), 
and a condensed discussion will be given here. In the present 
paper, the shear-strain energy is a main part of the consideration 
and will be presented in detail. 

The most general and complete expression of the buckling 
shape of the cylinder can be made by using an infinite double 
Fourier series. Thus the following equations will be adopted for 
the deflections of the structure in the radial and tangential direc- 
tions 


@ 
mraz 
o, = Ann COS Sin {1] 
m=1,2,3,...n=2,3,4,... 
mara 
w, = sin sin ——..... . [2] 
n L 


m=1,2,3,... N= 2,3,4,. 


In calculating the critical value of the force P, the energy method 
is found useful. During buckling, the shape of the structure is 
assumed to be as shown by Equations [1] and [2]. Corresponding 
to this shape of buckling, strain energy due to bending, torsion, 


8 The general assumptions are the same as those made in pre- 
vious papers (1, 2), except for those pertaining to the skin. 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1947 


and shear of the rings, stringers, and skin is stored in the structure. 
At the same time, the two ends of the stringers undergo relative 
displacements. These displacements produce a certain amount 
of work. The total strain energy stored must be equal to the 
total work done. The critical value of force P can be calculated 
by this relation. Analytieally, the relation may be expressed as 


follows 
(Vyp + Vor) + + Vien + Vier) 
t=1 j=1 
q 
+ = CW see 3] 
joi 


where subscripts 7 and j indicate the ith ring and jth stringer; 
f refers to rings and s to stringers; r denotes in the radial diree- 
tion and ¢t in the tangential direction; and B shows strain energy 
caused by bending, 7’ that caused by torsion, and S that caused 
by shear. Equation [3] is the same expression as Equation [4) 
derived in reference (1), except for the two torsional terms V,, 
and V,,7 and one shear term V;;5. 


BENDING-STRAIN ENERGY 


Equations for bending-strain energy stored in ith ring and 
jth stringer have been derived in reference (1) and are briefly 
presented here 


4 
= “ops (n? — 1)? Aga? 
n=2,3,4, 
I,, 
Vierg 
m= 1,2,3,... 
and ; 
m=1,2,3, 
where 
Ajn = Gin Sin + sin L + a3, sin [7] 
= COS 2p; + Ans COS 3; + COS 46; + 
Cas = 26; + 34, + sin 4g, +... (9) 


EXTERNAL WorK Done 


The work done by the applied forces P during buckling of the 
structure has also been derived in reference (1). For the jth 
stringer, it can be expressed as the sum of the following two in- 
finite series 


= = ad {10} 
4L 
m=1,2,3,... 
and 
Wia = 4L (11) 
m=1,2,3,... 


TORSIONAL-STRAIN ENERGY 
The torsional-strain energy stored in the ith ring and the jth 


e 
| 
1. 
= 
BAT: 
~ 


of the 
he jth 


wo in- 


(10) 
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stringer can be calculated by the following integrals, respec- 


tively 
G,K * 
GK, L /dtu,\? 
Vir = dx 
2k? 0 Ord 


In the evaluation of the foregoing integrals, use is made of the 
following notations 


and 


wi, 2rz; 
Din = Ain COS = + 2 Am COS + 3 d3n COS -+... [14] 
L L L 
Ey; = sin 26; + sin 3p; + dang sin 4p; +.... [15] 


The partial derivative of w, in Equation [1] with respect to 
zand ¢is 


0? w, mr 

=— - Ann mn cos —— 

Or 0d L L 
m= 1,2,3,...n =2,3,4,... 


-sin ng. . [16] 


With the aid of Equation [14], Equation [16] can be rewritten in 
the form 


0? w, 


If Equation [17] is substituted in Equation [12] the strain 
energy of torsion stored in the 7th ring can be expressed as follows 


) 


n= 2,3,4,..- 


Ky 


Similarly, the strain energy of torsion stored in the jth stringer is 


m= 1,2,3,... 
SHEAR-STRAIN ENERGY 


Up to date, the determination of the shear-strain energy associ- 
ated with buckling of semimonocoque structures has been an 
unsolved problem. Although Hoff and Klein (3) have approached 
this problem, their assumption, which involves using the mean 
value of the shear strain at four corners of a whole sheet panel as 
an average value for that panel, renders the accuracy of their re- 


sult doubtful. Therefore the need for a more suitable method is 
apparent. In this paper a development of such method is pre- 


sented. 

In Fig. 2 let ABCD be an elemental panel of the structure and 
A’B'C'D’ be its displaced position due to shear. The following 
derivations are merely an application of results well known in the 
theory of plates. For the sake of completeness, a brief proof is 


shown, 


It is seen that the angular changes y and y’ shown in Fig. 2 
are 


2\ar 
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and 


Ow Ow 
w, + oe de + (. + is) dz — (« + is) 


By neglecting quantities of the second order in the numerators 
and denominators of the foregoing equations, the following simple 
expression can be written 


itRG, y? 


and that accumulated in the 


panel b X is 


Ti41 (141 (de,\2 
= tRG, — | .... [20 
ox 


where G, is the effective shear modulus. 

The effective shear stiffness of the skin must next be considered. 
It is known that the shear stiffness of a flat sheet panel under 
pure shear without buckling is equal to the shear modulus G of 
the material, that is, G, = G@. On the other hand,‘if a pure diagonal- 
tension field is formed, G, is reduced to 5/3 G reference (4) for steel 
or dural; thus G, = 5/;G. Also, when the sheet is cambered, the 
shear stiffness is probably lower, depending upon the degree of 
curvature of the sheet. However, in large semimonocoque 
structures such as are usually used in the design of large aircraft, 
the curvature effect may be negligibly small. Also, the condi- 
tion of a pure-tension field cannot be attained until the shear 
stress has reached a value considerably in excess of the buckling 
stress. Therefore when the buckling stress is not too greatly 
exceeded (i.e., by a factor of more than 3 to 5), and the edge 
restraints of the panel are rigid, the shear stiffness of the sheet 
must have some value between G and 5/3; G, reference (5). If the 
edge restraints are not rigid enough or if the sheet carries edge 
compression loads in addition to shear, the shear-stiffness value 
will be decreased (6). There have been some recent experiments 
(7) which indicate the values of G, in the range 0 < ¢/e,, < 12 
and 1 < R/d < 2.5. 

It is also known that the shear stiffness is proportional to the 
ratio of the thickness to the width of the panel, and possibly to 
the ratio of the radius of curvature to the depth. Therefore, in 
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5) Thus the strain energy accumulated in the elemental panel is ee 
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(8) 
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summary it may be said that the shear stiffness is a function of 
the ratio parameters t/c, p/b, ¢,/¢,.,, or symbolically 


The actual relationship must be developed analytically and ex- 
perimentally. 

When the structure, under loading, starts to buckle, the sheet 
panels are in a compressively buckling state. Therefore the 
value of G, corresponding to this compressively buckled sheet 
should be used. In the present analysis, the G, value will be 
assumed to be one for which the structure starts to buckle and 
sheet panels carry both the shear and the edge compression. 
The numerical value of G, may be obtained from previous reports 
(5, 7). 

The total shearing-strain energy stored in the structure can be 
written as follows 


Pp 
1 2” (d,\? 


ti=1 j= 


m=1,2,3,... n=2,3,4,... 


EVALUATION OF COMPRESSION ForcE P 


If Equations [4, 5, 6, 10, 11, 18, 19, 21] are substituted in 
Equations [3], and then divided by the coefficient of force P, 
an equation for P is obtained 


. 
+ 


jJ=1 m=1,2,3.... 


4L 


MATHEMATICAL CALCULATIONS OF EqQuaTION [22] 
It is noted that 


and 
q 


For the subsequent calculations, the equivalent expressions 
Li 
—— 
p+il q 
Also, in Equation [22], the squares of A;,, Bnj Cj, Din, and Ey; 
as shown in Equations [7, 8, 9, 14, and 15] include finite summa- 
tions of the following type of products 


will be used instead of z; and ¢;, respectively. 


mrt. 
n sin 
p+1l1 


si 
i=1 


Where m and n may be either equal or unequal. An assump- 
tion of a mathematical approximation may be made in order to 
render the final result of Equation [22] useful. For practical 
application, only a few terms of the general expressions in Equa- 
tions [1] and [2] need be considered. Thus both m and n 
are small integers. Also, the structure concerned is made up of a 
great number of rings and stringers, so that the integers p and q 
are comparatively large. Thus it can be assumed that neither 
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1 
m nor n is greater than oe or J Under the foregoing condi- 


tions the following statements can be made: 
1 Neither (m + n) nor (m — n) is a multiple of 2 (p + 1), 


which yields 
mri 
si 


n +i" 


0 


in 


when m + n. 
2 Neither (m + n) nor (m — n) is a multiple of g, which 
yields 


2nxj 
sin sin 0 
j=1 


when m + n. 
3 Integer m is not a multiple of p + 1, which yields 


sin? 


‘= 


mrt pt+il 
pt+il 2 


4 Integer 2n is not a multiple of g, which yields 


sin? - = 
J =1 


The relations of these summations hold true with cosine products; 


I,, 


J=1 m=1,2,3.... j=1 m=1,2,3.... 
+ 


J=1 m=1,2,3.... jJ=1 m=1,2,3,... 


m 


m*( .| 


By making use of the eight relations, the following results can be 
obtained 


p+i1 
(n? — 1)? = 
t= 1ln=2,3,4,... 
n = 2,3,4,.00 
= 1m=1,2,3.... m=1,2,3,.. n =2,3,4,.. 
> [23] 
@ 
m 
= 
j = 1m=1,2,3,... m=1,2,3,... n= 2,3,4,... 
1 
Pp 
n? = —— 
t= 1ln=2,3,4,... 
@o 


m = 1,2,3,...n =2,3,4,... 
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q © ) 
q 
; 


| 
2 
j = 1 m=1,2,3,... 


an 


m= 1,2,3,... n =2,3,4,... 


.. [23] 
4 q = — Con’t. 
= 2 
j= 1m=1,2,3, m= 
q m? 
mC?,,; = 2 Pon | 
j= 1m=1,2,3,... m= 1,23)... = 2,34)... ) 


If the identities in Equation [23] are substituted in Equation 
{22], the following equation can be obtained 


all the coefficients but one equal to zero. If a,,, + 0, Equation 


{25] can be reduced to the following form 


The right-hand member of Equation [28] shows in what propor- 
tion the stability of each stringer, reinforced by the skin and 
rings, is greater than the stability of an isolated bar. The mag- 
nitude of this proportional factor varies when any one of the ratios 
In KG, GI, or L 
varies, and also when m or n, the number of waves into which 
the stringers and rings buckle, varies. 
Also, in Equation [28], the value of m may be any integer but 


P= 
7 YL” 2, 3 2 
n? 4L?R 8LR? 4L n? 
@ @ 1 
m? (: + a? 
n 
[24] 
; p+i1 ae c - zero, and that of n may be any integer but 0 or 1. Both m and 
ieimenieadl ~ OeR Bb where | is called the panel» must be determined in such a way as to make the right-hand 


aspect ratio, and P,, = x? E\/,,/L?, the Euler load. 


where tcL? may be called the equivalent moment of inertia and 
is denoted by J,. 
Substitution of these relations in Equation [24] yields 


+ m4 + p(n? — 1)? + » min? 
12 


Pp, = n= 2,34... 


) ) m? (: + ) 
n? 


m=1,2,3,... n =2,3,4,... 


CALCULATION OF MINIMUM VALUE OF Pp 


In finding the critical value of the load ratio Pg, it is necessary 
to adjust the coefficients a,,, in such a manner as to make Equa- 
tion (25]aminimum. This can be done on the basis of the follow- 
ing reasoning: Suppose there is a series of unequal fractions 


26 
baf (26] 
Where a, b, c, d,.... are assumed positive. The fraction 
atec+te+.... 
[27] 


in which the numerator is the sum of the numerators of Series [26] 
and the denominator is the sum of the fraction denominators, is 
evidently of some intermediate value between the largest and 
smallest of the fractions of Series [26]. By making a comparison 
between Equation [25] and Equation [27], it follows that the 
former will become a minimum if only one term of the series in 
both the numerator and denominator is taken, that is, by making 


m? 
n 


side of Equation [28] a minimum. In so far as the value of n 
in this equation is concerned, the smallest value of the load ratio 
P, can be obtained by taking n equal to 2, except when the 
value of \ or 7 is comparatively large. The physical significance 
of n = 2 is that the cylindrical structure considered buckles in 
such a manner that there can be several half-waves in the longi- 
tudinal stringers but only four half-waves or elliptical shape 
(8, 9), in the transverse cross section as shown in Fig. 3. 

If the value of \ or nis sufficiently large, the right-hand member 
of Equation [28] may become a minimum when n is of some value 
other than 2. The physical picture is that the cylinder buckles 
according to a multilobe pattern type 
in which the wave length is generally 
less than the total length of the cyl- 
inder. The multilobe-pattern type, 
for example, atn = 3 and n = 4 is 
given in Fig. 3. From this considera- 
tion it follows that the value of A 
or 7 is the criterion for determining 
whether the cylinder buckles into an elliptical-shape type or 
multilobe-pattern type. However, in the usual design of aircraft 
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structures, the value of \ or 7 is not too large, so the elliptical- 
shape type would be the common one into which the structures 
buckle. Substitution of n = 2 into Equation [28] yields Equa- 
tion [29] as follows 


where 


DETERMINATION OF NUMBER, m, OF Hatr-Waves Into WuIcH 
STRINGERS BUCKLE 

In Equation [29] the number m remains undetermined, but it 
should have a value such that the right-hand member of Equa- 
tion [29] is a minimum. This value can be found graphically. 
Taking m equal to 1, 2,3... . in Equation [29] with any suita- 
ble values of \ and ¢, a system of straight lines for Pp against u 
can be obtained. For example, it can be seen that for very short 
stringers the line m = 1 gives the smallest ordinates. This 
corresponds to the buckling of the stringers into a single half- 
wave. Beyond the point of intersection of line m = 1 and m = 2, 
the latter line has the smallest ordinates, that is, the stringers 
buckle into two half-waves, and this holds up to the point of 
intersection of lines m = 2and m = 3,andsoon. All the slopes 
of the lines are positive mathematically. It is evident that the 
point of intersection of lines m = i and m = (i + 1) has the 
smallest ordinates for the segment of the line m = (i + 1) be- 
tween m = iandm + 2. 

The transition point from line m = 7 to line m =i + lisa 
point at which Pp has the same value independently of whether 
m=torm=i1+1. 

A family of broken lines Pz against » with X = land A = 1.5, 
respectively, for a number of values of ¢ are plotted in Figs. 
4and 5. Incase } is neither equal to 1 nor equal to 1.5, Figs. 4 
and 5 ean still be used. Simply follow the same procedure 
to obtain two P,’s one of which corresponds to \ = 1 and the 
other to \ = 1.5. Then the value of P, desired can be obtained 
by either interpolation or extrapolation. Also, the following 
procedure can be employed: From Figs. 4 and 5 the value of m 
can be estimated. Then putting this value together with values 
of wu, Nand ¢ in Equation [29], the value of Pz can be calculated. 
Thus, the value of P,, can be obtained by multiplying Pz by 
P,,,, the Euler load. 


CONCLUSION 


It is seen from Equation [28] that in certain cases the last 
two terms are not numerically small in comparison with other 
terms. For instance, when \ = 10, 7 = 30, and »v = 3, and when 
m = 1 and n = 2, the last two terms are quite large. The 
omission of either of these two terms from Equation [28] will 
result in an appreciable error. Therefore the strain energy due 
to torsion of stringers and rings as well as the strain energy 
due to shear of the skin is as important as that due to bending of 
the stringers and rings. 

Since no extensive experimental data are available, the com- 
parison between the theoretical and the actual loading capacity 
of the structure has to be left to the future. However, in so far 
as theoretical considerations are concerned, the present analysis 
seéms to cover all the strain energy stored in the structure dur- 
ing buckling, except that due to elongation of the stringers, which 
is negligibly small. Thus it is hoped that this paper will be the 
final answer to the problem of general instability under pure 
compression. 

The theoretical value of the effective shear modulus G, is not 
completely known and the results of experimental investigation 
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are still meager. For practical uses, the value of G@, may be'as- 
sumed by referring to previous reports (5, 7). 

The magnitude of \ and 7 are the values used to determine 
whether the cross sections of the structure, under loading, 
buckle into an elliptical shape or multilobe pattern. 

The final result is presented in Equation [28] and is plotted 
into curves. Both are prepared in such a manner that they can 
be used very easily for practical purposes. 
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An Introduction to an Analysis of Gas 
_ Vibrations in Engine Manifolds 


By R. C. BINDER! anv A. S. HALL, JR.,? LAFAYETTE, IND. 


The performance of an internal-combustion engine may 
be influenced favorably or unfavorably by the vibration of 
the gasin the manifold. The analysis of this complicated 
action involves techniques which are not generally estab- 
lished nor widely known. This paper gives an introduc- 
tion to these various techniques and their co-ordination. 
Included is a discussion of the vibration characteristics 
with damping for a tube, details as to numerical com- 
putations, and an outline of the analysis for a simple in- 
duction system. ; 

HE performance of an internal-combustion engine may be 

materially influenced by the vibrations of the gas in the 

manifold system. In some cases experimental work has 
shown amplitudes of the pressure vibrations of the order of 3 to 
4 psi. The question arises, how can an analysis or estimate of 
these fluid vibrations be made? <A general method of caleula- 
tion can be of considerable aid in developing improved designs. 

The vibration phenomena are very complicated, even for a 
simple engine system. Various powerful techniques are availa- 
ble to make this complicated engineering calculation. Some of 
these techniques are not widely known nor conveniently availa- 
ble in a form easily interpreted by the engineer. The purpose of 
the present paper is to provide an introduction to these analytical 
techniques or tools. 


VIBRATION OF FLUID IN CYLINDRICAL TUBE 


Consider first the action of a simple system, the vibration of a 


‘ compressible fluid in a long cylindrical pipe, with the vibration 


along the axis of the pipe. The following nomenclature will be 
used: 


c = velocity of pressure wave 

D = w/c 

F = attenuation factor due to friction damping of vibra- 
tions per unit distance along wave travel 

f = cycles per unit time, f = w/2r 

i= 

L = length of pipe 

p = excess pressure or pressure above equilibrium pressure 

rz = distance along pipe from driving element ; 

y = longitudinal particle displacement or displacement of a 
particle 

dy 

dt 


= particle velocity 
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~ 


= time 
w = angular speed, radians per unit time, w = 2zf 
p = density of fluid, mass per unit volume 


Fig. 1 illustrates the nomenclature. At each end of the pipe 
length L, is some terminal element or combination of elements. 
For a closed end the element is a fixed wall; for an open end 
there is noelement. The element at the driving or left end will be 
taken as the origin. 


Tvee. 


TERMINAL 


Fic. 1 NOMENCLATURE FOR VIBRATION OF FLUID IN TUBE 


Imagine that the driving element sends pressure waves through 
the fluid down the pipe at a constant speed w. As a single wave 
travels along the pipe its amplitude decreases with respect to 
distance; there is an attenuation or damping of the wave due to 
friction. The element at the other end is controlled solely by the 
fluid and its own vibration characteristics. Consider the action 
at a distance z from the origin. A composite wave train will 
travel from the origin in the positive direction because of the re- 
current reflection in the tube. Each component of this train 
will differ from the others in having a different amplitude at the 
start, and a different phase depending upon the number of times 
the component has traversed the double length of the pipe. 

The particle velocity for the waves traveling in the positive 
direction to the right can be expressed in the form of a series 


GY A,,’e~ ¢ 
dt J + 
m=1 


where F is an attenuation factor, m is aninteger, each A ‘is a con- 
stant, c is the acoustie velocity, and D = w/c. Since the ampli- 
tudes and phases of all the components follow the same general 
relation, the components can be lumped into one wave of the type 


= Ae~(F+iD)z [2] 
dt J+ 


The constant A includes all of the series of coefticients of Equa- 
tion [1]. At the station z, there is a reflected wave from the 
right-hand element at x = L; this wave travels toward the left 
in the negative direction. At the station z, the particle velocity 
for the wave train in the negative direction is 


dt J— 


where B is a constant formed in a manner similar to that for A 
The net particle velocity at any point in the pipe is thus 
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The instantaneous excess pressure p is given by the relation 


where the plus sign refers to the wave in the positive direction and 
the minus sign to the wave in the negative direction. The 
derivation of Equation [5] can be found in any number of refer- 
ence books, as that by Crandall (1). The total excess pressure at 
any point in the pipe can then be written in the form 


p = pe + (6] 


It is useful and convenient to employ the concept of “impe- 
dance” which is a concise measure of pertinent factors in the vi- 
bratory motion. Impedance is defined here as the ratio of ex- 
cess pressure amplitude to particle-velocity amplitude. Ampli- 
tude refers to the maximum value in the vibration. Impedance 
is a complex number. Its absolute magnitude is the amount of 
excess pressure produced by unit particle velocity; the imped- 
ance angle is the angle by which the excess-pressure amplitude 
leads the particle-velocity amplitude. 

The driving element by itself has an impedance Zo, and the 
piston at z = L has an impedance by itself of Z,. The driving- 
point impedance, or impedance at x = 0, is Zo. The constants 
A and B in the foregoing equations can be evaluated from the 
boundary conditions. The final important result can be ar- 
ranged in the form 

a (Zo + pc) (Z1, + pc) — E* (Zo — pe) (4, — pc) (7) 
+ pc) — E* (Z, — pc) 
where E = e~(¥+#D)L_ The intermediate steps involved in 
arranging Equation [7] are outlined by Crandall (1). 


VALUES OF FUNCTIONS FOR NUMERICAL COMPUTATIONS 


Equation [7] is a general relation which is useful for many ap- 
plications. One important case is that in which Zo is zero and Z, 
is zero. Then the driving-point impedance reduces to 


Zo = pc tanh + {8} 
c 


Kennelly has prepared excellent charts (2) and tables (3) of 
complex hyperbolic functions which are convenient for engineer- 
ing calculations. The hyperbolic tangent in Equation [8] can be 
expressed in the exponential form 


c 


where H is the magnitude and @ is the polar or phase angle. Fig. 
2 shows a plot of the magnitude of the hyperbolic tangent for 
several values of FL. When wl./c is r/2 radians, the magnitude H 
reaches a maximum value; for a given particle-velocity ampli- 
tude the excess-pressure amplitude is a maximum. This maxi- 
‘mum value decreases as the friction increases. Fig. 3 shows a 
plot of the phase angle of the hyperbolic tangent for several values 
of FL. When wL/c is x/2 radians the phase angle is zero, that is, 
the excess pressure amplitude is in phase with the particle-velocity 
amplitude. Plots of the type shown in Figs. 2 and 3 can be con- 
-structed easily and directly by using Kennelly’s tables and charts. 


DAMPING OR ATTENUATION Factors 


The excess-pressure amplitude depends upon the friction or 
attenuation factor F. There is a definite lack of experimental 
data on attenuation factors. Helmholtz and Kirchhoff (1) de- 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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veloped a theory for the damping of small-amplitude vibrations 
of a fluid in a cylindrical tube. Their work assumed laminar mo- 
tion, and gave values which are very low for moderate and large 
excess-pressure amplitudes. Binder (4) modified the Helm- 
holtz-Kirchhoff theory by the addition of an eddy-viscosity term 
to take into account inertia forces. This modified theory gives 
fair agreement with measured values of the damping of large 
excess-pressure umplitudes for air and carbon dioxide. The 
final relation for calculating the attenuation factor is 


2} € k\V 
pu 
AE (10) 


where d is pipe diameter, yu is dynamic viscosity of the fluid, ¢ is 
eddy viscosity, k is thermal conductivity of the fluid, and a is the 
specific heat of the fluid at constant pressure. Fig. 4 shows 4 
comparison between the modified theory and experimental results 
for air. 


Enaine Inpuction System 


The foregoing relations are basic in investigating the pressure 
surges in the intake and exhaust systems of internal-combustion 
engines. As an illustration, the following presents a first ap 
proximation for a simple induction pipe on a single-cylinder e”™ 
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gine with four-stroke cycle. The system is illustrated in Fig. 5. 
The intake pipe is open at one end and arranged with a poppet 
valve at the other end. The valve is open a certain period de- 
pending upon the valve timing. It will be assumed that the 
piston executes simple harmonic motion, and that the valve 
opens and closes instantaneously. 

The driving-point impedance at the valve end is the ratio of the 
excess-pressure amplitude at the valve, divided by the particle- 
velocity amplitude. For a certain frequency the driving-point 
impedance for this system with no individual terminal imped- 
ances becomes 


Zee = pc tanh 


We might picture the arrangement of piston, cylinder, and 
valve primarily as a velocity vibrator; it impresses a certain 
velocity variation at the valve port. If the velocity variation is 
known, then the excess pressure can be determined from the re- 
lation for the impedance. The next main step is then directed 
toward a study of velocity variation. 

The following nomenclature will be used in this section: 


G = cross-sectional area of intake pipe 
effective length of intake pipe 
engine speed, rpm 

integer number 

compression ratio 


cylinder volume, piston in mid-position 


L 
N 
n 
r 


Vo 


y = particle displacement, positive in direction from valve: 
port to open end of intake pipe 
4 
8 = convenient dimensionless ratio ——— 
r+ 
28 Vy = piston displacement 
w = angular speed of engine cycle, radians per sec, w = 


aN 


60 
Fig. 6 shows the variation of cylinder volume with time or 
crank angle. The mid-position of the piston will be taken as the 
origin of time. The variable cylinder volume V is given by the 
relation 


where w is the angular speed of the engine cycle. 
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Probably the simplest step to be taken next is to assume that 
the velocity of the gas in the inlet port is proportional to the 
piston velocity, and that the particle velocity in the intake pipe 
just outside the valve port is proportional to the piston velocity. 
Experimental work indicates that this is a fair approximation 
to the actual motion. Recalling the derivation of Equation [11], 
the particle displacement y is positive in the direction from the 

valve port to the open end of the intake pipe. Thus flow from 

the intake pipe toward the cylinder is in a negative direction. 
If the fluid is regarded as incompressible in making a mass ac- 
counting only, then the particle displacement in the intake pipe 
just outside the valve port during the valve opening is 


Vo Vo . 


y = 
The corresponding particle velocity is 


dy BVorN 
dt 30 G 


The fact that the valve is open only a fraction of the engine 
cycle introduces a real complication in the analysis. One case 
will be taken in which the intake valve opens at top dead center 
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Fig. 7 shows the magnitude 
of particle velocity as a function of time and crank angle. The 
action for the complete cycle can be expressed as 


and closes at bottom dead center. 


rcos2wt — 4 < at < ri | 


at 30G it 
-< wt 
4 4 


The foregoing function will be expanded in terms of a Fourier 
series, with n as integer values 


dy 
— = |B, B, cos wt Bz cos wt 
dt 
cos not... {16] 
d > | 
ty B,, cos nut 
dt 30G 
The final result of evaluating the coefficients is 
1 
2 4 
[17] 
4 n # 


The particle velocity is the sum of a series with frequencies 
differing by integer values. For each frequency there is a 
corresponding impedance, a corresponding particle velocity, 
and an excess pressure py, equal to the product of impedance and 
particle velocity. For the nth frequency 


nw 
Zo = pcetanh| FL + = pc H,e'™ 
8 V.Nopc 
The cos nwt term is the real part of the expression e’"“. Thus 
the pressure can be expressed as the real part of the product 
VoN pc aa 
Pr, = — ) H, B, 
B VoNoc 
=— 2G H,, B,, cos (6, + nut) 


The total pressure p just outside the valve port is the sum of the 
series 
BVoN pc 


— 


H,, B, cos (0, + nut)...... [20] 
n 

To summarize, in a practical problem the group of terms in 
front of the summation sign is established by the dimensions of 
the engine and the general operating conditions. The value of 
each B, term is determined by means of Equation [17]. For each 
value of n the magnitude of the hyperbolic tangent H,, and the 
polar angle @,, is determined by reference to Kennelly’s tables or 
charts. For each position of the crank angle (or wt) the pressure 
can be evaluated from the series. A large number of terms in the 
series may be negligible. Successive values of the crank angle 
can be used to obtain the pressure for a complete cycle of crank 
angles. 

The foregoing treatment is a first approximation; it is useful in 
indieating possible supercharging conditions. As an example, 
Fig. 8(a) shows a type of excess-pressure variation versus crank 
angle for a certain pipe length A. During the valve opening 
the pressure is below atmospheric; there is no supercharging. 
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In Fig. 8(b) is shown the pressure variation for another length B. 
The pressure is above atmospheric before the valve closes; there 
is some supercharging. A more extended analysis is necessary in 
order to determine the gain in volumetric efficiency. Such an 
analysis is outlined in a paper by Morse, Boden, and Schecter (5). 

A preliminary survey is useful in reducing the number of pos- 
sibilities. Equation [20] can be examined to find terms which 
make large contributions. Some of the B terms may be zero gr 
negligible. Kennelly’s tables are valuable in studying the mag- 
nitudes of H. For example, referring to Fig. 2, if the term nol ‘¢ 
is x/2 radians or some odd multiple thereof (or if nN/30¢ is an 
odd integer), the magnitude of the hyperbolic tangent has a maxi- 
mum value. 


EXTENSION OF METHOD OF ANALYSIS TO OTHER CASES 


Valve timings different from the foregoing simple case require 
a different evaluation of the Fourier coefficients. The final re- 
sults of a numerical calculation are given in Fig. 9. Conditions 
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(Excess pressure outside valve port versus crank angle for single-cylinder 
engine.) 


selected are: Single-cylinder engine; 2800 rpm, bore 3.375 in., 
stroke 5.50 in., compression ratio 5.20, intake-pipe diameter 1.50 
in., effective intake-pipe length 35.4 in., F = 0.00707 per in., ¢ = 
1100 fps, » = 0.00220 slugs per cu ft, intake valve opens at top 
dead center, and intake valve cles.s 22 deg after bottom dead 
center. 

The effect of the valve port can be taken into account by the 
impedance Z); this impedance may be a pure resistance. If Z1 
is zero, then Equation [7] reduces to 


Zo = Zo + pctanh [FL + [21] 
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Then Equation [21] can be used in calculating valve-port pres- 
sure for a given velocity variation. 

The method of analysis might be followed as a first approxi- 
mation to the vibrations in exhaust manifolds. The exhaust 
process, however, involves more complications than the induction 
process. 

For example, at the beginning of exhaust there is a very 
high velocity of flow, of the order of the velocity of pressure 
propagation. 

The method of analysis might be applied to multicylinder en- 
gines. A superposition principle might be employed. The 
pressure developed at a particular point due to simultaneous 
action of a number of velocity vibrators may be considered as the 
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sum of the component pressures produced by the individual vi- 
brators acting alone. 
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The Swelling of an Orthotropic 
Circular Tube 


By C. GURNEY! ano A. HAMMOND! 


Many organic sheet materials swell owing to moisture 
absorption, more in thickness than in directions in the 
plane of the sheet. An example is laminated synthetic- 
resin sheet in which thickness swelling is usually between 
5 and 10 times the swelling in the plane of the sheet. 
When a wrapped circular tube is formed of such materials 
and caused to swell until equilibrium is reached, a state of 
stress results. If the tube were stress-free, the radial 
strain would equal the swelling strain of the sheet across 
the thickness, and the circumferential strain would equal 
the swelling strain in the plane of the sheet. Geometrical 
considerations compel the radial and circumferential 
strains to be related and hence a state of stress is set up. 
The calculation of the stresses and displacements in a 
swollen ring is the subject of this paper. The problem is 
solved in a general form in which swelling strain, Young’s 
modulus and Poisson’s ratio have different values in the 
radial and tangential directions. Three boundary condi- 
tions are treated: namely, stress-free peripheries, con- 
stant internal diameter, and constant external diameter. 
Hooke’s law and zero stress coefficient of swelling are 
assumed throughout. The solution has application to 
wrapped fabric plastic bushings and bearings. 


INTRODUCTION 


NHERE are many ways in which uniform strains may be 
produced in a body without causing corresponding stresses. 
Common examples are strains due to temperature changes 

and swelling straing in high polymers due to absorption of 
liquids and vapors, especially water. However, if the strains are 
anisotropic or nonuniform, stresses will generally result, as the 
body must obey conditions of compatibility of displacements. 
Similarly, stresses will occur if free movement is restricted even 
when the swelling, if unrestricted, would be isotropic. Subject 
to the usual limitations, standard elasticity theory can be applied 
to determine the stresses and displacements produced. The 
discussion is given in terms of swelling strains due to moisture 
absorption, but its analysis applies equally well to strains due to 
temperature changes uniform throughout the body. 

The case considered is that of equilibrium swelling of an 
orthotropic annulus. The axis of the annulus is considered to be 
an axis of symmetry, properties along any radius of a section 
normal to this axis being similar, and properties along any cir- 
cumference of such sections being similar. The properties in the 
axial direction are constant throughout the annulus. It may be 
considered as being formed from a flat sheet of anisotropic ma- 
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terial having properties the same in two directions at right 
angles in the plane of the sheet and different properties in the 
thickness direction of the sheet. The results of material tests on 
such sheets are used here to predict the behavior of the annulus, 
which may be a component such as a plastic bushing. 

The practical general case of such a problem would be that of a 
plastic bushing placed around an elastic metal shaft and inside an 
elastic metal cylinder, certain clearances being stipulated be- 
tween the parts. In this paper three simpler cases are treated in 
which (1) the swelling of the annulus is completely unrestrained, 
(2) the interior surface of the annulus is prevented from swelling 
inward by being placed over a tight-fitting rigid shaft, and (3) 
the outside of the annulus is prevented from swelling out- 
ward by being placed before swelling in a tight-fitting rigid 
cylinder. Expressions are given for the stresses and displace- 
ments produced in each case after the swelling has reached 
equilibrium. Axial slip between the annulus and the shaft or 
cylinder is assumed to occur. 


MATHEMATICAL TREATMENT 


The nomenclature used is that in Timoshenko’s ‘‘Theory of 
Elasticity” and is as follows: 
r, 6, z = cylindrical co-ordinates 
o,,09,0; = normal stress components, (+ve tension) 


er, €@ = radial and tangential strains 
u, v, w = components of displacements 
E,, Eg = Young’s modulii for radial and tangential direc- 
tions 
a= E, 
v,, ¥6r, ¥@2 = Poisson’s ratios for stresses in radial and tangential 
directions 


(The circumferential and axial strain due to a radial stress is 


Vy rf ,,and the radial and axial strains due to circumferential stress 


are ve, — and ve, —, respectively.) 
Ee Eo 
nr, 10, M2 = Swelling strains appropriate to sheet material in 
radial, tangential, and axial directions, assumed 
uniform throughout the material 
a, b = inside and outside radii of annulus 


From symmetry, when equilibrium swelling is reached, sheat 
stresses are absent and hence gg is a function of r only and v = 0. 
Also, o, = 0, as swelling in the z-direction is independent of r and 
6 and therefore is unrestrained. 

Equating the forces on a small element in the radial direction 


that is 
or 
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Since v = 0 DETERMINATION OF CONSTANTS 
ou u The three cases referred to in the first section can be treated at 
wane and «= ¥ once, assuming axial slip between the annulus and any radial 


Hence, assuming Hooke’s law applies and considering radial 
strains from Equation [1] 


restraint. 
Case (1). Unrestrained Swelling: 
If no restraints are placed on the annulus 


1 de, , = Oatr =aandatr=b 
+ =n + E E — — [3] 
or which, using Equation [6], gives 
it 
Considering circumferential strains a” — bn 
1 Oo, 
no + + >, | (5) 1 — ab" Q 
in Eliminating u between Equation [3] and Equation [5] : 
d Q = Eo(n, — ne) 
ng + — av, — a + vor] oF 1 + — a(l + 
3) r jie at and A, and B; are the values of A and B for Case (1). 
It- ig : Case (2). Constant Inside Diameter: 
id The solution of this equation is If the annulus is prevented from swelling inward by being 
sa E placed, for instance, over a tight-fitting rigid shaft, then the 
ed A + Be + — — following conditions enable A: and B; to be found 
or 1 + ver — a(l + »,) 
u=Oatr=a 
,=Oatr=b 
_ — — 2 + — vor)? + 
a = 2 From Equations [6] and [8], these give 
and [(n + 1— a,)a" — av,)b"]Q Egneb* 
av, — v9, — 2 — [(av, — vor)? + (m + 1 — — (n + 1 — 
[(m + 1 — — (1 — av,)b™]Q — Eanob™ 
B; 1 nbm l mbn 
and A and B are constants to be determined from the boundary (a + 1 — aye — (wm + 1 — ane 
ee- conditions. Case (3). Constant Outside Diameter: 
From Equations [2] and [6] The conditions 
Eo(n- — ne) u=Oatr=5b 
= (m+ 1)Ar™ + 1)Bre + 
oo = (m + 1) + (n + 1)Br" + [7] 
From Equations [5] and [6] apply if the annulus is restrained from swelling outward by being 
s is — : . placed before swelling in a tight-fitting rigid cylinder. 
u=rne + 4 A; and B,; are then evidently identical with the expression in 
Ke case (2) with a and b interchanged. 
m0) [8] APPLICATION TO A PLastic BusHING 
+ r 
1 in ™ i ” As an example, the stresses in a swollen plastic bushing have 
med The axial strain is been calculated from the foregoing theory (see Table 1). The 
> data chosen would fit a bushing made by wrapping layers of 
— — — ae resin-impregnated fabric around a mandrel and consolidating 
- oz Kg E, with heat and pressure. The follo@wing dimensions and co- 
ot Substituting for o, and o9 from Equations [6] and [7], this be- “fi¢ients have been used: 
and comes Eo = 1.5 X 10° psi, a2 =2,a=1in, 6 = 1.5in 
ow [(m + + [(m + 1)ve: + vor = 0.5 ve: = 0.26 = 0.25 
wa dz Ee Ee ne = 0.005 ne = 0.055 nz = 0.005 
= (vo + avr) (ne — 10) Ce [9] The bushing is assumed to be stress-free when made and then 
1+ ve —a(l +m) caused to swell the amount given by the n’s. 
i TABLE 1 STRESSES CALCULATED BY APPLICATION OF THEORY OUTLINED 
At = a ~ A = b 
Case or, psi og, psi u (in.) w (in.) or, Psi 79, Psi u (in.) w (in.) 
(1) 0 —17000 —0.006 +0.008 0 13100 0.020 0.003 
(2) (2) —2900 —9000 0 +0.007 0 
. (3) 0 —49000 —0.028 +0.013 —9600 —12400 0 +0.010 
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VARIATION OF GIRCUMFERENTIAL STRESS THROUGH 
THE WALL OF THE BUSH FOR CASE (ii) 
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Values of o, and g¢ are plotted against r for case (2) in Figs. 1 
and 2. The tension stresses induced are above the static strength 
of the wet material. It does not follow, however, that a crack 
will be formed, as the wet material will probably creep and relieve 
itself of the stress rather than crack. 

The circumferential compressive stress in case (3) near the 
inner periphery of the bushing is very high. The stress will be 
relieved to some extent by flow but it is quite likely that com- 
pression creases or delaminations would be caused. The high 
compressive stress may also reduce the equilibrium moisture con- 
tent and hence the swelling coefficient, but this effect is not large 
enough to alter the order of the stresses.2 The change in length 
of the diameters is quite different from what would be expected 

2“*Thermodynamic Relations for Two Phases Containing Two 


Components in Equilibrium Under Generalized Stress,’’ by C. Gurney, 
1946; to be published in the Proceedings of the Physical Society. 


SEPTEMBER, 1947 


6, (Les. IN2) 
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VARIATION OF RADIAL STRESS THROUGH 
THE WALL OF THE BUSH FOR CASE (ii) 


Fig. 2 


from isotropic swelling of an isotropic annulus. Isotropic swell- 
ing would lead to an increase in the internal diameter whereas 
Table 1 indicates a reduction in internal diameter for cases (1) 
and (3). The change in external diameter in cases (1) amd (2) is 
intermediate between that estimated directly from the cireum- 
ferential and radial swelling coefficients. It is of some interest 
to note that with a ring of given size there are particular values of 
the elastic and swelling constants for which the internal diameter 
will remain constant during swelling. These are the values 
which make wu = 0 for r = ain Equation [8]. 
CONCLUSIONS 

The formulas in this paper should give the dimensional changes 
of an orthotropic annulus for equilibrium swelling with fair 
accuracy. When the formulas predict high stresses, it is probable 
that the actual stresses will be less as the high predicted stresses 
can be relieved by flow. In the latter case, permanent change of 
shape will probably result after the completion of each dry-wet- 
dry cycle, and there is danger of disintegration of the material if 
the bushing is subjected to a large number of such cycles. 
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Stress Concentration Around an Fllipsoidal 
Cavity in an Infinite Body Under Arbitrary 
Plane Stress Perpendicular to the 
Axis of Revolution of Cavity 


By M. A. SADOWSKY'! anv E. STERNBERG,? CHICAGO, ILL. 


This paper contains an exact closed solution for the 
stress distribution around a cavity in the shape of an ellip- 
soid of revolution in an infinite elastic body which is 
otherwise in an arbitrary uniform plane state of stress 
perpendicular to the axis of revolution of the cavity. 
The solution is based upon an extension to orthogonal 
curvilinear co-ordinates of the classical three-function 
approach to three-dimensional problems of the theory of 
elasticity. The technically important features of the 
ensuing stress concentration are discussed in detail. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


(x, y, 2) = Cartesian co-ordinates 
+ ++) = Cartesian components of displace- 
ment and stress, respectively 
e = dilatation 
¢, = harmonic stress functions (dis- 
placement potentials) 

(a, 8, y) = orthogonal curvilinear co-ordi- 
nates in general, and spheroidal 
co-ordinates in particular 

(hi, he, hs); ! = local scale coefficients and local 
[cos(a, x), . direction cosines, respectively 


Way. 


(va, us, Uy) | = curvilinear components of dis- 
placement and stress, respectively 
auxiliary 


q = cosh a, q = sinh a = Vg—1 | Position pa- 
p = cos 8, p = sin = spheroidal 
h h = =1/V - p? co-ordinate 
system 
Q = 1+ - log —— = auxiliary harmonic function 
2 qt+1 


5 
~ 


value of q@ defining surface of 
spheroidal cavity 
Joy Go» ho, Qo = values of q, gq, h, Q at a = ao 

‘ Associate Professor of Mathematics, Illinois Institute of Tech- 
nology; Consultant, Armour Research Foundation. Mem. A.S.M.E. 

* Associate Professor of Mechanics, Illinois Institute of Technology; 
Consultant, Armour Research Foundation. Jun. A.S.M.E. 
Presented at the National Meeting of the Applied Mechan- 
ies Division, Schenectady, N. Y., June 23-25, 1947, of Tue 
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Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1947, for [publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


a = cosh ag = go | = polar and equatorial semiaxes, 

b = sinh ao = qo) respectively, of spheroidal cavity 
s = b/a = shape ratio 

¢ = z/a = dimensionless z-co-ordinate 


G = shear modulus 
vy = Poisson’s ratio 
2 


= Laplacian operator 


STATEMENT OF PROBLEM AND DiscussiON oF TECHNICALLY 
ImMpoRTANT ASPECTS OF SOLUTION 

We consider an infinite body which possesses a cavity in the 

shape of an ellipsoid of revolution (spheroid). Let a Cartesian 

co-ordinate system Oxryz be introduced with the origin O at the 

center, and the z-axis along the axis of revolution of the spheroid, 

Fig. 1. We assume that at infinity the body is in an arbitrary 


Equator 


Fic. | SpHerorau Cavity anp CARTESIAN Co-ORDINATE SysTEM 
uniform state of stress parallel to the zy-plane (the equatorial 
plane of the cavity) and thus perpendicular to the z-axis.2 There- 
fore the uniform stress field at infinity is characterized by 


o, = Tx = Ty = 9 


and is otherwise arbitrary. Moreover, let the z- and y-axes be 
parallel to the principal directions of the uniform stress field so 
that r,, = Oatinfinity. 


The determination of the stress distribution throughout the 


3 The axially symmetric case of uniform tension parallel to the z- 
axis, as well as instances of pure bending, pure shear, and pure tor- 
sion were treated by H. Neuber (3). Numbers in parentheses refer to 
the Bibliography at the end of the paper. 
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body may be achieved by superposition of the solutions for the 
following two cases: 


Case 1: o, = o, = lat infinity (plane hydrostatic state of 
stress) 

Case 2: o, = —o, = 1 atinfinity (plane state of pure shearing 
stress) 


We may write symbolically 


{solution for an arbitrary plane state of stress at infinity] = 
K, [solution for Case 1] + Ky, [solution for Case 2] 


where K,, Ke are constant coefficients. The complete solutions 
for Case 1 and Case 2 are presented in the final sections of 
this paper following an exposition of the theoretical background. 
We now turn to a discussion of those features of the solution 
which are of engineering interest and confine our attention to 
the most important case of uniaxial tension, say, in the x-direc- 


6, 


L\ 


ox 
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tion. We thus have o, = 1, o, = 0 atinfinity, and correspond- 
ingly K, = Kz = 
For a fixed value of Poisson’s ratio v, the components of stress 


depend solely upon the dimensionless co-ordinates and on 
aaa 


b 
the shape ratio s = ~-, aand b being the semiaxesof thespheroid as 
a 


indicated in Fig. 1. The significant stress concentrations occur 
on the axis of revolution and on the equator of the cavity. 

Figs. 2, 3, and 4 show the distribution along the z-axis of the 
principal stresses o,, o,, anda, for a sample shape ratio s = 0.1 


and for y = 0.3. These stress components are referred to the 

dimensionless z-co-ordinate § = ~. Regardless of the shape 
a 


ratio and of the value of Poisson’s ratio, the maximum of the ten- 
sile stress o, is reached at the pole, Fig. 2. For the specific ex- 
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ample chosen, the stress o,, Fig. 3, attains its absolute maximum 
at the pole, undergoes a reversal in sign, and has a negative ex- 
tremum at an interior point. Furthermore, for » = 0.3, ¢, is of a 
lower order of magnitude than the remaining principal stresses 
along the z-axis. The influence of Poisson’s ratio both on the 
sign and the magnitude of o, is illustrated in Fig. 5 which shows o, 
as a function of ¢ for various values of ». This figure indicates 
the considerable sensitivity of o, toward changes in Poisson’s 
ratio. The curves in Fig. 5 were obtained on the basis of the 
leading terms in the expansion of the exact solution‘ in the neigh- 
borhood of s = 0. The stress o,, Fig. 4, under all circumstances 
reaches its positive maximum at the interior point P, which is 
located at ¢ = ¢,, and o, remains positive for all values of ¢. 

Fig. 6 gives the dependence of the location of ¢,, max, upon the 


*See Equations [49], [66]. 


‘shape ratio s. The value of ¢, is independent of » The varia- 
tions of o, and a, with s at the pole (¢ = 1) are shown in Figs. 7 and 
8, respectively, whereas Fig. 9 shows o,, max, a8 a function of s. 
Finally, the principal stresses o, and o, at the critical equator 
point E, see Fig. 1, are represented for various shape ratios in 
Figs. 10 and 11. The maximum of all normal stresses is found 
to be o, at the equator point ZF. 

In the diagrams referred to, the shape ratio is confined to the 
range 0 < s < 1, which corresponds to a prolate® spheroidal cav- 
ity. For the limiting case s = 0, the ellipsoid degenerates into 
a straight-line segment (‘line crack”) which leaves the uniform 
stress field undisturbed. This discontinuous dependence of 
the stress distribution upon the size of the cavity is characteristic 


5 The solutions given subsequently cover also the case of the oblate 
spheroidal cavity (see Appendix). 
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of stress-concentration problems of the type under consideration. 
For the limiting value s = 1, the ellipsoid becomes a sphere, and 
the solution coincides with the well-known solution for the spheri- 
cal cavity (4). It is interesting to note that the stress-concentra- 
tion factors exhibited by the solution remain finite for all shape 
ratios. 


Tue THREE-FUNCTION APPROACH TO THRBE-DIMENSIONAL PROB- 
LEMS OF THE THEORY OF ELASTICITY 


In the absence of body forces, the equations of equilibrium for 
a homogeneous, isotropic elastic body are 


1 oe 1 oe 
Au = —, = —— — 
Qy — 1 dy 
fim) 
ou ov ow 
ox oy oz 


Here u, v, w are the Cartesian components of displacement, e the 
dilatation, and » Poisson’s ratio. Equations [1], together with 
the boundary conditions, completely control the problem. The 
displacement-stress relations subsequently serve the purpose of 
determining the associated components of stress, once the com- 
ponents of displacement are known. 

The general solution of Equations [1] may be written in terms 
of three arbitrary harmonic functions as follows 


lu, = grad 
u,v, = 2G grad ¢ 
1 
[u,v,w] = 0, 3] ( 
[u, v, w] = A— 


where Ag = Ad’ = AX = 0. Direct substitution at once con- 
firms that each of the foregoing displacement fields satisfies the 
equations of equilibrium, and we shall henceforth refer to Equa- 
tions [2] as “basic solutions 1, 2, and 3,” respectively. More- 
over, it is readily shown that any solution of Equations [1] can be 
represented by superposition of the three basic solutions, pro- 
vided the displacement potentials ¢, 3, and \ are chosen appro- 
priately. 

By means of the displacement-strain relations and the stress- 
strain relations,? we obtain the Cartesian components of 
stress corresponding to the three basic solutions 


Op = Ty = = (37 
Try = Tye = Tex = 
o, = 20,,,9, = —20,,,9, = 0 (4] 
ao, = —2v r, + 2rz2, = —2vr, + Zryy 
o, = —2(1— + 2A,, [5] 
Try = Tye = —(1— + aye [| 


The displacement potentials ¢, 3, \ now assume the role of three 
® Reference (1), Equations [5] and [8], p. 126. 
7 Subscripts attached to functions which originally bear no sub- 


script denote partial derivatives. Thus ¢zy = Szoy" 
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harmonic stress functions. It should be emphasized that a given 
solution of the fundamental equations of the theory of elasticity 
in general does not determine uniquely the generating functions 
¢, 3, and }. Moreover, the general solution of Equations [1] 
may be expressed via three harmonic functions in a multiplicity of 
ways. 

The three-function approach was apparently initiated by 
Boussinesq (5) in connection with the problem of the semi-infinite 
body bounded by a plane. A variant of the three-function ap- 
proach was introduced and applied by H. Neuber (3). Neuber 
achieves complete symmetry of the three basic solutions at the 
expense of computational facility. It is felt that Equations [2] 
are more advantageous, at least in applications involving a pre- 
ferred Cartesian co-ordinate. 


Tue Basic SoLutTions IN GENERAL ORTHOGONAL CURVILINEAR 
Co-OrpDINATES® 


Let an orthogonal curvilinear co-ordinate system be defined 
through 


z = (a, 8, y)....[6] 
The differen- 


(a, B, (a, B, 


where a, 8, y, are the curvilinear co-ordinates. 
tial of arc length is then given by 


da\? ds \* dy 
(*) + (2) 
and the local scale coefficients h,, he, hs follow from 


1 

hi? 

The local direction cosines of the curvilinear co-ordinate lines 
with respect to the Cartesian co-ordinate axes are obtained 
from Equations [6] by means of formulas of the type 


cos (a, 7) = hire, cos(a, y) = [8] 


Application to Equations [2] of the well-known transforma- 
tion formulas” for the gradient and curl of a vector field yields 
the basic solutions in general, orthogonal curvilinear co-ordinates 


) 


2G 


h 
ta = (ty 98 — [9] 


ua = [z\a — (3 — 
To obtain the curvilinear components of stress in terms of the 
stress functions ¢, 8, and A, we substitute Equations [9] into the 
relations connecting the curvilinear components of displacement 
and strain!! and make subsequent use of the stress-strain rela- 
tions. The result of this computation is lengthy and may be 
omitted here since the procedure just described is readily applied 
directly to any specific curvilinear co-ordinate system. 


Tue Basic SoLuTIons IN SPHEROIDAL Co-ORDINATES—SPHEROI- 
DAL HARMONICS 


We introduce the spheroidal co-ordinates a, 8, y by means of 
the transformation 


8 For an exposition of the theory of general orthogonal curvilinear 
co-ordinates, see for example reference (1), arts. 19-22C, 58, 96. 

® Formulas not given explicitly are obtained by cyclic permutations. 
© Reference (7), pp. 15, 16. Note that hi, he, hs as used in this 
book are the reciprocals of the local scale coefficients defined here. 

4 Reference (1), Equation [36], p. 54. 
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x = sinh asin cos y 
y = sinh a sin B sin y }........... [10} 
z = cosh acos B 


where the ranges of a, 8, and y are 


O<a< y<2e......... (11) 


Equations [10] imply 


y? 2? 
=] 
sinh? @ sinh? @ cosh? a 
2 2 2 
sin? B sin? B cos? B 
~ = tan y 
x 
The co-ordinate surfaces a = const, 8 = const, and y = const 


thus form a triply orthogonal family of prolate spheroids, hyper- 
boloids of two sheets, and meridional half-planes, respectively 


\ 


= const. 


Fig. 12 Co-Orpinate SuRFACES AND Co-OrpDINATE LINES FOR 
SPHEROIDAL Co-ORDINATE SYSTEM 


(see Fig. 12). For convenience we introduce the aumiliary 


parameters 
q = cosha,@d = 


sinh a = V 


p = cos 6, P = sinB = V/1— p? 


(13] 


where, because of Equations [11] 
0,059 < ~,—1< p<10<P<il..... [14] 


All subsequent results will be written in the notation of Equa 
tions [13] directly. In accordance with Equations [7], we obtall 
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The three basic solutions, Equations [9], in spheroidal co-ordi- 
nates now appear as follows 


—h 1 


va = 5G UB = 2G Pe py 2G 
q hp 
la = = vy, up = — dy, 
G 
79 GP (17) 
h? 
uy = G 
h | 
h 18] 
up = [—pr, + (3— 
2G 
u + | 
9G Pp 


The corresponding components of stress are given as Equations 
{19], [20], and [21], respectively. 


First Basie Solution: 


oa = h? Pug + AS p? (q%_ — P¥p) ) 
op = h? Pt y,, + (qe, — pe,) 


Pry 


= p4? + h? Pp) 
rap = + h* (qo, — pe.) }...... [19] 
h Veay y 
Pq 
Prepy — Pey 
Second Basic Solution: 
q 
py T 
2, 
Cy p? 2h? (pd py 
h? 
Tap = ra — — | [20] 
h 
+ (q? + p*) 3, — 2pqd,] 
hp 3 
— h*P*q [(q? + p*) 3, — 2pqd,] 
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Third Basic Solution: 
oa = h? — 2g) pq? — Qwh? — 
+ h* — Pry) 
op = h? (pXyp — gp? + (gp? — 
+ (1 — 2») h*pq (qh, — 
— 2vh? (qr, — Pr,) .. [21] 


rap = [(1 —2v) (pry + — 
+ h* ppqq (qr, — Pr.) 


p 
q 
hq 1 
TBy = PrApy + (2 — 2» — | 


With a view to securing the stress functions needed for the 
solution of the problem under consideration, we write Laplace’s 
equation in spheroidal co-ordinates. If ¢ (a, 8, y) is harmonic 


1 
+ 2b, + — + = 0. . [22] 


Equation [22] has the product solutions!* 
B, y) = [Fa™(g) or [Fa™ (p) 
or S,'™(p)] [cos my or sin my]......... [23] 


(em 


. .), for the general case, 
and 


¢(a, 8) = [F,(q) or S,(q)] [F,(p) or [24] 


in case ¢ is independent of y.1 Here F,, S,, F,™, S,™ are the 
ordinary and associated Legendre functions of the first and 
second kind, respectively, and may be defined as follows 


F,(q) = onl aq" [25] 
_!} 

S,.(q) = 3 F,(q) log [26] 


where T,, (q) is the polynomial part of the expansion 


1 
— F,() > — = Fe (q) log [27] 
k=1,3,5 kq q+! 


Furthermore 


F,™ (q) = — F,, (q) dqdq . . 
1 1 1 


(28 


. dqdq 


the integration being m-fold, and 


-~ 
S,(q) q” a™S,(q) 
dq™ 


The analogous definitions of F,,(p), S,(p), F,“™(p), and S,°™(p) 


12 See reference (6) for a comprehensive treatment of spheroidal 
harmonics. 

18 This corresponds to the case of rotational symmetry. See the 
next section. 

The traditional definition F,°"(q) = q™ coincides 
with Equation [28] for n = m but becomes veld for n < m; see refer- 
ence (6), pp. 98, 99. 


4 
a 
5 
| 
| 
; 
| 
7 
; 
| 
: 


A-198 


are obtained from Equations [25, 26, 27, 28, 29] by replacing 


, lo through ,lo , respectively. 
q, 10g q+1 Pp, P, 10g 1+? pe 
SoLUTION OF PROBLEM OF SPHEROIDAL Cavity—CaskE 1: PLANE 
Hyprostatic STATE OF STRESS 


The boundary conditions for the problem to be considered 
presently are 


o, = 0, = lo, = try = Tye = Ter = Oatinfinity..... [30 } 
and 


Ja = TaB = tay = Oat a = ay [31] 


where apo is the value of a defining the boundary of the cavity. To 
determine the solution for Case 1, we first extend the uniform 
stress field, Equations [30], throughout the space, thereby 
violating Conditions [31], and subsequently seek solutions which, 
upon superposition on the uniform field, remove the residual 
stresses at ap and leave Conditions [30] undisturbed, i.e., vanish 
at infinity. To this end we transform the uniform stress field, 
Equations [30], into spheroidal co-ordinates. By means of Equa- 
tions [30], [8], [15] and the equations of transformation!® for 
the components of stress, we obtain 
(382) 


The only harmonic stress functions which vanish at infinity, and 
possess the required structure and symmetry with respect to p, q 
are found to be 


ga = — op = + oy = 
Tes = h? Tay = 0, Tey = 0 


¢ = So (q) Fo (p), = Si (q) Fi (p), ¢ = Se Fo (p). . . [33] 
Recalling Equations [25], ]26], ]27], we thus arrive at 
Q—1 
. [34] 


q 


(Bg? — 1Q 3p? — 1 


where the auxiliary harmonic function Q is defined by 


Q=1+ t log _ 
2 

The components of stress for the three solutions generated by 

the foregoing stress functions are computed by means of Equa- 

tions [19] and [21]. The results of this computation are listed 

as Equations [38], [39], [40], which will be referred to as solu- 

tions A, Bi, and C,, respectively. 

Solution A 1: 

h?g 


ga = — — hg 


TBy = 0 


18 Reference (1), Equations [9], p. 80. 
' © The unessential constant coefficient was introduced to simplify 
future computations. - 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1947 


Solution B,: 


—q+2 —3q? + 2 
+ 34 Q | 
qq q 
— |- 2 
3 ht 
+ | + 3qq? Q 3 
1 3q? — 1 ” 2 
op Q h? (q + 3qq?Q) + 3 hig | (39) 
2h*q 
tas = — h? pp 2h‘ pp | 
q 3q 
Tay 
Solution Cy: 
2 
q qq 
2+ — + ( 2+ 40) 
2 2 + 4v) g?— 2 
+ h?[( - 1 — 2v) + (2 — 4v) + 
(—1+2v)q?—2» q 
tap = h? pp| — ~ + (2— 4v) qQ |— ht pp| q+ 


Tay = TBy = 0 


We may now write symbolically 


[solution for Case 1} = [uniform hydrostatic field | 


+ ay, {sol + {sol B,| {sol C;) 


where the constant coefficients a,, b, c; are to be determined so 
as to satisfy the boundary Conditions [31]. The computation 
yields 


a; = [—3 + 2» — ge? + (—5 + — 3402) Gu? Qu] 
1 


Qo? 


| 
C1 d, (1 + qo? Qo) | 


where 


1 
d= [—1 + — Get — — + Qe 
+ (1 + ») Got (43) 


and all quantities carrying a subscript zero are to be evaluated for 
a =a . Equation [41], together with Equations [38], [39], [40], 
[42], [43] constitute the complete solution for Case 1. It is ex- 
pedient to express the “shape parameters” qo, qo, Qo in terms 


b 
of the “shape ratio” s = a’ where a and b are the polar and 


ive 
j 
; 
h? 
q 
h* pp 
tep = — = 
q 
4 


on 
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equatorial semiaxes of the spheroidal cavity. Since qo = 


3 cosh ay = a and go = sinh ap = b, we have 
V1 
3 
; We now give explicit formulas for the Cartesian components of 
t stress along the axis of revolution (z-axis) of the ellipsoid. These 
: are obtained by setting in the solution just derived 
B=0, 7y=0; hencep=1,p=0, h= -... [45]* 
q 
i We find after some computation that the principal stresses along 
‘ the z-axis are as follows 
1 — + + g? + (1 + | 
— [46] 
+ (» — q*) Q + (1 + qo? QoQ} 
o, = —— q? + got Qo [47] 
diqq* 
According to Equations [10] and [45], z = q for points on the 
positive z-axis. If we introduce the dimensionless z-co-ordinate 
= and recall Equation [44], we reach 
a 
(on the z-axis).......... [48 } 
V1 - s? 
The stresses given by Equations [46], [47] now appear as fune- 
tions of ¢, s, and ». 
At the pole (¢ = qo, § = 1) 
l+y 
o, =o, = 1— ——(1 + qo? Q)’, o, = 0...... {49 
digo 
The stress o, attains its maximum at the interior pointe = ¢« 
which is determined by 
2 + qo? (3 + Go? Qo) » 
2 — (1 + 3 Go? Qo) 
Finally, we cite the principal stresses along the equator of the 
spheroid 
4 
ca = 0,08 = —— [1 + (2+ Q] 
diqo 
[51] 
oy = 1— — [1 —v + Qo + (1 + v) Got Q?] 
diqo 
| SOLUTION OF PROBLEM OF SPHEROIDAL Cavity—CassB 2: 
PLANE Stave OF SHEARING STRESS 
The problem of the spheroidal cavity is now to be solved for 
1 the boundary conditions 


Note also that s = VE. where p is the radius of curvature at the 
a 


poles of the spheroid. 
'S We need consider only z > 0. 


A-199 
o, = —o, = lo, = try = Tye = Tz = O (at infinity). . [52] 

and 
Ca = TaB = Tay = Data = [53] 


Proceeding as in the preceding section, we first state the uniform 
stress field, Equations [52], in spheroidal co-ordinates 


oa = (q? — cos 2y = h* ppqqcos 2y 
op = (— + h2q?q") cos 2y Tay = —hpqsin 27 [54] 
oy, = —cos 2y Tay = —hpqsin2y ) 


Again we seek solutions which vanish as g — ©, and upon super- 
position on Equations [54] enable us to remove the residual 
An examination of Equations [54, 23, 28, 29] 
reveals that the only admissible generating stress functions are 


stresses at a = a. 


So (q) Fy (p) (p) cos 2y | 


6 


(0) 1 == 
v= So (p) So (p) 2y [55] 
1 
3 Fi? (p) + Si (p) | 
(56 
= 8S, (q) F2(p) sin 2y 
By aid of Equations [28], [29] we are led to 
1 2 
q Pp 
2 | 
v= J SIM By [57] 
q° 
1 3p—p3 
cos2y | 
g J 
+ 4 
[58] 
q4q 
2__24 30% 
qq 


We observe that each of the stress functions in Equations [57] 
has a pole of the second order for p = 0 and hence gives rise to 
stresses which become infinite along the whole z-axis. However, 
computing the three stress fields generated by Equations [57], 
we may subsequently determine a linear combination of these 
stress fields which is free from singularities on the z-axis. In this 
way, the three singular stress functions together produce one 
regular solution which is listed as Equations [60]. The remain- 
ing two solutions, generated by Equations [58], [59], are given as 
Equations [61] and [62], respectively. Equations [60], [61], 
and [62] will be referred to as solutions A», By, and C2, respec- 
tively. 


19 The unessential coefficient is introduced to facilitate subsequent 
computations. 
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Solution Ao: 


2v 


+ (6 — + h4 (3qq2 + 4q) 2 


— + + Qv)q 


24 


2 —2 4 


4 — 4p 


+ | + (4 — sin 2y 


— 4—4 


+ h'(—4+4+ sna | sin 2y 
Solution B:: 
2 12 4 
ga = + 6qQ + h? + = 
+ cos 2y 


2 4 q 4 
op = + 4 


E 12 _ 60 
7 


Tap = + 4.020) +068 
2 12 
= ph (~2-4 09) sin 2y 
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[60] 


~~ 


> (61) 
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Solution C2: 


4 24 24 
= | 1290 + — 


— 12qq? 0) Joo 2y 
q qq 


+ 1207) cos 2y 


qq q 
(62 
_ (4. 8 

tap = pph* cos 2y 


20. 16 
sin 2y 


4 8 129 1 
q q 


+ 16 wai | sin 2y 


The complete solution for Case 2 is obtained by superposition 
of solutions Az, B:, C2, and Equations [54] or, symbolically 
{solution for Case 2] = [uniform shear field ] 


+ ay [sol. Az] + be [sol. Bz] + ce [sol. C2]. ....... [63] 


The coefficients ae, b2, and c. are determined from the bound- 
ary conditions at ao, Equations [53]. The computation yields 
4 Gogo? 
d, 
4vqo? + 


| 
= 


(1 — ») gage? 
ds 


= 


where 
[65 | 


ds = 6 + + [(— 12 + 24v)Go* + 970" 


As in Case 1, all shape parameters may again be referred to the 


shape ratio s = b/a by means of Equation [44]. For the prin- 
cipal stresses along the z-axis, we obtain 
doqq* 


. (66) 
+ (4 — 8» — Q] 


o, =0 
where the position parameters g, q, and Q are again expressible 
z 
in terms of the dimensionless z-co-ordinate { = _ vie Equation 


[48]. 


ae 
Spl ere | 
| 
| 
| 
4 
36 24 12@ 32q 
i 
og 
| 
| 
+ ht (39 + ¢ cos 2y 
Tay = Dp h h 2 — 2 
q 
+ 699? Q | cos 2y 
cos 2y 
| 
| 
ry 
| 
2 Q 
qq 44 q 


on 


3 


d- 
ds 
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At the pole (q = qo, $ = 1) 
24 (1 —») 


d: 


The principal stresses for points of the equator are 


24y 


2 
2 


ca = 0,08 = voy = — 


cos 2y......... [68] 


Appendix 
TRANSITION FroM PROLATE TO OBLATE SPHEROIDAL CAVITY 


As is apparent from Equations [12], the foregoing solutions 
were established on the assumption that the spheroidal cavity 


b 
is prolate, i.e., that s = - < 1. The stress formulas so ob- 
a 


tained can be shown to remain valid for the oblate cavity, pro- 
vided the real quantities q and q are replaced by the imaginary 
quantities 7g and ig, respectively. The resulting expressions are 
of course real. In particular, the auxiliary harmonic function 
() transforms as follows 

+1+ “tog 
+1 2 iq+l 


= 1+ *log 


== 1 — cot } 
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Camptograms for Beams in Compression 


By V. ROJANSKY? anv R. A. BETH? 


Under the usual assumption that the square of the 
slope of the beam may be neglected compared to unity, 
the authors show that if the bending moment M is used 
as ordinate and a quantity proportional to dM/dx as 
abscissa, then the curve representing an axially compressed 
uniform beam carrying a uniformly distributed trans- 
verse load is a circular arc or a sequence of circular arcs. 
This result leads to a graphical method for evaluating 
bending moment. The procedure is illustrated by ex- 
amples which include external torques, concentrated 
transverse loads, built-in ends, stepwise variation of dis- 
tributed load, stepwise variation of flexural rigidity, and a 
protruding end. The diagrams, named ‘‘camptograms,”’ 
are simpler to draw and to interpret than the polar dia- 
grams currently used for the same purpose. The con- 
struction of camptograms representing the slope and the 
deflection of the beam is outlined. 


INTRODUCTION 


The axially compressed uniform beam shown in the upper part 
of Fig. 1 is simply supported at the ends and carries a uniformly 
distributed up-load. We denote bending moment by M and 
the axial co-ordinate by x and introduce a quantity, N, which is 
proportional to dM/dzr; the factor of proportionality will be 
specified presently. The physical dimensionality of N is the 
same as that of M, namely, length times force. 

At each point along the beam the quantities 1J and N have 
definite numerical values. These values can be plotted, one 
against the other, in a rectangular co-ordinate frame whose 
axes are labeled M and N. The plot so made we call a ‘‘normal- 
ized camptogram,”’ or simply a camptogram of the beam.® 

A camptogram of the beam of Fig. 1 is shown in the lower 
part of the figure, where the points a, b, c, and d refer to the simi- 
larly marked points along the beam and where the scale unit 
equals 1000 in-Ib. We note, for example, that at the point ¢ of 
the beam M = —2300 in-lb and N = 1700 in-lb, roughly. 
This camptogram is based on the data listed above Equation 
[13]. 

We shall show in the next section, using the standard assump- 
tion of small slope, that in Fig. 1 the curve abed is an are of a 
circle. This fact, together with other simple features of campto- 
grams, underlies the present method. 


BENDING MOMENT AND SHEAR; THEORY 


A beam of length LZ and of uniform flexural rigidity B is com- 
pressed by an axial force P and carries a uniformly distributed 
load w per unit length. We use x for the (horizontal) axial co- 
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Fig. 1 Top: AN AXIALLY COMPRESSED UNiFoRM 


Bream Carrytnc A UNIFORMLY DistriBuTED Up-Loap. Bottom: A 
CAMPTOGRAM FOR BEAM SHOWN aT Top; M Is BENDING Moment: 
N Is Proportionat To dM/dzx 
(1 scale unit = 1000 in-Ib) 


ordinate, y for the (vertical) deflection, WV for the bending mo- 
ment, m for the bending moment that would obtain were the 
compressive force P not acting, V for the shear on a vertical sec- 
tion of the beam, and S for the shear on a section perpendicular 
to the elastic curve; and we neglect (dy/dx)* compared to unity. 
The main equations that we shall need are‘ 


M = Bd*y/dz? 
M 
S = dM/dz, V = dm/dz,w = dV/dz.. 
S = V — Pdy/dz......... 


dx? 


To begin with, our attention will be focused on Equation [5]. 
We introduce the abbreviations 
a= V P/B, = wB/P,@ = aL.... 


(Ga,b,c] 


and the variable 


rewrite Equat ion [5] as 
+ M =u 
and define the function V by the equation 
N = dM/do 


‘“The Stresses in Aeroplane Structures,” by H. B. Howard, Sit 
Isaac Pitman and Sons, Ltd., London, 1933, especially pages 32 and 
72. “Airplane Structures,” by.A. S. Niles and J. S. Newell, third 
edition, John Wiley and Sons, New York, N. Y., 1943, especially sec 
tions 14:2 and 14:9. Our sign convention is that used in these books, 
but some of the symbols differ in the three cases. 
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so that 


We call a longitudinal segment of a beam a “simple segment” 
if B, w, and P are constant throughout its length, and if within 
it no concentrated external forces or external moments are acting. 

The analytic process for computing M as a function of z 
consists in first finding the general solution of Equation [5], and 
then adjusting the arbitrary constants in this solution so as to 
satisfy the boundary conditions at the ends of the beam; if ex- 
ternal torques or concentrated forces applied between the ends are 
involved, the solutions referring to adjoining segments are pieced 
together so as to provide for the necessary discontinuities at their 
junctions. The present method follows the same program, but 
without explicit reference to the arbitrary constants. 

The theorem that describes the nature of the camptographic 
general solution for a simple segment of an axially compressed 
beam states: Any circular are drawn in the N.M-plane about the 
point V = 0, M = was center represents a solution of Equation 
[8]. Indeed, the equation of such an are is (VM — pw)? + N? = r?, 
where r is a constant; and, differentiating this equation with 
respect to @ and then using Equation [9], we get Equation [8]. 

If we begin with Equation [8], multiply it through by 2d /dg, 
and integrate with respect to ¢, we arrive at the converse theo- 
rem: The normalized camptogram for a simple segment of an 
axially compressed beam is a circular are whose center of curva- 
ture has the co-ordinates N = Oand M = yz. 

Another theorem, which will be stated presently, provides the 
graphical interpretation for the quantity ¢. Let the \/-axis 
and the V-axis be oriented as in Fig. 1. Let the x-co-ordinates 
of the points a and a’, lying in a simple segment of the beam, be 
Oand x, respectively. Let the center of curvature of the campto- 
gram for this segment be denoted by Q. On the camptogram, 
take the line Qa as the polar axis and define the sense of the angle 
aQa’ (radians) as follows: If z is positive, aQa’ is measured 
counterclockwise from Qa and regarded as positive; if 2 is nega- 
tive, aQa’ is measured clockwise from Qa and regarded as 
negative. The theorem then reads: The angle aQa’ equals ¢, 
namely, ar. If sis the curvilinear distance aa’, measured along 
the are of the camptogram and subject to the sign convention 
just described, then aQa’ = s/r, where, according to the preced- 
ing theorem, the radius r equals the constant 


[((M — + 


To prove the present theorem, we must therefore show that 
@=s/r. Now 


(ds)? = (dM)? + (dN)? 
and hence 
(ds/dp)? = + (dN/do)? = N® + (d2M/do?)? 


= N?+4 (u—M)? 


so that 


(dg)* = (ds/r)? 


The equation ¢ = s/r then follows in view of our conventions. 

These theorems are merely extensions of those that underlie 
the familiar representation of simple harmonic motion by a 
point moving uniformly in a cirele. The two arbitrary constants 
in the camptographic general solution can be taken to be the co- 
ordinates of the initial point of the are. 

Graphical procedures for satisfying the boundary conditions 
and for piecing together the solutions belonging to adjoining 
simple segments of a beam will be illustrated in the examples 


which follow. In specifying discontinuities at the junctions of 
simple segments, we shall use asterisks and subscripts as follows: 
If a function U(z) is discontinuous at z = & wedenote by U;— 
and Uz+ the respective values approached by U as z tends to & 
from the left and from the right, and write 


in particular, the equation U; = 0 will mean that U is continuous 
atx = & Ifa camptogram has a break at z = £, we denote by 
& the right end of the segment lying to the left of the point €, 
and by &+ the left end of the segment lying to the right of the point 


If a concentrated transverse load W is applied at a point z = 
&, we have Ve = W. We assume that the slope of the beam is 
continuous at £, so that, in view of Equation [4], the equation Ve 


= W willimply that 


NUMERICAL DaTA 


In all our numerical examples, except the two in which the 
changes in B or w are specifically mentioned, we use the follow- 
ing round-figure data: L = 60in., B = 4 X 108 Ib-in.2, w = 
3 lb/in. (a positive w means an up-load), and P = 5000 lb, so 
that, to convenient approximations 


a = 0.035 rad/in. = 2.05 deg/in........... [13] 

= 2.13 radians = 199°. [15] 

and 


where z is in inches and N in in-lb. 

In all our numerical examples that involve specified end-torques 
other than zero, we take these to be the same as in our first ex- 
ample, discussed in the next section. 

In describing the graphical procedure, we take it for granted 
that the horizontal N-axis and the vertical M-axis, directed 
as in Fig. 1, have been drawn on a sheet of rectangular graph 
paper, and that a scale unit (the same unit for N and 1) has 
been chosen. In all our camptograms 


1 scale unit = 1000 in-lb [18] 


We denote the left end and the right end of the beam by a and 
d, respectively, and use the letters b and ¢ to mark off the beam 
into thirds. The triangles denote conventional frictionless pin 
supports. 

Examples of camptograms are given in the next six sections. 


Env Torques; Fie. 2 
In Fig. 2 the external torque at ais 500 in-lb, counterclockwise, 
and that at d is 750 in-lb, counterclockwise, so that the boundary 
conditions are 


M,=—500, M,=750in-lb....... [19] 


The beam comprises a single simple segment and the graphical 
steps are 


5 More precisely, a = 0.03536 radians/in. = 2.0317 deg/in. and 
® = 2.1216 radians = 121°33’. We use similar approximations 


throughout and, to avoid monotony, usually omit the word “‘approxi- 
mately.”’ 
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Fie.2 Enp Torquss 
(1 seale unit = 1000 in-Ib.) 


1 Mark the point Q on the M-axis, 2400 in-lb above the 
origin (this point is the center of curvature of the camptogram; 
the value of 2400 in-lb comes from Equation [16]). 

2 Draw a horizontal line 500 in-lb below the N-axis and mark 
it AA (this line specifies the boundary condition at a). 

3 Draw a horizontal line 750 in-lb above the N-axis and mark 
it DD (this line specifies the boundary condition at d). 


4 Turn the line AA counterclockwise about Q through 123°: 


into the position ff (the value 123° comes from Equation [15]).§ 

5 Denote the intersection of ff and DD by d. 

6 Finally, with Q as center, draw clockwise a circular are, 
starting at d and continuing until it crosses AA once and then 
meets AA again at the point to be marked a (this is the are sought; 
we leave to the reader the proof that it subtends at Q the angle of 
123°).? 

To help the eye, the radii Qa and Qd, and the points b and c 
(which divide the are ad into thirds) are shown in the figure. 
We note, for example, that 47, is about —1900 in-lb, N, is about 
2400 in-lb, and that hence according to Equation [17] S, is 
about 84 Ib. 

If the transverse load in Fig. 2 were directed downward, w 
and « would become negative, Q would lie below the N-axis, 
and the point a would appear at the right-hand end of the arc. 
If, in cases such as this, it should be desired to have the left end 
of the camptogram correspond to the left end of the beam, the 
positive direction of N should be taken toward the left and the 
convention on the signs of the angles reversed. 


TORQUES AND CONCENTRATED Loaps; Fics. 3, 4, 5 


In Fig. 3 the magnitude of the external counterclockwise 
torque at bis 1250in-lb. In addition to the boundary conditions 
given by Equations [19], we then have the following junction 
conditions at b 

M’*, = —1250, = Oin-Ib............. [20] 


The respective angle equivalents of the simple segments ab 
and bd are 41° and 82°. 


6 To locate f without drawing auxiliary lines, choose a protractor 
whose radius is conveniently longer than the distance from Q to AA. 
Place it, face up, into one of the two positions in which its center of 
curvature lies on Q, one of the zero-points, say O, on its circumference 
lies on AA, and its graduations run counterclockwise from 0. On 
the paper, mark that point along the circumference of the protractor 
which lies at the angle of 123° from O; the point so marked lies on ff. 
Repeat for the second position of the protractor, locating another 
point on ff. 

7 Whether the arc dceba, subtending the angle ® at Q, crosses AA 
or DD, or neither, will depend upon the numerical values of the par- 
ticular problem. 
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lic. Torqugs Berwenn Enps; ENp Torques 
(1 scale unit = 1000 in-Ib.) 


The graphical steps are: Mark Q and draw AA and DD as 
before. Turn* AA about Q through 41°, getting ff. , Translate 
ff downward through 1250 in-lb, getting gg. Turn gg about Q 
through 82°, getting hh and its intersection d with DD. With Q 
as center, draw the arc® that begins at d and meets gg at b+. 
On ff mark b- directly above b+. Finally, with Q as center, 
draw the are that begins at b- and meets AA ata, res 

Note that Equation [14], namely ¢ = 2.05z deg, holds in each 
simple segment, provided that the origins of ¢ and z are taken 
at its left end. This is so in all our examples except the one 
involving a change in B, 


fom 


Fic. 4 Concenrratrep Loap; Env Torques 
(1 scale unit = 1000 in-lb.) 


If a concentrated up-load of 35 Ib (rather than a torque) Is 
applied at b, as in Fig. 4, we have M : = Oand, in view of Equa- 
tion [12], . = 35 lb, so that the junction conditions become 


= 0, = (21] 


The procedure is the same as in the preceding case, except that the 
line gg is found by translating ff toward the right through 1000 
in-lb, and the point b- is found on ff directly at the left of b+. 


* Throughout this paper, we write ‘‘turn (the line)”’ for ‘turn (the 
line) counterclockwise,” and ‘‘draw the arc’’ for ‘‘draw clockwise the 
circular arc.”’ 
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b> 


Fic. 5 Concentratep Loap; Torque Berween ENnps: ENb 
TorQues 
(1 scale unit = 1000 in-Ib.) 


If a counterclockwise torque of 1250 in-lb is now added at the 
mid-point m of the beam, the camptogram takes the form shown 
in Fig. 5. The respective angle-equivalents of the simple seg- 
ments ab, bm, and md are 41°, 20'/2°, and 61'/2°. 


Enps; Fics. 6 aNp 7 


The beam of Fig. 6 is horizontal at aand at d, and hence the 
boundary conditions are = andS, = '/2 wl, so that 


N, = —"/ou@, Ng = [22] 


with ® expressed in radians. The lines AA and DD, specifying 
the boundary conditions in the camptogram are therefore 
vertical. In the present example 


N, = —2520, Nz = 2520in-Ib.......... (23] 


Since Qd makes the angle '/.4 with the M-axis, the point d of the 
camptogram can in fact be found without turning AA into the 
position ff. 

In the case of an axially compressed cantilever (not illustrated) 
whose end a is built in and whose end d is free (although it may 
carry a concentrated load, an external torque, or both), the line 
AA in the camptogram is vertical and the line DD is horizontal. 

The beam in Fig. 7 is built in with zero slope at a; its right 
end d is hinged, has zero deflection, and carries no external torque. 
The condition for the rotational equilibrium of the beam about a 
can then be written as M@, = —LS, — !/2wl.?, and hence 


Equation [24] is the equation of the line AA, specifying in the 
camptogram the boundary condition at a; the M-intercept of 
AA is —'/, wb* (—5400 in-Ib in thisexample); its N-intercept is 
—"'/2 uh (—2540 in-Ib). Since M, = 0, the line DD coincides 
with the N-axis. In Fig. 7 ff is the line AA turned counter- 
clockwise about Q through 123°. 


STEPwise VARIATION OF DistrisureD Loap; Fic. 8 


For the beam in Fig. 8 the data are as before, except that 
while w = 3 lb/in. along ac, as before, we now have w = 4.5 


lb/in. along ed. The junction conditions at ¢ are M* = 0 and 


Equation [16] now goes over into the two equations 


Mi = 2400, uz = 3600in-Ib............ [25] 


Fic. 6 Bors Enps Buitt-In 
(1 scale unit = 1000 in-Ib.) 
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Fic. 7 One Buttt-In, ONE HINGED 
(1 seale unit = 1000 in-Ib.) 
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Fie. 8 Stepwise In Distriputep Loap; TorQuEs 
(1 scale unit = 1000 in*lb.) 


where 4; refers to ac and ye to cd; hence the ares ac and cd of the 
camptogram have different centers of curvature. The angle 
equivalents of these segments are 82° and 41° as before. Fur- 
ther, since Equation [17] remains unaltered, the condition s* = 0 
implies that N 4 = 0. 
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The graphical steps are: On the M-axis mark Q, at 2400 in-Ib 
and Q. at 3600 in-lb. Draw AA and DD as before. Turn AA 
about Q; through 82°, getting f. Turn ff about Q2 through 41°, 
getting gg and its intersection d with DD. With Q» as center, 
draw the arc that begins at d and meets gg atc. Finally, with Q, 
as center, draw the arc that begins at cand meets AA ata. 


STEPWISE VARIATION OF FLEXURAL Riaipity; Fic. 9 


For the beam in Fig. 9 the data are as in the first example, 
except that while B = 4 X 108 lb-in.? along ac, as before, we 
now have B = 8 X 10° lb-in.? along cd. The junction conditions 
atcare M? = Oand S* = 0. 


4 b Cc a 
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STEPWISE CHANGE IN FLEXURAL Riqipity; ENnp TorquEs 
(1 seale unit = 1000 in-lb.) 


Fig. 9 


We specify the simple segments ac and cd by the subscripts 
1 and 2, respectively, and find from Equations [6] that 


a = 0.035 radians/in., a2 = 0.025 radians/in..... . [26] 

wi = 2400 in-lb, pe = 4800 in-lb........... [27] 
and 

®, = 82°, 


Equation [17] now takes the form 


i aN 0.035N on ac 129 


* 
The condition S, = 0 therefore becomes 


and hence NV is discontinuous at c; in fact, as we go along the 
beam from left to right across the point c, N becomes suddenly 
multiplied by the factor 


ai/a2 = 0.035/0.025 = 7/5............. [31] 


whose precise value in this example is V/2. 

The graphical steps are: On the M-axis mark Q, at 2400 in-lb 
and Q. at 4800 in-lb. Draw AA and DD as before. Turn AA 
about Q, through 82°, getting ff. 

Next draw the straight line gg that passes through the inter- 
section of ff and the /-axis and has the slope 5/7 (that is, a2/a1) 
times the slope of ff. 

Then turn gg about Q. through 29°, getting hh and its inter- 
section d with DD. With Qs as center, draw the are that begins 
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Fic. 10 A ProrrupinG ENp 
(1 scale unit = 1000 in:lb.) 


at d and meets gg at c+. On ff mark c- directly at the left of c+. 
Finally, with Q: as center, draw the arc that begins at c- and 
meets AA at a. 

Equation [14], namely ¢ = 2.05zx deg, still holds on ac, the 
origins of z and ¢ being taken at a; but, because of the change in 
a at c, it becomes replaced on cd by the equation ¢ = 1.432 deg, 
the origins of x and ¢ being taken atc. 


A ProtrupiInG Enp; Fia. 10 


In Fig. 10 the beam is under compression throughout its 
length. The boundary conditions are M, = M, = 0, so that 
the lines AA and DD in the camptogram both coincide with the 
N-axis. The bending moment and the slope are both continuous 
at b; hence we have Mf = 0 and, in view of Equation [4], 
S} = F,, where F, is the reaction of the support at b. Now the 
condition for rotational equilibrium of the segment bd about d 
can be written as 


M, = —(2/3)LF, — (4/9)wL? 


and therefore the junction condition S; = F,, can be put into the 
form 


2 
M, = —- ON; —- p@*............. [32] 
In our numerical case 
M, = —1.42N; — 4800............ [33] 


The graph of M, versus N} is thus a straight line whose vertical 
intercept is —4800 in-Ib, and whose horizontal intercept is —-3400 
in-lb. The line having these elements is shown in Fig. 10 where 
it is marked zz. 

The graphical steps are: Mark Q as before. Draw the line 22 
identified as indicated. Tura the N-axis about Q through 41°, 
getting ff. Next add ff and zz horizontally, getting gg.’ 

Then turn gg about Q through 82°, getting hh and its inter- 
section d with the N-axis. With Q as center, draw the are that 
begins at d and meets gg at b+. On ff mark b- directly at the 
right of b+. Finally, with Q as center, draw the are that begins 
at b- and meets the V-axis at a. 


A somewhat more general case is as follows: A vertical con- 


® Let the points g’, f’ and z’ lie respectively on gg, ff, and zz. The 
line gg is then defined by the condition that the abscissa of g’ equals 
the sum of the abscissas of f’ and z’ for every choice of g’, f’, and 2’ for 
which these points have the same ordinate. 
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centrated load W, and a torque M, are applied at the protruding 
left end (denoted by 1) of the beam, a torque M; is applied at 
the supported right end (denoted by 3), and the second sup- 
port is located at an intermediate point (denoted by 2); as 
before, B, w, and P are constant along the entire beam. The 
junction condition S} = F; can then be written as 


1 W 
M; = —b,N} — Dos E u(Pi2 + $3) + | + . [34] 
a 


where ® 3; is a times the length of the segment 2-3, and soon. This 
equation has the same form as its special case given by Equation 
(32], and can be handled graphically in the same way. Although 
both M, and M; determine the boundary conditions, 1/4; does 
not appear in the junction condition. 


Store CaMpTroGRAMS 
To set up a technique for estimating the slope of the beam 
without explicit integration of Equation [1], we introduce the 
quantities 


J Pad 
(35a,b] 
a a dz 
and write Equation [4] as 


We call Y’ the ‘‘normalized slope.’”’ In a camptogram, we use the 
N-axis for the n-axis, and the M-axis for the Y’-axis. 

If the left end of a simple beam segment lies at z = z; and its 
right end lies at zr = z,, we have 


V = V,+ — x) 
so that 


in particular 
n, = + an(z, — 2;) 


Hence if w ¥ 0, the points of the segment are associated linearly 
with the points on the n-axis that lie in the interval from n; to n,. 
In other words, if w # 0, Equation [37] can be used to scale a 
simple segment linearly directly on the N-axis of the campto- 
gram; and after this is done, the values of Y’ at various points 
along the segment can be estimated with the help of Equation 
(36). 

The degenerate case w = 0 is taken up at the end of the next 
section. 

EXAMPLE OF A SLope CamproGram; Fic. 11 

We return to the beam in Fig. 2. Its normalized camptogram 
is redrawn as the are a’b’c’d’ in Fig. 11. This are is shown di- 
vided into six equal parts, corresponding to 10-in. lengths along 
the beam. 

To find the end values of n, we first compute the end values of 
V. These are V, = —69.2 lb and V, = 110.8 lb, so that 


Ng = —1980, nz = 3160in-Ib........... [38] 


Next, on the N-axis in Fig. 11 we mark by the letters a and d 
the points having the abscissas n, and n, just computed, and di- 
vide the interval between them into a suitable number of equal 
parts, in this case six. The beam has now been scaled on the V- 
axis. 

We then erect several ordinates of the Y’-curve, using Equa- 
tion [36], which states that 


Ye 
Y; 


(abscissa of a) — (abscissa of a’) 
(abscissa of b) — (abscissa of b’) 


+ 
A 
| 
Fie. 11 A Stops CaMpTroGRAM 


(1 scale unit = 1000 in-Ib.) 


and so on. Since graph paper is used, the horizontal separation 
of two points can be picked up with a pair of dividers without 
drawing auxiliary lines. Finally, we draw the smooth Y’- 
curve. 

To compute the actual slope from the normalized slope, we 
turn to Equation [356], which in this case is 


dy/dz = 7.1 X 10-* Y’ 


For example, the value of Ya, as read in Fig. 11, is about 1750 
in-lb, and hence the slope at a is about 0.012. 

If w = 0, the points n; and n, in the camptogram for a simple 
segment coincide. The segment may then be scaled linearly 
upon any convenient interval of the N-axis, and the ordinates of 
the Y’-curve can be erected graphically with the help of the equa- 
tions Ya = n, — (abscissa of a’), Ys = m — (abscissa of b’), 
and soon. A similar procedure may be used if w ¥ 0 and if the 
points mn, and n, fall inconveniently too near each other. 


DEFLECTION CAMPTOGRAMS 


The deflection y is the integral of dy/dx with respect to z. 
If we consider a simple segment whose left end lies at r = 2x, 
assume that w #0, and express the integral in terms of n and Y’, 
we obtain the equation 


1 n 
pl ny 


which can be used to estimate y within one simple segment at a 
time. For example, in Fig. 11 the deflection at a is zero and the 
area under the positive part of the Y’-curve is about 2.5 x 10° 
(in-lb)?; hence according to Equation [39], the maximum de- 
flection of the beam is about (2.5 108) /(2400 5000) in., that 
is, about !/s in. 

To estimate y without explicit integration, we introduce the 
quantity 


which we call the “normalized deflection,” and write Equation 
[2] as 


Next we superpose upon the normalized camptogram the m- 
versus-n curve, which we call the “hybrid camptogram”’ of the 
beam, and then use Equation [41] to estimate Y for various values 
of x. In doing this, we use the N-avxis for the n-axis, and the /- 
axis for both the m-axis and the Y-axis. 
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To find the equation of the hybrid camptogram for a simple 
segment when w = 0, we note that, according to Equations [3b] 
and [3c], dm/dV = V/w. Integrating and using Equation 
[35a], we then get 


where > 


The hybrid camptogram is thus a parabola having the following 
elements 


| 
Focus F n=0,m= m+ [44] 
1 
Directrix GG m=m— [45] 


To plot this parabola, we mark F on the camptogram, draw 
GG, locate graphically several points each of which is equidis- 
tant from F and GG, and draw a smooth curve through these 
points. Equation [42] itself need not be used explicitly in the 
construction. 

The case w = 0, when the parabola becomes replaced by a 
straight line, is taken up at the end of the next section. 


EXAMPLE OF A DEFLECTION CaMPTOGRAM; Fia. 12 


We return to the beam in Fig. 11, reproduced in Fig. 12; the 
normalized camptogram a’b’c’d’ in Fig. 12 and the beam scale 
abcd along the N-axis are taken from Fig. 11. 


a b c d 
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Fie. 12 A DEFLecTion CAMPTOGRAM 
(1 scale unit = 1000 in-lb.) 


In the present case m, = —500 in-lb and n, = —1980 in-lb, 
so that, in round numbers, m = —1300 in-lb. Hence the co- 
ordinates of the focus F of the hybrid camptogram are n = 0 
and m = —100in-|lb, and the equation of the directrix GG ism = 
—2500 in-lb. After a parabolic arc having these elements 
has been drawn, we locate on it the points ao, bo, co, and do, whose 
respective abscissas are equal to those of the points a, b, c, and d, 
on the N-axis. The arc abocody is the hybrid camptogram of the 
beam; note that a» lies on AA and d) lies on DD, so that the 
boundary conditions are met. 
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Next we erect several ordinates of the ¥-curve, using Equation 
[41], which states that 


Y, = (ordinate of ao) — (ordinate of a’) 
Y, = (ordinate of bo) — (ordinate of b’) 


and soon. It now remains to draw the smooth Y-curve. 

The actual deflection is related to the normalized deflection 
through Equation [40] which in this case is y = Y/5000. For 
example, the maximum value of Y, as read in Fig. 12, is about 
1000 in-lb and hence the maximum deflection is about !/; in. 

If w = 0, a beam segment may be scaled linearly anywhere on 
the N-axis. The straight line that then represents m is drawn 
using the end-values of the bending moment which would obtain 
were the compressive force P not acting. The points on this 
line that have the same abscissas as the points a, b, c, and d on the 
N-axis, are marked ao, bo, co, and do; and so on. 


CONCLUDING REMARKS 


The material presented in the foregoing is perhaps sufficient to 
outline the elements of camptographic analysis for the case of 
axial compression. As the examples show, normalized campto- 
grams are simpler to draw and to interpret than the polar dia- 
grams” currently used for the same purposes. 

The camptographic method is based upon a direct geometric 
interpretation of the first integral of Equation [5], and hence the 
analytic solution of this equation is not needed either in deriv- 
ing or in applying the method. In particular, the analytic solu- 
tion of Equation [5] is not needed in verifying the theoretical 
correctness of a normalized camptogram; all that is required ina 
proof is to show that the basic theorems have been properly used, 
and that the boundary and junction conditions have been met. 

The analytic expressions for M and S along the beam can be 
deduced from camptograms trigonometrically; for this purpose 
the graphs may be drawn freehand. Formulas for maximum M, 
maximum S, moments at built-in ends, and so on, can be obtained 
from camptograms in a similar way.'! Stability conditions can 
also be inferred from camptograms, in the simpler cases by in- 
spection. 

The basic theorems of this paper, and hence geometric con- 
structions of the type described, apply of course to any equation 
of the rather common form of Equation [5], regardless of its 
physical interpretation. In particular, if initial rather than 
boundary conditions are given, the initial point of the are is 
known to begin with and the constructions simplify accordingly. 
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A New Fatigue Strength - Damping Criterion 


for the Design of Resonant Members 


In the selection of materials for machine and structural 
parts subjected to vibrations it is common practice to 
consider the fatigue strength of materials. In some cases 
the damping constant of the material may be considered 
in a qualitative manner. A theoretical analysis is given in 
this paper to show that the load resistance of resonant 
members is a function not only of the fatigue strength but 
also of the damping constant and modulus of elasticity 
of the material. Test data on various materials are pre- 
sented to show that the load resistance of a vibrating 
member may be appreciably changed by a correct selection 
of the material when this new design criterion is used. 
Fatigue strength - damping design criteria are presented in 
this paper for vibrating beams and plates subjected to 
both concentrated and distributed resonant forces. Re- 
sults are given for both external and internal damping. 
The theory developed may be extended for other members 
where the possible condition of resonant vibrations may 
occur. Turbine blades, airplane propeller blades, and 
shafts of various kinds are applications where the design 
criteria presented herein may be found useful. 


INTRODUCTION 


HE load resistance of materials is determined in the labora- 
Ves by fatigue tests performed at nonresonant frequencies. 

The critical frequency, however, is often the resonant 
frequency, and it is therefore important to know the load resist- 
ance of members at their resonant frequencies. By equating the 
energy input per cycle to the energy dissipated per cycle, strength 
criteria can be determined, that is, the load resistance of a vibrat- 
ing member can be defined in terms of the fatigue strength, damp- 
ing constant, modulus of elasticity, and dimensions of the mem- 
ber. The theoretical basis of this fatigue strength - damping 
criterion will first be explained for the case of internal damping. 
Some examples will also be given to show how the theory is ap- 
plied to specific resonant members. 


FatiGueE STRENGTH - DAMPING CRITERION FOR INTERNAL 
DAMPING 


In order to determine the load resistance at resonance for a 
vibrating member, the condition is used that the energy dissi- 
pated in internal friction per cycle (AW) equals the external work 
done by the external forces per cycle or energy input per cycle 
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(AW)). 
developed will be applicable only to cases in which the external 
damping is small and negligible compared to the material internal 
damping. 

1 Energy Dissipated by Internal Friction Per Cycle at Reso- 


It is assumed in using this condition that the theory 


nance. The energy dissipated by internal friction per cycle at 


resonance must be determined by damping tests of the material. 
The value of this energy'depends upon the material considered, 
the stress variation, and the type of stress. Many investigations 
have been conducted to determine damping constants of mate- 
rials (1). An empirical relation with considerable experimental 
support was recently proposed by J. M. Robertson and A. J. 
Yorgiadis (1) using equipment developed by B. J. Lazan (2). 
They showed, on the basis of tests for eight different materials, 
that under completely reversed axial stress the energy dissi- 
pated per unit volume (Aw) is a function of the stress and not 
independent of the stress as often assumed, that is 


where Aw = energy dissipated by internal friction per cycle 
o = amplitude of stress 
c, = experimental constant of material with dimensions 
in in.‘ per Ib? 


For a member of volume V, where the stress for any point is 
completely reversed, the energy dissipated per cycle is 


where dV = element of volume as, for example, the element at A 
in the beam of Fig. 1 


unit stress amplitude for this element 


In order to evaluate the energy dissipated per cycle, as given 


‘by Equation [2], it is necessary to consider a specific member in 


order to perform the integration indicated in Equation [2]. The 
application to specific cases is illustrated by: the examples con- 
sidered later. 

2 Work Done by External Forces Per Cycle at Resonance. To 
determine the work done by an external disturbing force at 
resonance per cycle, consider a disturbing fluctuating force of 
value P, at a time t, Fig. 1. Let x be the corresponding dis- 
placement of this force from the equilibrium position. Then 
the work done by the force P during a differential displacement 


dx is Pdx and the work done per cycle becomes 


dx 1 
AW, = Pdz = P= -d=- —- 


where w = the frequency of vibration. 

In order to evaluate the integral in Equation [3] the displace- 
ment-time and force-time relations must be known. These rela- 
tions will be assumed to be 


+ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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where x» = maximum amplitude of displacement of the foree P 
Po = maximum value of the force P 
w = frequency of vibration 


¢ = phase angle 


Placing the value of dx/dt from Equation [4] and P from Equa- 
tion [5] in Equation [3] and integrating, the work done by the 
external force P per cycle is 


At resonance, g = 90 deg and Equation [6] becomes 


3 Resonant Load - Stress Relation. The work done by the ex- 
ternal force per cycle, as given by Equation [7], must equal the 
energy dissipated per cycle as given by Equation [2] or 


The following example shows how Equations [2], [7], and [8] 
may be applied to determine the resonant strength of a specific 
member. 

Example 1. Cantilever Beam Subjected to an End Resonant Load; 
Internal Damping: The cantilever beam shown in Fig. 1 is sub- 


PP, sin(wt +6) 


heed 
Diegcom — 4 
z b 


Fig. 1 


jected to an end disturbing force P which varies in magnitude with 
time, as defined by Equation [5] for ¢ = 90 deg. The deflec- 
tion of the force P is given by Equation [4]. Ata point A in the 
beam the force P’ produces bending and shear stresses. The 
cross-sectional dimensions of the beam are assumed small com- 
pared to the beam length, so that the energy dissipated by the 
shear stresses compared to the bending stresses can be neglected, 
that is, the stress ¢ in Equation [2] will be replaced by the bend- 
ing stress o,. Since o, = My/I, where M is the bending mo- 
ment, J is the moment of inertia of the cross section, and y is the 
distance from the neutral axis, Equation [2] becomes 


There is an equivalent static load P, which will produce the 
same end deflection z» and the same moment M in the beam as 
the disturbing force Py. Then neglecting the moment produced 
by the weight of the beam, M = P,zin Equation [9], or 


aWwi= | a ‘Gal [10] 


In order to integrate Equation [10] it is necessary to define the 


beam cross section. For a beam of rectangular cross section of 
width 6 and depth d, and since P, = 3 Elzo/L*, Equation [10} 
becomes 


81 E81 .d.203 


32 Ls 


Equating the internal dissipated energy per cycle, as given by 
Equation [11], to the input energy per cycle as given by Equa- 


tion [7] 


Equation [12] defines the resonant force Py in terms of the 
maximum end deflection 2. To determine whether the beam 
will withstand this load the fatigue strength (¢,,) of the material 
must be considered. The maximum deflection x» permitted, 
based on the fatigue strength of the material, is 


Ls 


PL Ma) 21on, Le 
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To 


Placing the value of zo from Equation [13] in Equation [12], 
the load Py) becomes 


Po = 0.358 (J (14) 

Equation [14] defines the resonant strength Po of the beam in 
terms of the beam dimensions J, d, and L, and the material con- 
stants c, E, and o,. Equation [14] shows that the resonant 
strength is proportional to the square of the fatigue strength o,, 
to the damping constant c,, and the modulus of elasticity F of the 


material. It may be rewritten as 


The quantity k in Equation [16] is a material constant and will 
be called the “material resonant-load constant.” This equation 
shows that the constant k is a function of the damping constant 
¢, the modulus of elasticity EZ, and the fatigue strength ¢,. 
Based upon values of c; given in reference (1), Table 1 gives values 
of the material resonant constant k for eight materials, as deter- 
mined by Equation [16]. By Equation [15], the load resistance 
Py varies directly as k, so that the S.A.E. 1025 steel, for example, 
has about 3 times the resonant strength of monel metal. 

The last column in Table 1 gives the ‘merit number” @ = 
k/k,, where k, = the k value for the 8.A.E. X4130 steel. A com 
parison of the merit numbers shows, for example, that the reso 
nant strength of the magnesium alloy J-1 is only about 4 per cent 
of the resonant strength of the S.A.E. X4130 steel. 

The foregoing theory and Table 1 show that in the design of 
members subjected to possible resonant vibrations fatigue 
strengths are not a sufficient guide for material selection. 


Fatigue - DAMPING CRITERION FOR EXTERNAL 
DAMPING 


In some vibrating members the external damping is lars 
compared to the internal damping, and the foregoing analyses 9° 
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TABLE 1 COMPARISON OF RESONANT-LOAD RESISTANCE FOR A CANTILEVER BEAM 


° USING VARIOUS MATERIALS 
Modulus of Dampin Material 
Yield Fatigue elasticity constant Ci, resistance 
strength, strength om ; (in.*/Ib?) constant, Merit no., 
Material psi X 10-* psi X 107% psi x 1012 k Eom? = Q = k/ks 

Lucite, methyl-methacryl- 

ate resin 6 3¢ 4¢ 390 14050 3.86 
Bakelite, grade X lami- 

nated, phenolic (paper 

base) 6 3¢ 1.7¢ 65 994 0.27 
Plywood, !/,-in. birch, re- 

sin-bonded under 1000 

psi 5 2.54 1.2¢ 16 120 0.03 
Magnesium alloy M, 1.5% 

Mn extruded tubing 9 4.50 6.5 1 132 0.04 
Magnesium alloy J-1,6.5% 

Al, 1% Zn,0.2% Mn 12 6.5 0.55 129 0.04 
Monel metal, 67% Ni, 
80% Cu, 1.4% Fe, 1% 

Mn seamless tubing 71 30 25 0.04 900 0.25 
1025 steel, seamless 

tubing, as welded 64 42.52 30 0.05 2710 0.75 
S.A.E, X4130 steel, seamless 

tubing, ‘‘normalized”’ 80 534 30 0.043 3630 1.00 


@ Values given are estimated. 


longer apply. To determine the resonant-load resistance for 
members in which external damping is large compared to inter- 
nal damping, the condition will be used that the energy dissi- 
pated by external damping per cycle (Aw,) = the external work 
done by the external force per cycle ( Aw,). 

1 Energy Dissipated by External Damping Per Cycle ( Aw,). 
The evaluation of the energy dissipated by external damping 
per cycle is difficult, because the amount and distribution of the 
external damping is not known. However, the analysis will be 
given in terms of an equivalent viscous damping constant ¢,. 
For example, in the vibrating beam, Fig. 1, it will be assumed 
that the external damping is equivalent to a viscous damping 
force c,¢ acting at B, where ¢ = the velocity at a time t. The 
system shown in Fig. 1 is then equivalent to the vibrating helical 
spring analyzed in texts on vibration. The energy dissipated 
per cycle by the equivalent viscous damping is 


AW, = 


or 


2r 2x 


@ 
0 
2n 
C,(£)? d(wt)..... 
0 


Assuming a sinusoidal variation between the displacement and 
time ¢ 


il 
hye 
S15 
= 
il 


AW, = 


dx 


From Equations [17] and [18] 
AW, = - Cos*wt d(wt) 
WwW 
or 
[19] 


2 Work Done by External Applied Forces at Resonance Per 
Cycle. The work done by the external applied forces per cycle 
or energy input per cycle, is given by Equation [7] for a con- 
centrated load. 

To determine the fatigue strength - damping criterion for ex- 
ternal damping, it is now necessary to define the specific member 
considered. 


Example 2. Cantilever Beam Subjected to an End Resonant 


Load, External Damping: The cantilever beam shown in Fig.1 
is subjected to vibration by the external force P = Po sin wt at 
B and has an equivalent viscous external damping force c,z 
applied at B. The energy dissipated per cycle by external damp- 
ing is given by Equation [19], where w is the frequency of vibra- 
tion. At resonance, the resonant frequency is approximately 
equal to the natural frequency of vibration. For a uniform 
cantilever beam, the natural frequency of vibration (3) is 


where q = weight per unit length = ybd 
J = moment of inertia of cross section 
E = modulus of elasticity 
L = length of beam 


Placing the value of w, from Equation [20] for w in Equation 
[19], the energy dissipated per cycle becomes 


AW, = 3.52 re, ye. 
qL* 


Equating the value of AW, to the external work done by the 
force P per cycle, as given by Equation [7] 


__ 
3.52 ¢, 
Considering the fatigue strength of the material, the maximum 


value of x» permitted is defined by Equation [13]. Using the 
value of zo from Equation [13] in Equation [22] 


Equation [23] defines the resonant strength Po in terms of the 
equivalent damping constant c,, the fatigue strength o,,, and the 
modulus of elasticity Z. For external damping the resonant 
strength is found, by Equation [23], to be proportional to the 
damping constant c,, the fatigue strength o,, and inversely 
proportional to the square rooteof the modulus of elasticity EZ. 


To 


Fatigue SrrReENGTH - DAMPING CRITERION FOR COMBINED 
INTERNAL AND EXTERNAL DAMPING 


For vibrating members in which both the internal and ex- 
ternal damping may be large, the foregoing analyses must be 
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modified. Under these conditions the energy input per cycle 
equals the energy dissipated per cycle by internal friction plus the 
energy dissipated per cycle by external damping, that is 


AW, = AW + AW, 


By using Equation [24] and the values of AW, AW, and AW,, 
as previously defined, the resonant-load resistance for a vibrat- 
ing member can be determined. 

Example 8. Cantilever Beam Subjected to an End Resonant 
Load; Internal and External Damping: Substituting values of 
AW, AW, and AW, from Equations [7], [11], and [19], respec- 
tively, in Equation [24], the resisting load becomes 


Py = 0.358 eaten + 2.35 ad? 


The determination of the resonant strength and fatigue 
strength - damping criterion has been illustrated in the fore- 
going for a cantilever beam. A cantilever beam subjected to an 
end load, in which either or both external and internal damp- 
ing are predominant, was considered. 


FATIGUE STRENGTH - DAMPING CRITERION FOR INTERNAL DaAmp- 
ING AND DISTRIBUTED DISTURBING FoRCE 


In some resonant vibrating members the forced vibration is 
not produced by a concentrated force, such as in the foregoing 
examples, but is produced by the vibration of an adjacent part. 
For example, engine vibrations produce a distributed disturbing 
force on propeller blades of aircraft. If the blade is assumed to be 
a cantilever beam of constant rectangular cross section, and an 
amplitude of vibration zx, at the fixed end is produced by the 
engine, then it can be shown that the maximum acceleration 
(x4 w*) which may be imposed at the fixed end is 


Ig 
raw? = 0.99 (<2 Evy?) 


where q = the weight per unit length. In Equation [16] the 
maximum acceleration (z4w*) corresponds to the resonant 
strength P, in Equation [14]. 
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For a long plate fixed at the edges and subjected to maximum 
amplitudes of vibration z, at the edges, an analysis also can be 
made for the maximum acceleration. If L = the width of 
the plate or distance between the fixed edges, q = the weight of the 
plate per unit width, and w = Poisson’s ratio, the maximum ac- 
celeration (x4 w*) that may be imposed at the fixed edges is 


Ig Ci Eo,,? 


In Equations [16] and [17], J, g, «1, Z, ¢,,, and d refer to quanti- 
ties previously defined. 

Although this paper gives only the fatigue strength - damping 
criterion for a cantilever beam and long plate fixed at the edges, 
criteria for other types of members can be obtained in a manner 
similar to that explained in the foregoing examples. 


CONCLUSION 


The theory presented in this paper shows that for members 
subjected to vibrations which may approach resonant values, 
the design of the member and the selection of the material to be 
used should not be based upon the fatigue strength alone, but 
upon a fatigue strength - damping criterion. 
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Calculation of Diffuser Efficiency 
for Two-Dimensional Flow 


By R. C. BINDER,’ WEST LAFAYETTE, IND. 


A method is presented for calculating the efficiency of a 
diffuser for two-dimensional, steady, incompressible flow 
without separation. The method involves a combination 
of organized boundary-layer data and frictionless poten- 
tial-flow relations. The potential velocity and pressure 
are found after the boundary-layer growth is determined 
by a trial-and-check calculation. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


= velocity profile factor for diffuser inlet 

velocity profile factor for diffuser outlet 
displacement thickness of boundary layer 

diffuser efficiency 

width of entire flow channél at any section 

static pressure 

velocity at any point in a section 

value of v in boundary layer 

value of v outside boundary layer 

average velocity at a section 

distance along diffuser surface in direction of flow 
distance from and normal to diffuser boundary 
disturbance width of boundary layer, value of y when 
u=U 

density of fluid, mass per unit volume 

kinematic viscosity of fluid 


d 
v 
v 
Attention will be limited to steady, incompressible flow in a 
symmetrical channel. It will be assumed that the flow is two- 
dimensional or identical in parallel planes, that the channel sur- 
faces are smooth, and that the radius of curvature of the stream- 
lines is large in comparison with the boundary-layer disturbance 


thickness. The distance perpendicular to the plane of flow will 
be taken as unity. 


INTRODUCTION 


The flow in a diffuser is a basic problem of fluid mechanics. 
Diffusers are found in a great many applications; frequently the 
flow is difficult to analyze, and the efficiency of energy conversion 
is low. The available experimental data are somewhat limited, 
in range of variables and in completeness of measurement. For 
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example, the data on the flow in one diffuser may not be applicable 
to a proposed diffuser of the same shape because of differences in 
the state of the approaching flow. 

Thus there is the question: Is it possible to calculate or to 
obtain some estimate of the performance of a diffuser from a 
combination of basic data on boundary-layer flow and the simple 
relations for potential or frictionless flow? If a rhethod were 
available it would be helpful in many applications where dif- 
fuser flow is important. The present paper provides a method 
for calculating diffuser efficiency and indicates the application 
and limitation of the method. 


DEFINITION OF DirFUSER EFFICIENCY AND DISPLACEMENT 
THICKNESS 


Consider a diffuser which expands from an initial section 1 
to a final section 2. At section 1 the pressure is p;, the entire 
channel width is F;, and the average velocity, on a volume rate 
basis, is V;. Characteristics at section 2 are designated with 
the subscript 2. It will be assumed that the flow is axial, that 
is, without a spiral or rotation. Then, following Peters (1),? the 
diffuser efficiency EZ is defined as the ratio 


The velocity profile or form coefficients are defined by the erla- 
tions 


Fig. 1 illustrates a velocity profile at some section along the 
channel wal]. The disturbance width 6 is the value of y at u = 
U. The “displacement thickness’ D is defined by the relation 


where U is the uniform velocity in the frictionless or ‘“‘potential” 
core outside the boundary layer. 

In one type of common problem, the starting point is formed 
with the following factors given: F;, F2, 9, volume rate of flow or 
Vi, pi, and the initial boundary-layer thickness D,. One must 
first calculate A, B, and pz, in order to calculate the diffuser effi- 
ciency. 

Let Q represent the volume rate of flow through the channel. 


2? Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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D=— (U — udy .............. [5] 
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velocity 


Fie. 1 VELOCITY ProFILE NEAR CHANNEL WALL 


At entrance the potential velocity is U;. For a symmetrical 


diffuser, the equation of continuity gives 


Q = = (F; — 2D,)U, = (F — 2D)U 


For the potential flow in the core outside the boundary layer 
an energy balance gives the familiar relation 


If the displacement thickness can be calculated at each section 
along the channel, then the potential velocity can be calculated 
by the continuity equation, and the pressure can be found from 
the energy relation. Carrying the process from section 1 to 
section 2 gives the final pressure pp. The velocity coefficients A 
and B can be calculated from the velocity profiles. Then all the 
factors are available for determining the diffuser efficiency. 


Data AVAILABLE IN PREVIOUS LITERATURE 


Buri (2) proposed a method of calculating the turbulent 
boundary layer with accelerated and retarded potential flow. 
He introduced certain parameters, as one based on momentum 
thickness, as a measure of the state of flow within the boundary 
layer, and proposed using the Blasius friction law (3). A.S. Hall 
(4) made a critical review of the work of Buri, Nikuradse (5), 
Donch (6), and others. Ha&ll made complete experiments on the 
two-dimensional flow in several diffusers. The final results of 
Hall’s work which are pertinent to the present problem are out- 
lined in the following: 


let the functions y and T represent the following dimensionless 
combinations 


where » is the kinematic viscosity of the fluid, and z is the distance 
along the channel. measured from section 1. A simple relation 
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between the two foregoing relations is assumed as 


where a and b each is a dimensionless constant. Hall’s data 
check this type of relation reasonably well in a certain range as 
shown in Fig. 2. The different symbols in Fig. 2 refer to different 


aos ol ais 


Fie. ReLatTion Between y and 


diffusers. These tests show values of a = 0.020 and b = 5.88. 
Integration of the differential Equation [10] gives the final result 


COMPUTATION PROCEDURE 


For expediting numerical computation, Equation [11] can be 
arranged in the form 


F, U Us Wi 
Ve 
D, U,\D, 
Letz = 7, andw = a then 


1 


Note that each term in Equations [12] and [13] is a dimension- 
less ratio. 

One suggested procedure is to estimate first the displacement 
thickness along the channel; the variation in terms of dimension- 
less ratios is illustrated in Fig. 3. Then a dimensionless po- 
tential velocity ratio can be found with Equation [6]; the varia- 
tion is illustrated in Fig. 4. Next, a plot of the velocity ratio to 
the b power can be constructed as shown in Fig. 5. Consider 
some section C along the channel. Integrating graphically over 
the shaded area gives the integral term in Equation [13] for 
z/F, = 0toC. Then Equation [13] can be employed to deter- 
mine a value of D/F; at C. Trials and checks should be made 
until the calculated value of D/F; agrees with the assumed value. 

There is a question as to the possibility of an analytical relation 
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DispLACEMENT THICKNESS AS A FUNCTION OF DISTANCE 


A-215: 
Then each velocity profile coefficient becomes ; 
PF, n 3n 1 P, n (19] 
[1 — 2D,/Fi}* 
(" + ‘) (; :) (2+) 
Bw 2 n nm 2 n [20] : 


{1 — 2D./F2}* 


where D, is the displacement thickness at the exit. 

The ratio of disturbance width to displacement thick- 
ness as a function of T from Hall’s tests is shown in Fig. 7. 
Application of these data and Equation [17] gives the plot 
of n versus T shown in Fig. 8. Use of the energy Equa- 
tion [11] gives the following relations which may be con- 
venient in determining I 


--(7) 5.2 


F, 
Fic. 4 PorentiaL VELOCITY AS A Fig. 5 


FUNCTION OF DISTANCE TEGRATION 


between displacement thickness and distance. From the availa- 
ble information there does not appear a very simple relation 
which fits the data very closely. Even if a simple relation were 
available, the analytical integration may be complicated and may 
not offer any real advantage over a graphical integration. 

The relation between U/U, and D/P, is established once the 
displacement thickness is determined. Combining Equations 
[6] and [7] gives the following relations 


(3) 
P2— Pr U; 


{1 — 2D,/F;)? 
1 — (U2/U;)? (15) 


E= 


There remains the question of determining the velocity profile 
coefficients A and B. Fig. 6 shows an example of velocity profiles 
along a diffuser wall as indicated by tests. It is assumed that 
the velocity variation in the boundary layer can be expressed by 
a power relation of the form 


where n is a constant at any one section of a channel, but may 
vary from section to section. For this power variation, the rela- 
tion between disturbance distance and displacement thickness is 


5 
- n 
7 (U —u)dy = 6 (. [17] 


Evaluation of one integral gives 


F-3 
= 2 uidy 
0 
+1 2 1 
= U*| D n+ 
| ( n +P 20 ( [18] 


Usdy 


ror GRapPuHicaL IN- 


The potential velocity gradient dw/dz can be found from 
a curve of the type shown in Fig. 4. 

If there is no boundary layer, Equations [19] and [20), 
each gives a velocity-profile coefficient of unity. On the 


velocity 
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9 0.04 0.08 0.12 are 


Fie. 8 Vu ocrry Exponent n as A Function oF 


other hand, there is the condition of fully developed flow in 
which the disturbance width 5 equals half the entire channel 
width or F/2. Let the velocity profiles for this limiting condi- 


tion be represented by Agand By. Then 
(n + 1)* 

22 

As 3n + 1 [22] 


and B, has a similar expression with a corresponding n. A plot 
of Equation [22] is given in Fig. 9. Thus for a certain n the 
velocity profile coefficient will have a value between unity and a 
value given by Equation [22]. 


SUMMARY AND LIMITATIONS 


To summarize briefly, first the displacement thickness along 
the channel is found by a trial-and-check method. Then the final 
potential velocity can be calculated. From a value of I at each 
section the velocity exponent n can be found, and the velocity 
profile coefficients determined. 

It is somewhat difficult to specify precise limitations on the 
application of the foregoing method of calculation. The basic 
data are for two-dimensional flow. In a diffuser with two diverg- 
ing walls and two parallel walls, the flow may not be truly two- 
dimensional because of boundary-layer growth along the parallel 
walls. 

The method is limited to flow without separation. Consider 
a Reynolds number R based on the potential velocity and the 
displacement thickness, as 


UP 
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Fie. 9 Limrtinc Vatugs oF CoEFFICIENTS 
Ao AND Bo as A FUNCTION OF VELOCITY EXPONENT n 


The basic boundary-layer-flow data cover a range of R from 
about 500 to 40,000. In this range, if l is greater than 0.12, there 
is a strong possibility of separation occurring. If the maximum 
value of T is less than 0.08 the possibility of separation may be 
considered remote. 

The basic differential equation is a simple relation between 
yandTr. The accuracy of this relation can be found from Fig. 2. 
For symmetrical diffusers, at the high values of I there is a 
marked dissymmetry of flow and scatter of data. This lack of sym- 
metry indicates that a more refined method of calculation is not 
justified by the present available data. 
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Proposed Experiments for Further Study of 
the Mechanism of Plastic Deformation 


By J. S. KOEHLER! anv F. SEITZ,! PITTSBURGH, PA. 


The purpose of this paper is to propose new experiments 
in the field of the plastic deformation of solids. A quali- 
tatively satisfactory theory is discussed and is then used to 
suggest worth-while experiments. This theory assumes 
that plastic deformation is a result of the formation and 
motion of certain crystalline imperfections called dislo- 
cations. The nature and behavior of these imperfections 
are discussed. The origin of these imperfections and the 
changes produced in them during deformation are con- 
sidered. Certain new experiments are then proposed. It 
is suggested that all of these experiments be done using 
single crystals in an attempt to simplify the interpretation 
of the experiments: (a) It is suggested that the internal 
friction, the electrical resistance, and the rate of creep all 
be measured on the same spectroscopically pure metal 
single crystal. These three measurements should be made 
at various temperatures and should be done successively 
on crystals of various crystallographic orientations. (6) 
It is also suggested that stress-strain curves be obtained 
on fine single-crystal wires. In this connection it has been 
shown in glass fibers that the stress concentrations at the 
cracks can be reduced in very thin fibers. (c) It is proposed 
that the electrical resistance and the internal friction of 
an ordered alloy be measured while the single-crystal 
specimen is subjected to a very small plastic deformation. 
(d) An attempt will be made to suggest an experiment 
which would enable the observer to “‘see”’ the dislocations. 


DisLocaTION THEORY 


UANTUM mechanical calculations (1)? of the elastic con- 
stants of solids lead to the conclusion that Hooke’s law 
should be valid up to stresses at least as large as 10" 
dynes/em?, Experimentally it is found that large deviations 
from Hooke’s law occur for stresses of about 10? dynes/cm?. 
Thus it appears that plastic deformation is to be associated with 
the production and motion of some kind of crystalline imper- 
fection. These imperfections are thought to grow and move 
through the crystal when the material is subjected to a suffi- 
ciently large shearing stress. Thus far, a type of imperfection 
known as a ‘‘dislocation”’ has given the most satisfactory agree- 
ment with experiment (2). 
Let us describe a dislocation and show how these imperfections 
are used to understand certain features of plastic deformation. 
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Fic. 1 Scuematic View or A DIsLocaTION oF Type CONSIDERED 
In THEORY OF SLIP 


(Within the circular region there is one more plane of atoms above the slip 
plane ABthaninthe region below AB. After Orowan, (2).] 
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Fic. 2. Formation or DisLtocations aT BLockK BounpDaRiEs 


(The nature of strains in neighborhood of a dislocation is showa schematic- 

ally. In the upper set of sketches the shearing stress indicated in (a) pro- 

duces a positive dislocation which, under the influence of applied stress, 

moves across from left to right. In the lower row, the same external stress 

produces a negative dislocation, and causes it to move from right to left. 
After Taylor, (2).] 


Consider the type of lattice distortion shown in cross section in 
Fig. 1. In this figure AB represents the direction of slip, and 
the slip planes are perpendicular to the plane of the paper. With- 
in the region inside the circle the part of the lattice above the slip 
plane AB contains one more vertical plane of atoms than the 
region below AB. Such an imperfection is called a dislocation. 
The imperfection is taken to extend through mary atomic dis- 
tances in a direction perpendicular to the plane of the figure. 
Taylor has shown that if a dislocation of this kind originates at 
one side of a crystalline block and moves through the block, the 
result is a shearing displacement of one portion of the block rela- 
tive to the remainder by an atomic distance. This process is 
illustrated in Fig. 2. 

In the upper row of drawings a compressed region is produced in 
the upper part of the block, this compression being introduced 
into the block by a shearing rearrangement of the atoms at the 
left-hand side of the crystal. The compressed region then moves 
across the block, the resulting displacement is shown in (c), after 
the dislocation has reached the right-hand side and all internal 
stresses have been relieved. In the lower row of drawings the 
compressed region is produced in the lower portion of the block 
and moves across from right to left. The net result is the same 
in both cases. The shearing stress, responsible for the formation 
and motion of these dislocations, is indicated by the arrows in 
part (a) of the figure. Following Taylor (2), we shall call the dis- 
location portrayed in the upper row of drawings a “‘positive’”’ 
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Fic. 3 A Parr or Distocations GENERATED AT SAME 


(They are of sopeme sign and move in opposite directions. The direction 
of the applied shearing stress is indicated by the arrows. After Orowan, 


sup 


Fic. 4 Scnematic DiaGRAM SHOWING RELATION BETWEEN CRACK 
AND PLanes WuicH Become Active DurInGc TENSION 


(A dislocation pair has been drawn on each of the slip planes, the position of 
the positive member of the pair being indicated by the location ate extra 
plane of atoms above the slip plane.) 


dislocation while the dislocation pictured in the lower row is called 

“negative” dislocation. If the direction of the shearing stress 
is reversed, then the positive dislocation would form on the right 
and move toward the left while the negative dislocation would 
form on the left and move toward the right. 

In addition, Orowan (2) has pointed out that dislocations of the 
same type may be formed in pairs in the interior of a crystal in 
the manner shown in Fig. 3. If the members of such a pair move 
to the surface of a block in opposite directions, it is clear that the 
lattice will undergo slip through one atomic distance. Seitz (3) 
has shown how such dislocation pairs can originate at the ends of 
a thin crack, see Fig. 4. 


DETERMINING PoTENTIAL ENERGY OF CRYSTALLINE BLOCK 


We can now qualitatively show that the potential energy of a 
crystalline block containing a dislocation is larger than the po- 
tential energy of the block before the imperfection was introduced. 
The potential energy associated with each atom has its minimum 
value when the atom is in a lattice position. Since atoms near 
the axis of a line dislocation are not in lattice positions, they will 
have more energy than they would have in a perfect crystal. It 
is found that the increase in the energy of a thin crystalline slab, 
whose faces are perpendicular to the axis of the dislocation and 
whose thickness is the lattice constant of the material is about 
1 electron volt (4). This energy of formation is supplied by the 
forces which produce the deformation. It can also be seen that 
a dislocation will tend to move toward the surface of a block 
since, if the dislocation is far from the surface, the material around 
it is strained and possesses considerable strain energy; but as the 
dislocation moves toward the surface, the strains are gradually 
released and when the dislocation reaches the: surface, as in c 
orf in Fig. 2, we are left with a perfect crystal. 

In a similar way it can be seen from Fig. 3 that the members 
of a positive and a negative dislocation pair will attract one an- 
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other, This can be demonstrated as follows: If the positions 
of the two members of a pair coincide, then the additional plane of 
atoms above the plane AB, which is associated with a positive 
dislocation, lies just above the additional plane of atoms below the 
plane AB, which we associate with the negative dislocation. Hence 
we are left with a perfect crystal when the two dislocations 
coincide. Now, as the externally applied stress moves the two 
dislocations apart, the distortion of the crystal lattice spreads 
over a continually increasing portion of the erystal, and there- 
fore the total strain energy increases. 

The essential features of this argument are still valid if the 
dislocations making up the pair do not move on the same slip 
plane. In this case it should of course be understood thai the 
two dislocations cannot move into coincident positions and 
thereby annihilate one another, because dislocations can move 
only along the slip plane containing the axis of the dislocation. 
(We are assuming here that only one set of parallel slip planes is 
active.) 

A certain activation energy is required to move a dislocation 
through one atomic distance along the slip plane. This energy is 
required because the amount of distortion of the lattice is some- 
what less when the lattice is in the state (a) in Fig. 5 than it is in 
the slightly later stage of deformation shown in (b). In case (6), 
the dislocation is shown midway between the positions which 
it occupies in (a) and (c). It is known that this activation energy 
is probably smaller than 0.1 electron volt for the portion of the 
dislocation lying between two neighboring atomic planes which 
are perpendicular to the dislocation axis (5). 


| 
(a) (b) (c) 
Fig. 5 Scuematic DiaGRaM SHOWING D1s8LocaTION MoOviNG 


THROUGH One Atomic DISTANCE 


[The potential energy of the system is larger in (b) than it is in (s) or (c); 

herefore energy must be supplied to the lattice to move the dislocation 

through an atomic distance. Less than 0.1 electron volt per atomic plane 
is required. 


Dislocations are of course of finite length. Figs. 6 and 7 show 
qualitatively the nature of the ends of a line dislocation, and the 
nature of the lattice displacements at the ends of a pair of dis- 
locations having the same slip plane. In all applications of the 
theory to date, the effects resulting from the ends of the dis- 
locations have been neglected. 


Mosaic STRUCTURE 


We shall next discuss the mosaic structure. A study of the in- 
tensity of x-ray diffraction spots led Darwin (6) to conclude that 
actual crystals diffract as if they are composed of small blocks 
10-4 to 10-* em on an edge; each block is a perfect crystal but 
neighboring blocks are tilted out of perfect alignment by about 
0.1 deg. Buerger (7) and Davey (8) have emphasized the effect 
of dendritic and branching growth from a nucleus in developing 
these imperfections. The nature of the deviations from perfect 
periodicity are shown in Fig. 5. The mosaic structure does not 
seem to change with temperature; the ideas of Buerger and 
Davey concerning the origin of the mosaic structure are in agree 
ment with this fact. An electron microscope photograph of the 
mosaic structure in pure annealed copper is shown in Fig. 9. 

Burgers (9) following a suggestion of W. L. Bragg (10) has 
pointed out that the state of affairs along the boundary betwee? 


{ 
i 
] 
i 
t 
t 
l 


4 
Pay 
= 
x 
OF, 
. 
. 


KOEHLER, SEITZ--PROPOSED EXPERIMENTS, STUDY OF MECHANISM OF PLASTIC DEFORMATION A-219 


| | 
} 
| / 
+ + + y 


| 
ScHeEMATIC D1AGRAM SHOWING NATURE OF DISPLACEMENTS 


aT or Line DIsLocaTION 


(It can be seen from the figure that the end displacements can be represented 
y using a second-line dislocation whose axis is vertical.) 
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Fic. 7 Scuematic DiaGRAM OF MANNER IN WHICH ExTRA PLANES 
or Atoms AssociaTeD WitH DistocaTIOoN Parr SEPARATE DuRING 


Piastic DEFORMATION 


(The XZ-plane is the slip plane, the Z-direction being the slip direction. The 

Positive dislocation is on the left. The dislocations are of finite length and 

the lattice is essentially perfect for values of X —, than the value at AA, 
and also for values of X less than the value at BB.) 
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Fie. 6 


two mosaic blocks is entirely equivalent to the situation which 
is achieved by placing a large number of dislocations of the same 
sign one above the other. This situation is illustrated in Fig. 10. 
If one adopts this view the distance between the dislocations mak- 
ing up the mosaic boundary must be from 1 to 5 X 10-5 em if 
the neighboring mosaic blocks are tilted relative to one another 
by 0.1 deg or so. This suggestion is useful in discussing flow at 
low temperatures and low stresses since avithout it one is not able 
to understand the comparatively large deformations which are 
obtained. A consideration of the forces between these disloca- 
Uons using strain-energy methods (11) indicates that the potential 
energy of one of the dislocations varies in the manner shown in 
Fig. 11 when the dislocation is moved along its slip plane. It 
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Fic. 8 Sxketcu LINEAGE STRUCTURE 


[The crystal grew from a nucleus located near the center of the diagram. 
After Buerger (7).] 


Fic. 9 Mosaic Structure in GRAIN OF ANNEALED HiGH-PuRITY 
Copper, Etcuep WitTH FEerric-CHLORIDE REAGENT 


(Two centimeters measured along the illustration represents 1 micron on the 
specimen. This is a trans ion electron-microscope photograph of a replica 
of the surface. After C. 8. Barrett (13).] 


is assumed in calculating this curve that all the dislocations in the 
mosaic boundary below the particular imperfection under con- 
sideration are held fixed while the ones above it move along their 
slip planes with the dislocation in question. The activation 
energy W, necessary to pull the two halves of the mosaic bound- 
ary apart does not depend upon the spacing of the slip planes. 
In addition, it is found that, if the external shearing stress is 
107 dynes/cm? (this is the critical yield stress for copper), the 
spacing of slip planes must be about 10.9 X 1075 cm if this ex- 
ternal stress is to supply sufficient energy to tear the mosaic 
boundary in half. If the spacing is only 2.6 K 10~5 cm as we 
would expect from x-ray data, then an external shearing stress 
of 107 dynes/cm? would furnish about one fourth of the energy 
required to separate the imperfections forming the mosaic 
boundary. 

The fact that thermal fluctuations can aid in breaking up the 
mosaic boundary has not yet been used. The data of Fahren- 
horst, Schmid, and Boas (12), obtained on single crystals of zine 
and cadmium, indicate that the critical shearing stress for these 
crystals increases by a factor of 2.5 in going from room tempera- 
ture to absolute zero. Since the energy supplied is proportional 
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Fie. 10 ScHematic Diagram SHowina How a NuMBER oF LIKE 
Drstocations Can Be Usep To REPRESENT THE BouNDARY BeE- 
TWEEN Two Mosaic Biocks 

[The distance h is about 2.5 X 10-§cm. After Burgers (9).] 
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Fie. 11 EnerGy Requirep To SEeparaTeE Two LIKE 


DISLOCATIONS IN COPPER 


The ordinate is the energy in electron-volts of a slice of material 1 atomic 
istance thick; the slice is of course perpendicular to the two slip planes. 
The two -. planes are parallel and are separated rn a distance of 2.5 x 
10-5 cm. he abcissa is the separation distance of the two extra planes of 
atoms which are associated with the two like dislocations. If the separation 
of the slip planes is decreased, then the maximum moves to the left but its 
height Wo remains unchanged.) 


to the applied shearing stress, this means that at absolute zero 
the larger shearing stress supplies about 60 per cent of the energy 
necessary. In view of the approximate character of the calcula- 
tions and the fact that the data determining the spacing of the 
dislocations making up the mosaic-block boundary is not ex- 
tremely accurate, the agreement is very good. It is also not 
impossible to expect that there may exist local regions in the solid 
where a stress magnification of 2 exists. 

Experimentally, the mosaic structure does not seem to change 
very much with heat-treatment. The model which we have 
adopted enables one to understand this fact since a mosaic bound- 
ary requires a thermal activation energy of 0.5 electron volt per 
plane to produce a breaking up of its structure. This activation 
energy is large in comparison with k7' at room temperature. 
Hence many atoms would have to co-operate to supply the 
dislocation with the required activation energy. As a result the 
mosaic boundary is essentially stable at room temperature. 

It is next necessary to decide whether the dislocations present 
in the mosaic boundaries of an annealed metal are numerous 
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enough to account for the large amounts of deformation which 
can be produced in metals. According to the picture presented 
here, the density of dislocations in an annealed metal in a plane 
perpendicular to the slip plane is about 10° dislocation lines per 
square centimeter. In a severely cold-worked metal, the work- 
hardening and the amount of stored energy can be understood 
if one assumes that there are 10" dislocation lines per square 
centimeter through a plane perpendicular to the slip plane. Since 
the dislocations are thought of as making up the mosaic-block 
boundaries, this increase in the density of dislocations should be 
associated with a decrease in. the size of the mosaic blocks. It 
can be shown theoretically that a decrease in the average diame- 
ter of the mosaic blocks by a factor of 10 will increase the den- 
sity of dislocations by a factor of 1000 of so. Some evidence for 
a decrease in the size of the mosaic blocks with increasing def- 
ormation has been found. According to C. 8. Barrett (13), 
the diameter of the rod-shaped mosaic blocks in copper decreases 
by a factor of 3 during cold-work. He apparently did not make 
any observations designed to determine changes in the lengths of 
the rods. Further data are needed. 

If one examines the dislocation picture theoretically, there are 
two mechanisms which could contribute to a decrease in the aver- 
age diameter of the mosaic blocks when plastic deformation oc- 
curs. (a) The members of a dislocation pair separate from one 
another, moving along their respective slip planes. (b) A dis- 
location pair can grow in length in a direction in the slip plane 
and perpendicular to the slip direction. Fig. 12 shows that the 
first process does not lessen the size of the mosaic blocks. 
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Fic. 12 Tue Top Diacram SHows THE Mosaic-BLock BouNDA- 
Berore DerorMatTion. Borrom Diacram SHows System 
AFrTeR Some Puiastic Strip Has OccurREeD 


{(a) The dislocations located along vertical block boundaries are associated 
with horizontal “4 planes. The dislocations located along horizontal lines 
are associated with vertical slip planes. In diagram (b) the shearing stress 
responsible for the slip is indicated by the arrows. It is assumed that the 
component of the shearing stress in the vertical direction is small. ‘There 
fore the dislocations along the horizontal lines are fixed in position. | 


JUSTIFICATION FOR APPROACH TO PROBLEM 


There are numerous other reasons why the picture adopted i 
the present paper appears reasonable. 
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No regions in which large stress magnification takes place are 
required. In most previous discussions it was assumed that 
dislocations or some other kind of imperfections are produced 
during deformation. These imperfections required a local stress 
of about 0.1 of Young’s modulus in the region where they were 
created. In other words, the necessary stress magnification at 


‘the yield point was about 1000. There are three possible 


sources of stress magnification in single crystals. There is 
considerable doubt concerning the possible effects of surface 
cracks on the plastic behavior of metals. Andrade (14) has shown 
that the rate of plastic flow in a cadmium wire about 1 mm diam 
can be increased by a factor of 3 or so by bombarding the wire 
with @ particles. The particles penetrate to a depth of about 
5 X 10-4em. Roscoe (15) has shown that the yield stress of 
a cadmium wire about 1 mm diam is increased by a factor of 2 
when an oxide coating is present. G. F. Taylor (16) observed 
that bismuth wire bends very easily if its diameter is 0.035 cm 
or less. This appears to indicate that fine bismuth wires have 
a low yield stress. Further data are needed but the fragmentary 
evidence available does not indicate an abnormally large yield 
stress for wires of small diameter. A diameter dependence of 
this kind would be expected if most dislocations were produced 
at surface cracks. 

It might be supposed that precipitates would act as a source of 
stress magnification. The platelike precipitates which often 
occur during age-hardening should be especially suitable for pro- 
ducing large stress concentration. Experimental data show that 
the yield stress is increased by the presence of precipitates (17). 
This indicates that even though dislocations may be produced 
in the region near a precipitate, the large internal stresses which 
result from the fact that the precipitate does not fit into the ma- 
trix must prevent the dislocations from moving freely. At any 
rate, the observations do not indicate that precipitates are re- 
sponsible for the low critical shearing stresses observed in pure 
metallic single crystals. This conclusion seems valid even if one 
supposes that insoluble oxides are present. 

It might also be supposed that disk-shaped holes are respon- 
sible for the stress magnification, but the ratio of diameter 
to thickness of the disk must be about 10° to produce the desired 
stress concentration (18).* If the thickness of such a crack is of 
the order of the lattice constant, such a crack would collapse as 
a result of the cohesive forces which act between the atoms on 
opposite faces of the crack. Thus far there seems to be no experi- 
mental evidence for such cracks in metals. 

We have carried out an experiment which indicates that large 
holes do not play a role in stress magnification. A No. 26B&58 
gage annealed commercial copper wire was held at red heat for 
1 hr in an atmosphere of dry helium. The wire was then 
quenched by a blast of cool helium. The average cooling rate 

* According to Coker and Filon (reference (18), pp. 544, 550), the 
maximum tensile stress on the surface of a hole which has the form 
of a long elliptical cylinder and has semiaxes a and b is 2 T where 
T is the tensile stress far from the hole. This is equivalent to a shearing 
stress of magnitude T.. Hence the externally applied stress T is 
magnified at the surface of the hole. It is true that the maximum 


shearing stress can also be written as 7’ 


@ where r is the radius of 


curvature at the place of greatest curvature on the ellipse. This 
second equation is not suitable for use in the problem being discussed 

cause it is rather meaningless to speak of a radius of curvature in a 
crystal where the width of the hole changes discontinuously. It is, 
however, sensible to use the first equation for the maximum shearing 
stress even in the case of a crystal, because the stress magnification 
does not depend sensitively upon the exact shape of the crack at the 
point of greatest curvature. (See Coker and Filon, (18), p. 553, 
for data on this point.) 


was determined to be about 6000 C per sec. The yield stress of 
the wire was the same to within + 10 per cent before and after 
this treatment. If large disk-shaped holes had been present and 
responsible for the low yield stress of the annealed copper, then 
the thermal agitation at the high temperature should have been 
sufficient to break up the large holes. The rapid quench should 
not give the small holes sufficient time at intermediate tem- 
peratures to clump together. Thus if disk-shaped holes were 
responsible for stress magnification, one would expect to produce 
an increase in the yield stress by this treatment. 

If the electrical resistance of a cold-worked metal is calculated 
by assuming that the dislocations are distributed uniformly 
through the material, the calculated increase in the resistance 
which is produced by cold-work is more than 10 times smaller 
than the experimentally determined increase (19). This disagree- 
ment can be reduced if the distribution is made nonuniform; 
according to the picture presented in the present paper the dis- 
locations make up the mosaic boundaries and therefore are dis- 
tributed nonuniformly. 

The viewpoint adopted here has been influenced by a theory 
of the strength of polycrystalline metals proposed by W. L. 
Bragg (20). Bragg assumes that deformation can arise from a 
fragmentation of the crystal grains. He assumes that a grain 
will break up into two parts which are displaced or sheared 
relative to one another if the total strain energy of the system 
is decreased by such a process. C.S. Barrett (13) assumed that a 
similar fragmentation of the mosaic blocks in a single crystal 
takes place when plastic deformation occurs. It is clear from 
the discussion which has been given that dislocations can be 
used to give a more specific description of a mosaic-block bound- 
ary and a more detailed account of the changes which occur 
in the block boundaries during deformation. 

Bragg has pointed out that the type of theory used here can 
explain the presence of slip bands. From the dislocation point 
of view, yielding takes place when the externally applied shearing 
stress becomes large enough to tear apart the dislocations making 
up a block boundary. Note that at the yield stress all of the 
block boundaries are subject to an appreciable shearing stress. 
If one of the block boundaries breaks up and the dislocations of 
which it is composed move along their slip planes, it is probable 
that these freely moving dislocations encounter the neighboring 
block boundaries with sufficient energy to break them up. This 
breakdown process spreads across the crystal, producing a slip- 
band. The disturbance spreads in the slip direction because the 
dislocations move in the slip direction. 


PRoposED EXPERIMENTS 


The first proposed experiment involves the measurement of the 
internal friction, the electrical resistance, and the initial or tran- 
sient-creep rate. These measurements should all be made suc- 
cessively on the same very pure single crystal. Since the creep 
test may change the specimen permanently it should be per- 
formed last. The measurements should be done as a function’ 
of the temperature, the amount of cold-work, and the crystal- 
lographic orientation of the specimen. It is possible that the 
effects of the first two variables may be investigated using just 
one specimen if for a given amount of cold-work one uses contin- 
ually increasing temperatures, then increases the amount of cold- 
work, and again takes measurements over the temperature range, 
starting at low temperatures. All of the temperatures considered 
should be well below the resoftening temperature. Copper and 
zinc are probably suitable for the experiments since they can 
be obtained with a purity of about 99,999 per cent and can be 
produced in such a way that they are free of oxygen, sulphur, 
and other gases. 
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The experiments just described would be of interest for the 
following reasons: 

1 Seitz and Read (21) used Chalmers’ (22) experiments on the 
transient initial creep rate at low stresses in single crystals of tin 
to predict the order of magnitude of the internal friction in well- 
annealed metal single crystals. The predicted value was 10~° 
while the experimentally observed value was 7 X 10-5. This 
disagreement may mean that two different mechanisms are re- 
sponsible in the two experiments; or it may be that the specimens 
used differed in impurity content or in heat-treatment. The 
experiments suggested would decide whether the second pos- 
sibility was of importance. 

2 In moving along its slip plane through one atomic distance, 
a dislocation encounters a potential barrier. Seitz and Read (23) 
estimated the height of this barrier to be 0.01 electron volt per 
plane. If creep and internal-friction experiments are done at 
sufficiently low temperatures and low stresses, then the initial 
transient rate of creep and the internal friction should drop to 
zero because the thermal fluctuations are no longer large enough 
to assist the dislocations over the barrier just mentioned. Law- 
son’s (24) experiments on copper indicate that the internal friction 
in a cold-worked polycrystal is large even at 80 deg K. The 
decrease in the internal friction on going to low temperatures 
should be greatest for a specimen which has been subjected to 
some cold-work. These experiments would enable one to evalu- 
ate the activation energy associated with the potential barrier. 
In case the internal friction and the initial creep rate did not 
drop to a low value at the same temperature, the experiment 
would yield useful information about the differences in the 
lengths of the dislocations responsible for the initial creep rate 
and the internal friction. 

3 Since the specimens would be given increasing amounts of 
cold-work, a determination of the yield stress in tension could be 
made and the critical shearing stress calculated. The specimens 
used would be free from precipitates and therefore one could 
decide whether the absence of the precipitates increases the 
critical shearing stress. 

4 Theelectrical resistance measurements would be of interest 
because they would furnish information about the ‘‘ends’’ of the 
dislocations and possibly they might also furnish information 
about the distribution of dislocations in a cold-worked specimen. 
Let us discuss these possibilities. If the dislocations in a cold- 
worked material are all parallel and are all very long as compared 
with their cross section, then electrons which are traveling along 
the length of the dislocations will not be scattered out of their 
original dire ~+ion very frequently because only a few atoms are 
displaced parallel to the axes of the dislocations. If on the 
other hand we consider electrons traveling perpendicular to the 
axes of the dislocations in a highly cold-worked crystal, then 
there will be many atoms displaced in any direction which is 
perpendicular to the axes of the dislocations and, consequently, 
these electrons would be scattered more frequently than the 
ones traveling parallel to the axes of the imperfections. This 
consideration would. lead us to expect that, in a cold-worked 
metal single crystal in which only one slip plane and one slip 
direction are active, we should expect an anisotropy in the ad- 
ditional electrical resistance introduced by cold-work. A quan- 
titative measurement of this anisotropy might make it possible 
to calculate the average length of the dislocations. 

If it is true that there are only a few places where stress magni- 
fication occurs in a mosaic block, and if all of the imperfections 
originate on slip planes near the points of greatest stress mag- 
nification, then the density of dislocations in a specimen deformed 
in such a way that only slip plane and one slip direction are 
active might vary as shown in Fig. 13. 

In Fig. 13 the axes of the dislocations are taken to be per- 
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Fic. 138° SHOWING THE AsyM- 
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pendicular to the plane of the 
paper. A quantitative meas- 
urement of the degree of 
clustering of dislocations along 
slip planes can be obtained by 
measuring the resistance be- 
tween electrodes AA and then 
measuring the resistance be- 
tween electrodes BB. The ad- 
ditional resistance in direction 
AA, which results upon plastic 
deformation, should be greater 
than the change which occurs 
in the BB direction if the dis- 
tribution of dislocations is as 
shown in the figure. The dif- 
ference of course arises from 
the fact that the current along 
path AA must traverse some 
regions having a high density 
of dislocations and hence a 
high resistance, whereas in 
going along path BB the cur- 
rent density in the low-resist- 
ance regions between the slip 
bands will be higher than at 
the slip bands; thus the total 
resistance will be lower along 
path BB. 


It should be mentioned that 
the measurements discussed in this paragraph are not inconsist- 
ent with those discussed in the previous paragraph; all of the 
required information is obtained by noting the changes produced 
by plastic deformation in resistivity measurements made in the 
slip direction, in the slip plane and perpendicular to the slip dir- 
ection, and perpendicular to the slip plane. The changes which 
occur in the first two directions mentioned are compared, to give 
information about the length of the dislocations, while the 
changes which occur in the first and third directions are compared 
to obtain a measure of the degree of clustering along slip bands. 

The increase in the electrical resistivity which is produced by 
severe cold-work in a polycrystalline metal amounts to several 
per cent of the initial electrical resistance at room temperature. 
This change is large enough so that the measurements should 
not be extremely difficult to perform. 

The second proposed experiment involves a measurement of the 
yield stress of very thin wires, These wires should be pure metal 
single crystals. The crystallographic orientation and the surface 
condition of each specimen should be known. . It probably would 
be possible to cut several samples from a long single-crystal wire; 
these specimens would then be examined in tension after the 
surfaces of the samples had been subjected to various treatments 
aimed at changing the number and kind of surface cracks present. 
It may also be possible to smooth the surface by electrolytic 
polishing. There is also a possibility that thin films of material 
evaporated onto the surface of the wire have an effect on the 
yield stress. 

This experiment is of course a natural extension of the work of 
Griffith (25) on the strength of thin glass fibers. If the same phe- 
nomena are of importance, we would expect the yield strength to 
increase when the diameter of the wire becomes smaller than 
about 10-* cm. The electron microscope at its present state of 
development might not provide the necessary information about 
surface conditions, since the cracks of interest to us would be 
only several atomic distances across and from 200 to 1000 atomic 
distances in depth. The wires should of course be extended 
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until fracture takes place, and the complete load-versus-extension 
curve should be obtained. In addition, the electrical resistance 
of the sample should be measured during the extension. These 
experiments should be done as a function of the diameter of the 
wire and as a function of the crystallographic orientation. The 
samples should of course not contain any precipitates which 
might serve as sources for imperfections. 

The experiments just described would be of interest for the 
following reasons: 

1 They would decide whether stress magnification at cracks 
plays an important role in plastic deformation. 

2 They would give information on the size of crack which is 
effective. It is also possible that the cracks might prefer a 
definite crystallographic orientation. If so, the data obtained 
in the experiments described might provide information on the 
point. 

3 Some idea of the amount of possible variation in the yield 
stress which can be produced by changing the size and the num- 
ber of cracks in a solid might be obtained. 


The third experiment involves a measurement of the electrical 
resistance of a well-ordered binary alloy which is undergoing creep 
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(The passage of one dislocation along the slip plane will slide the upper por- 

tion of the crystal along the [110] direction through a distance equal to the 

length of the diagonal of a cube face. It can be seen from the figure that such 
a translation will not disorder the crystal.) 
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Suow1ne DisorpeR PropucEeD IN AN ORDERED LatTTiceE BY PASSAGE OF A SINGLE LINE DISLOCATION 


In (a) the lattice is ordered; in (6) there is disorder on the portion of the slip plane to the left of the dislocation, whereas the lattice to the right of the dis- 


location is still ordered. 


In (c), after the dislocation moves completely across the block, the slip 


lane shows disorder across the entire block. The pas- 


sage of a second dislocation of the same sign across the block on the same slip plane woul again produce a completely ordered crystal. 


at very low stresses and low temperatures. If this experiment is 
done properly, one might be able to detect the passage of single 
dislocations. The passage of one dislocation along the slip plane, 
shown in Fig. 14, would disorder an entire atomic plane, while 
the passage of a second imperfection would reorder the plane. 
Professor Schiff(26) has pointed out that the creation of the large 
amount of disorder which results from the passage of one dis- 
location requires a large amount of energy. This means that 
the average force necessary to move the single dislocation along 
this particular slip plane is large. There are two ways in which 
the lattice could deform without requiring such a large expendi- 
ture of energy: (a) Two dislocations of the same sign might 
follow one another across the slip plane, thus limiting the disorder 
to a relatively small region; (b) the deformation might take 
place by glide on a slip plane chosen in such a way that the pas- 
sage of a dislocation on that plane would not disorder the lattice, 
see Fig. 15. 

It is probable that possibility (b) can be avoided by choosing 
an alloy which when disordered shows a very great preference for 
the particular slip plane which becomes disordered when a dis- 
location moves along it in the ordered crystal. Apparently the 
alloy Au Cu; is a suitable material; according to Sachs and Weerts 
(27) the ordered alloy Au Cu; has the [111] plane as its slip plane 
and the [101] direction as its slip direction. 

Fig. 16 shows a slip plane in the ordered lattice of this alloy. 
It is evident from the figure that this lattice will be disordered by 
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single dislocation along the ip 
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o / tion moves through a distance 
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the passage of a single dislocation along the slip plane. At the 
low stresses to be used in these experiments the entire system of 
imperfections which make up the mosaic boundary might move 


as a unit, thereby producing a large amount of disorder. 


IMPERFECTIONS RESPONSIBLE FOR PLASTIC DEFORMATION 


Finally, we would like to suggest that some direct attempts be 
made to “‘see’”’ the imperfections responsible for plastic deforma- 
tion. One might be able to see the imperfections in the 
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17 Scuematic DiacrRaM oF HicHLy CL 
CrystTAL WuicH SHows REGIONS IN WHICH SILVER Wou.Lp Deposit 
Wuen Materiat Is Sussectep To LicutT 


(The positive and negative dislocations are shown on their slip planes. Since 
the lattice experiences a dilatation in the region just below a positive dislo- 
cation, the interstitial silver atoms will be deposited there. Thus the 
dotted semicircles are the regions in which silver deposits will occur.) 


following way: Subject a pure single crystal of Ag Cl to a small 
amount of plastic deformation. Then expose it to light. Finally 
examine the Laue x-ray diffraction pattern obtained using the 
characteristic copper La radiation. 

The treatment outlined is aimed at accomplishing the following 
results: The plastic deformation should insure that there are a 
large number of imperfections present in the specimen under 
examination. The Ag Cl is then exposed to light. This ex- 
posure to light produces the photographic latent image. Now, 
according to Mott and Gurney, the latent image is simply a 
submicroscopic silver speck which upon chemical development 
produces a microscopic silver speck. It is our belief that the silver 
which is deposited in a plastically deformed Ag Cl crystal upon 
exposure to light will deposit preferentially in regions where the 
local stresses have increased the lattice parameter. The inter- 
stitial silver ions will tend to diffuse into regions of the crystal 
lattice which are extended because the ions will have less po- 
tential energy in such regions. 

Fig. 17 is a schematic drawing of the way in which the silver 
deposits may form at dislocations. Since about one quarter of 
the strain energy associated with a single-line dislocation is con- 
tained within a cylinder whose radius is about twice the lattice 
parameter, we would expect that the silver deposit would be a 
thread of radius 2 or 3 times the lattice parameter. These threads 
should serve to scatter x rays. In order to obtain as much scat- 
tering as possible, the wave length should be chosen to be about 
equal to the diameter of the thread. It may be that the extra 
bands observed by Burgers and Tan Koen Hiok(28) in the Laue 
photographs of Ag Cl are produced in the manner described. 
They used the characteristic radiation of molybdenum. It 
should be pointed out that all experiments designed to investigate 
the geometrical nature of the imperfections by measurements 
made on the radiation or the particles scattered by the imper- 
fections encounter difficulties which arise from the extremely low 
intensity of the scattered waves. 

Although there are other experiments possible at the present 
time, it is our opinion that investigations of the sort suggested 
in the paper will prove quite useful in determining the factors of 
importance in the plastic deformation of single crystals. We 
are at present engaged in an experimental program under a con- 
tract with the Office of Research and Inventions of the U. S. 
Navy. The quick-quench experiments on copper constitute a 
part of this research. 
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Gravitational Diffusion From a 
Source in Two-Dimensional Flow 


By HUNTER ROUSE,' IOWA CITY, IOWA 


Convection currents of heated air downwind from a 
continuous line of gasoline burners at ground level pro- 
vided an important means of dispersing fog over airfields 
during the recent war. A study of heat requirements as 
a function of burner location and cross-wind velocity, 
conducted by the Iowa Institute of Hydraulic Research 
in 1943, yielded results which are considered applicable 
to all similar problems of gravitational diffusion from a 
boundary source—such, for instance, as the mixing 
through induced convection of sediment-laden water 
introduced at the upper surface of a stream. The author 
presents herewith a general analysis of the problem, 
based upon solution of the differential equations of 
energy and diffusion for the assumption of (1) an error 
distribution of the specific-weight difference over any 
normal section and (2) a direct proportionality between 
the mixing length and the standard deviation of the error 
curve. Experimental results are shown to verify the 
analysis with good approximation. 


XISTING theories of turbulent diffusion are tacitly re- 
to the condition of constant specific weight 

throughout the moving fluid. It is presumed, in other 
words, that the turbulence of the approaching flow provides the 
sole mixing action, and that such turbulence is neither augmented 
nor reduced as a result of the diffusion process. As a matter of 
fact, not only is the specific weight of fluid matter in zones of 
diffusion often variable over a considerable range, but such 
variation can in itself be the primary cause of the mixing phe- 
nomenon, 

Consider, for purposes of illustration, the generation of heat 
along a line source at right angles to a uniformly turbulent flow. 
So long as the rise in temperature remains small, the heat will be 
diffused symmetrically about a longitudinal plane passing through 
the source; the transverse distribution will follow the probability 
function at all successive sections, the lateral spread increas- 
ing with distance from the source and the peak value decreasing 
accordingly. The geometry of the diffusion pattern, under such 
circumstances, will depend solely upon the relative intensity of 
the turbulence. 

If now the rate at which heat is generated at the source is 
gradually increased, there will evidently be a steadily growing 
tendency for the heated fluid as a whole to rise. If the line 
source and the direction of flow are horizontal, the effective buoy- 
ant force will necessarily result in a continuous vertical displace- 
ment of the heated fluid as it moves downstream, with the result 
that the distribution of heat can no longer be symmetrical about 
the horizontal plane of the source. For reasons of two-dimen- 

' Director, Iowa Institute of Hydraulic Research, State Uni- 
versity of lowa. Mem. A.S.M.E. 

Presented at the Sixth International Congress for Applied Me- 
chanics in Paris, France, September, 1946. 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1947, for publication at a later data. Dis- 
cussion received after the closing date will be returned. 
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sional continuity, however, a net vertical displacement of the 
heated fluid can take place only by a convective mixing process 
which is roughly akin to the original turbulence of the flow but 
quite independent thereof. Such convective mixing will obvi- 
ously augment the diffusive capacity of the flow by an amount 
varying solely with the rate at which heat is generated by the 
source. Indeed, if the rate of generation is sufficiently great, the 
diffusion due to the initial turbulence of the flow may be quite 
small in comparison with that due to thermal convection. 

Since the motivating force in such convective action is evi- 
dently gravitational, it should make little actual difference in the 
manner of analysis whether the fluid is heated or cooled as it 
passes the source. In fact, essentially the same convective 
phenomenon should result from the introduction at the line 
source of a lighter or a heavier fluid, or even a fluid suspension of 
finely dispersed solid, liquid, or gaseous matter. The dependent 
variable common to all such phases of the problem is simply the 
local increment (or decrement) in the specific weight of the 
diffusing fluid, regardless of whether the difference is due to 
mechanical, chemical, or thermal causes. 

The specific-weight difference Ay may, in the elementary case 
illustrated by Fig. 1, be expected to depend upon the following 


, Source 


Fie. 1 


variables: (1) the horizonta] distance z from the line source in 
the direction of flow; (2) the vertical distance y from the longi- 
tudinal plane of the source; (3) the uniform velocity V of the 
ambient fluid; (4) the density p of the ambient fluid; and (5) 
the differential weight flux G of the diffusing fluid past any vertical 
section. The latter quantity, defined as 


G=V/S 


is seen to be proportional to the rate of heat output per unit 
length of source, or to the unit rate at which salinity or suspended 
matter is introduced. All six of the foregoing variables may 
readily be combined, by means of the II-theorem of dimensional 
analysis, to yield (among others) the following arrangement of 
terms 


Ayz: pV 
pV?’ [2] 


The first two parametric groups evidently embody in dimension- 
less form the ordinate and abscissa scales of the vertical distribu- 
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tion curve; the third is a number of the Froude type, character- 
izing the relative magnitude of the gravitational influence. 

Such analysis obviously provides no clue as to the form of the 
indicated function. It may be assumed of course that the 
variation of Ay with y follows the probability equation, so that 
the distribution curve will be completely defined (see Fig. 1), 
by the centroidal distance yo, the standard deviation ys, and the 
maximum  specific-weight increment Aymax. Little will be 
gained thereby, however, unless yp and yo (measures of the weight 
displacement and the weight diffusion, respectively) can both be 
related to G. For lack of experimental evidence in regard to the 
general problem, it is necessary herein to eliminate the variable yo 
by considering the line source to lie in the plane of a horizontal 
boundary (such, for instance, as the ground or the free surface of 
flowing water). The limit Aymax of the vertical distribution 
curve should then correspond at all sections to the elevation y = 
0, as shown in Fig. 2. In other words, although there continues 


Fic. 2 


to be a net vertical displacement of fluid weight from section to 
section, the presence of the boundary (or the absence of convec- 
tion across the longitudinal plane of the source) now restricts such 
displacement to the change in the standard deviation (or the 
elevation of the centroid) of the distribution curve; yo thus be- 
comes a measure not only of the weight diffusion but also of the 
weight displacement. 

Under these conditions the variation in Ay with y at any sec- 
tion may be expressed by the following simple form of the 
probability function 


Ay 
Aymax 


From the characteristics of this probability curve Equation [1] 
may at once be replaced by the identity 


G = 1.25V yo Aymax [4] 


Moreover, since the essential variables are now yg, Aymax, Z, p, 
and V, the functional relationship of Equation [2] may likewise 


be replaced by 
y2 
Yo Aymax 


The first parameter of this relationship will be seen to indicate the 
relative scale of the convection pattern, while the second, upon 
introduction of G from Equation [4], will become identical in 
form to the Froude parameter of Equation [2]. If the Froude 
number is defined specifically as 


Equation [5] will take the significant form 
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Assumption of the probability equation for the distribution curve, 
and restriction of the problem to the case of a boundary source, 
have thus reduced the terms of the original functional relationship 
to two simple parameters, but the function itself still remains to 
be determined. 

A peculiarity of the diffusion phenomenon under discussion lies 
in the fact that it is a wholly self-contained process, that is, the 
variation in specific weight with elevation at any section repre- 
sents a tendency toward instability in the form of unconstrained 
potential energy, which is gradually transformed into kinetic 
energy of convective mixing as the centroid of the weight- 
distribution curve rises. Only through the convective mixing 
thus produced, however, can the vertical displacement of weight 
essential to the work of energy transformation be accomplished. 
Evidently the convection mechanism is self-induced and _ pro- 
gressively self-supporting, so that the energy of the mixing process 
may be expected to increase at a steady rate from section to sec- 
tion. In view of these conditions, it should be possible to write 
two related equations, one of work-energy and one of diffusion, 
to determine the form of the still unknown function. 

The rate of change of potential energy, i.e., the rate at which 
work is done by the buoyant forces, within an elementary fluid 
column may be expressed as the integral of the product of the 
local specific-weight difference and the corresponding rate of 
vertical displacement. From Equation [1], and from the neces- 
sary constancy of G with z, it is apparent that the total vertical 
force upon a column of infinite height will also remain constant 
with z. For the assumed probability distribution, the quantity 
Voy./dzx is proportional to the rate of vertical displacement of 
the centroid of the weight-distribution curve; hence the effective 
displacement rate at any elevation should differ therefrom in 
direct proportion to the ratio y/ye. Writing the rate of change of 
kinetic energy in terms of a quantity v’ representing the vector 
magnitude of the convection velocity, the equation of work- 
energy then becomes 


The general equation of molar diffusion is of the form \V = 
—edn/dy, in which n represents the volume concentration of the 
characteristic under discussion, e the diffusion coefficient, and .V 
the net rate at which the characteristic is transported in the y- 
direction per unit normal area. In the problem under considera- 
tion, the net rate of vertical transport of fluid weight should be 
equal to the local specific-weight increment times the local rate of 
vertical displacement already discussed. The diffusion equation 
therefore becomes 


o( Ay) 
(9) 
oy 


which may, for the sake of similarity of form, be expressed in 
integral terms comparable to those of Equation [8] 


(ay) 
ox 


Through comparison with Equation [1] it will be seen that 
the left sides of Equations [8] and [10] are proportional to 
products of the quantity G, which is necessarily constant with z, 
and the gradient dy¢/drz. The right sides, however, cannot be 
evaluated without further knowledge as to the distribution of the 
convection characteristics. On the other hand, mean values of 
these characteristics over any vertical section may conveniently 
be defined as follows: 
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(v’)m? = Lf [11] 
Yo 0 
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Since the proportionality factors differ little from unity, Equa- 
tions [3] and [10] may thus be simplified to 


3 


[yo (v’) [13] 


OYe Aymax 
ox G 


If it is now considered that the mean diffusion coefficient is equal 
to the product of a mean length scale and the square root of the 
mean-square velocity of convection, i.e. 


[15] 


and if the reasonable assumption is made that the mean length 
scale varies from section to section in direct proportion to the 
standard deviation of the distribution curve, i.e. 


[16] 
the following significant relationships will at once be obtained 
17] 


As is evident from these equations, the characteristics of the 
diffusion pattern when expressed in dimensionless form are de- 
pendent solely upon the Froude number of the flow. However, 
while the velocity characteristic is necessarily constant from sec- 
tion to section, the diffusion coefficient is a linear function of 
distance from the source. Herein lies the essential distinction 
between diffusion due to initial turbulence of the ambient fluid 
and that due to gravitational convection, that is, while the 
turbulence is subject to gradual decay as the result of viscous 
action, the convection process will continuously increase with 
distance downstream. Of particular significance in the present 
analysis is the third of these equations, for it not only states that 
the diffusion zone expands at a linear rate but represents in ex- 
plicit form the functional relationship indicated by Equation [7]. 
Through use of Equation [19], in other words, it is now possible 


to generalize the distribution function of Equations [2] and [3] as 
follows 


2 
Ayz 
pV? V2C 


With the exception of a single coefficient, the analytical solution 
of the basic problem may therewith be considered complete. 
Experimental data of the type required to evaluate the co- 
efficient C were obtained in 1943, by the Iowa Institute of 
Hydraulic Research in the course of heat-diffusion studies relating 
to the dispersal of fog over military airfields. Sponsored by the 
Office of Scientific Research and Development, these studies 
utilized a specially constructed air tunnel of rectangular cross 
section 4 ft high, 6 ft wide, and 20 ft long, with a velocity range 
from 1 to 25 fps. A burner manifold was set into the tunnel floor 
across the entire 6-ft width, through which a mixture of propane 
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and air could be discharged under constant pressure to produce 2 
continuous blue flame of controlled intensity. Copper-con- 
stantan thermocouples in combination with a precision potenti- 
ometer permitted temperature measurements to be made at any 
point in the air stream. Vertical distribution curves could thus 
be obtained at various air speeds, rates of heat output, and dis- 
tances downwind from the source. 

Owing to the rapidity with which an approximate solution of 
the problem had to be obtained, experimental refinements were 
out of the question. For example, the thermocouples were not 
completely shielded against radiation from the open flame, with 
the result that an appreciable (though systematic) temperature 
correction was required at each section. Moreover, since the 
tunnel walls and floor were only partially insulated against heat 
transmission, the measurements at successive sections of the air 
stream did not satisfy completely the criterion of thermal con- 
tinuity. Finally, although the rate of heat output per unit length 
of burner should, strictly speaking, be computed from the 
following counterpart of Equation [1] 


H= cf vy ATdy [21] 


for the sake of simplicity both the mean velocity V and the specific 
weight yo of the undisturbed air stream were used in the approxi- 
mate form of the following relationship 


H 


Selecting H, V, and z as the three independent variables upon 
which the vertical temperature traverses should depend, three 
systematic series of measurements were made to determine the 
influence of each variable in turn upon the distribution curve. 
The results of these measurements, reproduced as Fig. 3, served 
as the basis of an empirical analysis, in which, for want of the 
solution presented herein, the data were reduced to a single com- 
posite plot by a rather arbitrary process of curve-fitting. Need- 
less to say, all values of AT and H, plotted in Fig. 3, may be con- 


Line source we 


y 


y 4 Variation with x 
h V=6fps 
| H= 404 Btufft-sec 


"7 20 40 60 80 100 120 20 240°F 


Veriation with V 


Variation with H 
rosa G28 Btufft-sec x=6ft 
0 20 40 60 80 
AT in °F AT in °F 


; 
: 
: 
e of hea 
j 
of i 
: 
on 
[9] | 
10) 
that 
hg, 
t be 
the 
ntly 
Fic. 3 


A-228 


Fic. 4 


verted to the more general terms Ay and G, discussed in the fore- 
going, through use of the approximate relationships 


0 
and 
H 
[24] 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1947 


the latter deriving from the definition equations of G and H. 
All data in Fig. 3 have thus been replotted in Fig. 4, according to 
the parameters of Equation [20], together with the probability 
curve of this equation which best fits the experimental points. 
Although, for reasons already enumerated, the scatter of the 
points is appreciable (note, for example, the consistent evidence 
of heat loss at the lower boundary), the close agreement between 
the mathematical curve and the general trend of the measured 
values is believed to provide ample verification of the foregoing 
analysis. 

With the distribution function thus defined, it is now possible 
to evaluate the constant of Equation [16] and therewith to com- 
plete the expression for the mean characteristics of the diffusion 
pattern. Since, when y/y¢ = 1.0, the ordinate scale in Fig. 4 
has the magnitude 0.31, it follows from Equation [19] that C = 
0.31 X 1.25/+/2 = 0.27. Therefore one may finally write 
Equation [20] in the specific form 

[25] 
pV? 


The problem of gravitational convection from a boundary 
source in two-dimensional flow may herewith be regarded as 
solved to at least the same degree of approximation as the experi- 
mental data themselves display. 

In the light of the foregoing discussion, further analysis of the 
convection phenomenon might logically proceed in several ways. 
On the one hand, it remains to be shown by statistical treatment 
of the motion of a fluid particle to what extent the distribution 
function actually deviates from the probability curve; however, 
this would very likely require assumptions as to the variation of 


V (v’)? and | with y as well as with z, which would obviously 
limit the rigor of such an approach. On the other hand, the ap- 
proximate treatment described herein might next be applied to 
the problem of convection from a line source remote from a 
boundary, and then to the three-dimensional counterpart of 
each of these two-dimensional conditions. The results of such 
analyses, even though inexact, should provide information of use 
in fields as widely varied as meteorology, sanitary engineer- 
ing, chemical engineering, and oceanography. 
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Derivation of Stress, Strain, Temperature, 
Strain-Rate Relation for 


Plastic Detormation 


By J. D. LUBAHN,' SCHENECTADY, N. Y. 


This paper carries out the derivation and correction of 
an equation previously presented by J. H. Hollomon and 
the author, relating to stress for plastic flow (c), plastic 
strain (€), strain rate (€), and temperature (T). 


N this note a derivation and correction of an equation pro- 
posed previously is presented.? This equation relates the 
stress (c) for plastic flow, plastic strain (e), strain rate (€), 
and temperature (7'), and can be derived from several basic 
equations.* 
At constant temperature and strain rate, stress and strain ap- 
pear to be related in the following way 


At constant temperature and for the same value of strain, the 
stress required to produce a given strain rate is given by 


The strain rate and temperature at a given value of stress and a 
given value of strain are related by 


Q/R = T(In P —lne [3] 

leer 
This equation may be written with the constants in a more 
simple form 


E = T(F — 


Each of the constants A, m, B, n, 2, and F, in general is a 
function of the parameters of the equation in which it appears 
but is not a function of the variables in the same equation. The 
additional information is also available that the constant F is not 
a function of stress. It is desired to obtain the following gen- 
eral relation 


[5] 


1 Research Laboratory, General Electric Company. Jun. A.S. 


*Plastic Flow of Metals,’ by J. H. Hollomon and J. D. Lubahn, 
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Equations [1] and [2] may be combined into a more general 
equation involving only temperature as a parameter as follows: 
The desired function : 


can be considered as a surface whose ordinate is o and whose 
horizontal co-ordinates are € and €. Consider an arbitrary un- 
known point P on this surface. If two points (P; and P:) were 
known on a vertical section parallel to the strain-rate axis and 
passing through point P, these two points could be substituted 
into Equation [2] to yield two simultaneous equations involving 
B and n, which could then be replaced in Equation [2] to yield 
an equation that would give the ordinate at the unknown point 
P. Since the point P is entirely arbitrary, the vertical section 
through it must also be entirely arbitrary, and therefore the only 
means to fix two points on this section is to have a complete 
knowledge of two specific sections (subscripts 1 and 2) parallel to 
the strain axis. Thus the values of the constants in Equation 
[1] for two values of €(A; and m, for €,, Az and m, at é) must be 
known. The values of o at P; and P2 are now obtainable from 
Equation [1]. These values of o, together with the correspond- 
ing values of €, can now be substituted in Equation [2] yielding the 
following equations in terms of B andn 


and 


= B(é.)* = [8] 


These equations may be solved for the two unknowns, which, 
after simplifying the combinations of constants and inserting 
the values of B and n in Equation [2], yield the desired relation 


Ing = fleé)| 9] 


where C, D, G, and H are independent of € and €, but may be 
functions of 7’. 


Equations [9] and [4] can be combined by considering Equa- 
tion [9] as one of a family of surfaces of parameter 7’. If U is an 
unknown arbitrary point whose co-ordinates are €, €, 7’, and a, 
the unknown value of « would be given in terms of the other co- 
ordinates by Equation [4], if Z and F were known as functions 
of oande. FE and F can be determined if two points were known 
on a perfectly arbitrary unknown horizontal line having constant 
(arbitrary) parameters ¢ and €. Two points (U; and U2) on such 
an arbitrary line would be known if (and only if) two entire sur- 
faces of the form given by Equation [9] were known at two 
temperatures (7 and T;). Designating the constants in Equa- 
tion [9] for these two temperatures by the subscripts 1 and 2, 
the strain rates at U; and U; will be given by 


In o — (C, + D, Ine) 
G, + Ine 


In é; = 


j ay 
wee 
: 
ted 
o = €)) 
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and 


‘ In o — (C. + Dy In €) 
G. + He Ine 


Inserting these values, together with the corresponding values 
of temperature (7, and 7,) into Equation [4] yields two equa- 
tions in E and F. By setting the terms involving In o equal to 
zero in the expression for F (since F is independent of stress), in- 
serting the values of EF and F into Equation [4], and simplifying 
the combinations of constants, the desired relation is obtained 
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Ine = f(e,é,T) =1+JIne+ TKK + Line+ Mine 

+ Ninelné).......... [ 12} 
where J, J, K, L, M, and N are constants (independent of €, €, 
and 7’). This equation may be expressed in the same form as 
presented previously 


o = CGT In ¢/e0) [13] 


but which contains the additional term G7 omitted previously. 


In Equation [13], C, D, F, F, G, and € are constants of the mate- 
rial. 
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The Calculated Performance of Dynamically 
Loaded Sleeve Bearings 


By J. T. BURWELL,' CAMBRIDGE, MASS. 


The general equations for the film pressure and load 
capacity of a dynamically loaded sleeve bearing which 
have been derived by Harrison (1)? and Swift (2) are dis- 
cussed. Conclusions about the performance of the bear- 
ing under constant load, constant rotating load, and peri- 
odic alternating load of various frequencies as well as 
cases where the shaft is not rotating are drawn. A method 
is developed, based upon these equations, for analyzing 
any dynamically loaded bearing whose polar load diagram is 
known, and the method is applied to two actual bearings 
as examples, namely, a Diesel-engine connecting-rod 
bearing, and a radial-aircraft-engine master-rod bearing. 
It is shown that the results of these calculations can be 
simply generalized to apply to bearings under all other 
operating conditions, provided only that the shape of the 
load-versus-time curve remains unchanged. 


INTRODUCTION 


HE principal bearings in internal-combustion engines where 
§ pee may be critical are characterized by the fact 

that their loads vary markedly during a cycle of the crank- 
shaft rotation. The usual procedure in determining the perform- 
ance of such bearings for design purposes is to calculate the posi- 
tion or attitude of the journal in the bearing and its friction coef- 
ficient for any assumed constant load, and then, if the load is a 
varying one, to apply an empirically determined factor to take 
account of that fact. Such a procedure is, however, only approxi- 
mate and makeshift at best. Furthermore it does not permit one 
to predict performance under a type of loading upon which there 
has been no preceding service experience. 

As a matter of fact, the performance of journal bearings, sub- 
jected to a load which varies in both magnitude and direction 
with time, was first investigated over 25 years ago by Harrison 
(1)? and was later worked out rather completely by Swift (2). 
However, it seems largely to have escaped the attention of engi- 
neers and designersin thiscountry. Orloff (21) has derived similar 
equations but limits his discussion mainly to suddenly applied 
constant loads. Harrison and Swift showed that the load capac- 
ity might vary considerably from the corresponding case of a con- 
stant load, depending upon the conditions of loading. It is the 
purpose of the present paper to generalize the equations derived 
by this theory for use in certain practical applications, and fur- 
ther to apply them to bearings subjected to a number of types of 
loading of practical interest. Some of these loadings can be ex- 
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pressed as analytical functions of the time, while others will be 
based upon empirical polar load diagrams. 


GENERAL THEORY 


While Swift (2) derived all the principal results from the the- 
ory in question, his work was published in a journal not ordinarily 
seen by mechanical engineers in this country and so seems to 
have gone largely unnoticed. For this reason, the expressions for 
pressure and load capacity are first discussed from a somewhat 
different viewpoint which is possibly more familiar to American 
engineers. The nomenclature used in expressing the results is 
given as follows: 


r = radius of journal or bearing 
= axial width of bearing 

c = radial clearance or difference in radii of bearing and 
journal 

e = distance between center of journal and bearing, called 
eccentricity 

n = e/c, called eccentricity ratio 

Nmax = maximum value of n during a cycle 
nm = value of n given by the Sommerfeld equation 


er called eccentricity function 

6 = angular position of any point in oil film measured from 
maximum film-thickness end of line-of-centers 

« = angular rotational displacement of journal relative to 
bearing 

8 = angle between direction of load and fixed point on bear- 
ing, measured in direction of rotation 

¢ = angle between direction of load and minimum film- 

thickness end of line-of-centers measured in direction 

of rotation 


y = ratio of length of crank to length of connecting rod 
t = time 
+ = 2wNt, dimensionless time or crank angle 
de 
> instantaneous angular velocity of journal 


N,; = average angular velocity of journal in revolutions per 
unit time, a constant 


NV, = average frequency of rotation or oscillation of load in 
revolutions or cycles per unit time 
u = absolute viscosity of lubricant 
py = pressure at any point, 8, in oil film 
Po = pressure in oil film at 6 = 0 
W = total radial load applied by shaft to oil film 
P = i load per unit projected area of bearing 
r 


P, = maximum amplitude of P for periodic load 


r\? uN; 
S = ?? often called Sommerfeld variable 


c 
r 


= ( ) uN, 
c 


So,So’ = values of S and S’ corresponding to P = Po 
f; = friction coefficient on journal 
fo = friction coefficient on bearing 
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H = rate of power consumption in shearing oil film 
K = (S/S;,), the side-keakage factor 


The geometrical relation of some of these quantities is shown in 
Fig. 1. In all cases the origin is taken as the center of the bearing, 
the reference axes being fixed with respect to the bearing. 

In terms of the foregoing quantities, the general expression for 
the instantaneous pressure at any point in the oil film is found to 


+ cos 6 3 


n 


This equation takes account of the pressure due to motion of the 
center of the journal relative to the center of the bearing, such as 
may occur under a varying load,’ as well as the pressure due to ro- 
tation of the journal about its own center. The term in sin 6 
represents the pressure developed by the tangential motion of the 
surface of the journal relative to the surface of the bearing. This 
may be called the ‘“‘wedge-film’’ component of the pressure. In 
the coefficient of sin 6, the first term in (da/dt) (or 2 rN, if the 
rotation is at constant speed) is the pressure due to rotation of 
the journal about its own center and is the only term in the famil- 
iar expression originally derived by Sommerfeld (3). The second 
and third terms in the coefficient of sin @ are due to tangential 
motion of the journal center about the center of the bearing. The 
term in cos @ represents the pressure developed in the oil film 
due to motion of the journal and bearing surfaces toward and 
away from each other, and may be called the ‘‘squeeze-film”’ 
component, as suggested by Underwood (4). This motion is due 
to radial motion of the journal center with respect to the bearing 
center. 

In deriving Equation [1], the following assumptions, in addi- 
tion to those usually occurring in hydrodynamic viscous-film 
theory, are made: 


(a) The oil film is continuous around the bearing. 
(b) The viscosity is constant throughout the film. 
(c) The effect of side leakage is neglected. 


The total instantaneous load that such a film can support is 
obtained by integrating the pressure components normal to and 
parallel to the line-of-centers over the whole film. When this is 
done, there results the following set of parametric equations 


= 
(1 —n2)*/2 a" ) 


These equations are analogous to the single Sommerfeld equation 
for the case of a constant load and no motion of the journal cen- 
ter. The first equation contains the component of the load car- 
ried by the wedge-film component of the pressure, and the sec- 
ond equation contains that carried by the squeeze-film com- 
ponent. 

It is interesting to note that the bearing parameters and operat- 
ing variables appear only as combined in the Sommerfeld variable 


* Actually, as we shall see later, such motion may take place even 
under a constant load, and its effect has been generally neglected in 
. the past. 
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The one exception to this is V;, but as it only appears when asso- 
ciated with the time t, the combination can be treated as a dimen- 
sionless time, 2 wNjt.- This is particularly convenient in the case 
of a periodic load and renders the solutions independent of the ab- 
solute value of the journal speed per se. 

In Equations [2], S, a, and 8 may be any arbitrary functions 
of the time, but once these functions are known the equations can 
be solved, in theory at least, to give the co-ordinates » and ¢, of 
the journal center with respect to the bearing center as functions 
of time. The maximum value that 7 attains at any time n,,, is 
the quantity of practical interest since it determines the minimum 
film thickness and hence the safe limits of operation of the bear- 
ing. These equations are therefore general enough to handle the 
following situations, either singly or in any combination: 


(a) The load varies in magnitude with time, taken account of 
through variation in S. 

(b) The load varies in direction with time, taken account of 
through variation in B. 

(c) The viscosity varies with time, taken account of through 
variation in S. 

(d) The speed of rotation varies with time, taken account of 
through variation in a.‘ 

Thus in addition to being able to handle cases of varying load, 
which is the problem we originally set out to solve, these equations 
can handle a much wider variety of situations. As an example, we 
may want to inquire what happens when a bearing is started up 
Until it reaches operating speed, the rotation will vary and, during 
a much longer time, the viscosity will decrease with time due to 
the rise in bearing temperature. Another instance where the 
speed of rotation varies with the time, in this case cyclically, is in 
the crankpin bearings of all reciprocating engines. For this reason 
Equations [2] may be taken as the basic ones of all hydrodynamic- 
bearing theory provided that side leakage is neglected. 

As regards the fluid friction in bearings of this type, Muskat 
and Morgan (5) have derived general expressions for the friction 
coefficients which are applicable to the present case. In our no- 
menclature, the expressions for the instantaneous friction coe/- 
ficients of journal and bearing are, respectively, as follows 


r 
oh = sin ¢+ 
ees 
r 


Once the co-ordinates 7 and ¢ of the path of the journal center are 
determined by Equatiens [2], the friction coefficients can be de- 
termined from Equations [3]. 

The average power consumption over a finite period of time is 
then given by 


2r2 


In the case of a periodic load, (tz — t;) is the period of the load. 
Returning to Equations [2], we see that in theory they can be 
solved once the dependence of S, 8, and a@ on the time is know? 
It turns out, however, in practice that even for the simplest an% 
lytical expressions for these quantities the solutions are difficul! 
to obtain and in most cases must be carried out numerically. 4° 


4 In such cases Nj; which occurs in S and elsewhere in the equation 


_ is still held constant, it being the average speed of rotation of th 
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a result, no general analytical expressions for 7 and ¢ as functions 
of time appear to be possible; hence the solution for each particu- 
lar type of loading must be analyzed separately. This we shall 
undertake to do later. For completeness we shall discuss the 
special cases of various simple types of loading first and then pro- 
ceed to the more general types. 


Constant LoaAp IN Frxep DirEcTION 


In the simplest case of a constant load in a fixed direction with 
a constant journal speed, S is a constant, (d8/dt) = 0, and (da/ 


dt) = 2xN;. Equations [2] therefore become 
n ( d 
(2 + n2)(1 — 2nN; dl 15] 
ware 
1 1 dn 1 


If, in addition, it is assumed that the journal center is station- 


ary, then (dy/dt) and (d¢/dt) are zero and the solutions of these 
equations are 


(2 + 
[6] 
2 


as originally obtained by Sommerfeld (3). Equations [6] give 
the co-ordinates of the stationary or equilibrium position of the 
journal under a fixed load and will hereafter be designated the 
Sommerfeld equations. The value of 7 determined by Equations 
[6], we shall denote as no. 

In general, however, the journal center will not be stationary 
even under a constant load, although this has usually been as- 
sumed in the past. In this case we eliminate dt between the two 
equations and integrate the resulting equation to give 


12428 1—n n?)'/* 


5n(1 — 


where k depends upon the initial conditions, i.e., the position of the 
journal when the load is first applied. This is the equation for a 
family of closed paths, characterized by a given value of S and 
various values of k, in which the journal center moves continually 
as long as the load is applied. Such a family for S = 0.0215 is 
shown in Fig. 2 which is taken from Swift’s paper (2). The eccen- 
tricity ratio m for this value of S, as calculated from Equation [6], is 
0.7, and it is seen that it is the pole of the family of paths. The 
limiting path of the family is the circle 7 = 1. It should be noted 
that during a portion of all of the paths, the journal center has a 
greater eccentricity, or a smaller film thickness, than that of the 
equilibrium position. The period of the journal center in any one 
of these paths cannot be expressed analytically, but Swift has 
found by graphical and approximate methods that the period is, 
in general, somewhat more than twice the period of revolution of 
the journal, becoming exactly 2 for the circular path 7 = 
increasing for the smaller paths. 

The occurrence of motion of the journal center in these closed 
paths or orbits originates physically with the initial application of 
the load. The shaft starts to move toward the equilibrium posi- 
tion mo, and then overshoots, its tangential motion in the direction 
of the shaft rotation reducing the load capacity which therefore 
must be compensated for by its assuming a position of extreme ec- 
centricity. As its tangential motion slows down, the wedging ac- 
tion of the large eccentricity returns it toward the center of the 
bearing and it overshoots the equilibrium position in the other di- 
rection. This periodic motion continues indefinitely since there is 


sing = 


1, and 
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Fic. 1 Cross Section or SLEEVE Beartnc UNpeR Dynamic 
LOADING 
| 


$= 0.0214 


Fie. 2 Patras or JournaLt CENTER UNDER A Constant Loap 


(S = 0.0215, no = 0.7. From Swift.) 


no damping in the system, the energy being fed in by rotation of 
the shaft. Thus it behaves in many respects like an elastic sys- 
tem whose period depends upon the amplitude, being approxi- 
mately twice that of the journal rotation. This is the origin of the 
instabilities to be noted later on in the case of loads rotating or os- 
cillating at one half the frequency of the journal rotation. 


Constant Loap Roratine aT ConsTaANt SPEED 


In this case S is still constant, (d8/dt) = 24N,, where N > is the 
speed of rotation of the load, being positive when in the same di- 
rection as the journal rotation. If the journal speed is constant 


then (da/dt) = 2xN;. Equations [2] then become 
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Again, if no motion of the journal center relative to the direc- 
tion of the load is assumed, i.e., if (dn/dt) and (dy/dt) are both 
zero, then the solutions of these equations are as follows 


7 — . N» — 
(2 + — ¢ 1272S 


+ 


while, for the general case, the expression analogous to Equation 


[7] is 


N 
1272S (: 
sin = [10] 


This latter equation is seen to be similar in form to Equation [7] 
being only modified by the term, (1 — 2 N,/N;). It may there- 
fore be expected to give rise also to closed orbits relative to the 
load line, but whose paths relative to the bearing will be compli- 
cated and, in general, will not close. The general question of 
closed-path solutions will be discussed later. 

In view of this complication, the salient characteristics of bear- 
ing operation under this type of loading can be seen more clearly 
from a discussion of the simpler case represented by Equations 
{9]. It should be borne in mind, however, that considering (d/ 
dt) and (dg/dt) as both equal to zero represents a distinct assump- 
tion, the validity of which has not yet been confirmed physically. 
On this assumption, however, we can classify the performance 
according to various values of ¢N,,/N;), the ratio of load rotation 
to journal rotation. 

To begin with, when NV, = 0, Equations [9] reduce to the Som- 
merfeld Equations [6] as they should. As N> increases from zero 
to +1/2 Nj, the factor [1 — 2(N,/N;)] decreases from unity to 
zero. This means that for a given value of the load or of S, the 
term 


(2 + — 


must increase from 


No 
(2 + m?)(1 — 


to infinity, and since it is a uniformly increasing function of », this 
also means that » must increase from m to 1. The angular position 
of the journal center is always at right angles to the load line. 

When N, = 1/2 N,, the left-hand side of the first of Equations 
[9] is zero. This means that S = —, or the load that can be sup- 
ported must equal zero for all values of the eccentricity ratio ex- 
cept » = 1. Hence at this critical speed of load rotation, the 
bearing can support no load, and such situations are to be care- 
fully avoided in practice. Conversely, at this speed the bearing 
can assume a finite eccentricity even under little or no load. This 
»phenomenon has actually been observed in vertical bearings where 
‘the radial loads are small, and is known as “oil whirl.” Its ex- 
planation in the light of this theory has been given by Robert- 
son (6). 
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The motion of the journal center around the bearing cen- 
ter in a clockwise direction as it follows the rotating load 
tends to build up a fluid pressure by pushing oil into the 
portion of the oil film ahead of it, designated as region a 
in Fig. 1, and to suck oil out of region b behind it. On the other 
hand, rotation of the journal about its center tends to build up 
pressure by drawing oil in to region b and taking it away from re- 
gion a. These two tendencies will, in general, oppose each other 
and when the two speeds are in the relation N, = 1/2 N,j, they 
just cancel. Hence the situation is just as though the journal 
were stationary and not rotating, i.e., the pressure is constant 
throughout the oil film. That this should occur at just this speed 
can be seen more easily if we consider ourselves for the moment as 
fixed relative to the line-of-centers, which in this case is rotating 
at the same speed as the load, rather than relative to the bearing. 
Then relative to the line-of-centers the journal is rotating in one 
direction at 1/2 N; and the bearing is rotating in the opposite di- 
rection at 1/2 N;. Hence in both wedge-shaped oil films as much 
oil is being dragged out by one surface as is being dragged in by 
the other, and the net oil flow is zero. Therefore no pressure is 
built up on either side of the line-of-centers. 

As N, increases from 1/2 N; to Nj, the factor [1 — 2(.V,/N,)] 
increases in magnitude from zero to 1, but now has a minus sign. 
This latter fact means that ¢ = — 7/2 and although the load line 
is still perpendicular to the line of centers, the journal center lies 
on the opposite side of it from its position when VN, < 1/2 Nj. In 
general, its position is determined by which of the two pressure- 
forming tendencies just mentioned predominates. 

When = N,j, the factor 


( N; 


and the load capacity is numerically the same as if the load were 
stationary. This seems reasonable, since the load is now fixed 
with respect to the journal and the situation is the same as if the 
journal were stationary and the bearing were rotating in the op- 
posite direction with speed V,. This is the situation in the case of 
centrifugal loading. 

If NV, > N; the factor [1 — 2(N,/N,)] is greater in magnitude 
than unity and therefore a greater load can be carried for the same 
eccentricity. This load capacity increases indefinitely as NV, in- 
creases. The same is also true if NV, is less than zero, i.e., rotating 
in the opposite direction. In other words, if the load itself is ro- 
tating extremely rapidly in either direction, the load capacity may 
be arbitrarily high. 

These conclusions are summarized in Fig. 3 which shows load 
capacity or the value of 1/S for a given safe maximum value of 1 
as a function of (V,/N,). The curve is a broken straight line 
symmetrical about the point (V,/N;) = 1/2. 
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Motion under this type of loading has also been discussed by 
Bell (7) and by Stone and Underwood (8). 


No SuHarr Roration anp Fixep Loap Direcrion 


The category of mechanical applications where there is little or 
no shaft rotation, i1.e., (da/dt) = 0, such as in piston pins, does 
not introduce much simplicity into Equations [2]. They must 
still be treated by the general method to be developed in the fol- 
lowing section (see Equations [19]). However, if it is assumed in 
addition that the load acts along a fixed line, (d8/dt) = 0, even 
though it may vary in magnitude or change direction, the equa- 
tions may be solved more easily. In this case, on multiplying 
through by 27N,, they take the form 


. 
1 dn ig 


It should be remembered that here P can assume negative values 
in order to take account of reversal of load. While these equations 
apply strictly for no shaft rotation, they also hold in all cases 
where the frequency of shaft rotation is small compared to the 
frequency of the applied load. 

If we divide one of Equations [11] by the other, the resulting 
equation can be integrated to give 


( 1 /4 
where k’ is a constant, determined by the initial position of the 
journal center. This is the equation of a family of curves which 


are illustrated in Fig. 4 taken from Swift’s paper. If the journal’ 


center is initially on one of these curves it will always stay on this 
same curve no matter how the load varies, since the load does not 


A’ 
Fic. 4 Parus or NONROTATING JOURNAL CENTER UNDER ANY 
Type or LoapING 


(From Swift.) 
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enter in Equation [12]. The load will determine only how far 
and how fast it will move along this particular path. To ascertain 
these details of the motion, one eliminates either 7 or g between 
Equation [12] and one of the Equations [11]. The resulting dif- 
ferential equation must be integrated numerically, except in the 
special case of motion along the straight line path g = 0. In this 
latter case the first of Equations [11] vanishes and the second 
can be integrated formally to give 


1 1 
& (:) 


c 


This can be solved when the variation of the load with the time is 
known. 

In this case certain particular types of loading are of interest. 
If it is sinusoidal, as given by s 


P = Py sin 


then Equation [13] integrates to 


n m 1 
a n?)'/? m?)'/2 1243S,’ cos . .(14] 


uN 

where » = m when 2xN,t = 3 and S’, = (:) 4 
in analogy with the Sommerfeld variable, but the prime indicates 
that it contains a frequency of load vibration rather than a speed 
of journal rotation. Equation [14] obviously describes a periodic 
motion, not necessarily symmetrical, about some position m. 
Furthermore, the displacement lags 90 deg behind the load. If 
m = 0, the motion of the journal center is symmetrical about the 
bearing center and its maximum amplitude is given by 


1 


If we assume a square wave type of load then P = +P, during 
half a cycle 1/(2N,), and P = —P, during the other half-cycle. 
Again, if the motion is symmetrical about the bearing center then 
7 = m = 0, whent = O and 9 = nmax a quarter of a cycle later, or 


1 

ere ~The that Equation [13] gives on integration 
4 

1 


Equations [15] and [16] bear some resemblance to the Som- 
merfeld Equation [6], and from it we see that a nonrotating shaft 
can support a reciprocating load of considerable magnitude. 
Physically it means that as the load is applied in one direction, the 
journal acts like the piston in a hydraulic damping meehanism 
squeezing out the oil on one side and sucking it in on the other. 
Before the piston comes in contact with the bearing, the load re- 
verses and the oil that has been sucked in on the other side begins 
to take the load. Obviously, the higher the frequency of the load 
the greater the peak load Po, that can be carried for a given maxi- 
mum eccentricity. 

This picture of the mechanism is confirmed by considering a 
constant load and the type of motion that it produces. If P is 
taken as constant in Equation [13], then immediate integration 
gives 
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where 7 is the initial value of 7. The eccentricity increases con- 
tinually as long as the load is applied. While from this equation 
it would appear that theoretically it would take an infinite time 
for n to become unity, 7 becomes very nearly unity in a compara- 
tively short time, and in practice rupture of the oil film would oc- 
eur. In this respect the behavior is similar to two parallel flat 
plates of elliptical shape being pressed together with a viscous 
fluid between them. Stefan (9) has derived the expression for the 
film thickness h, as a function of time 


1 1 Wt 

2 "a? +b 


where a and 6 are the major and minor semiaxes of the ellipse. 

The foregoing suggests that if the load to which a stationary 
shaft is subjected has any constant or unsymmetrical component, 
even though the major portion is reciprocating, over a number of 
cycles it will drift into contact with the bearing at the points A or 
A’ in Fig. 4. This is just the situation in the case of piston pins 
in most internal-combustion engines since, due to the compres- 
sion, the load, although periodic, is rarely symmetrical. How- 
ever, piston-pin bushings rarely fail in practice, and the explana- 
tion may be as follows: 

The theory assumes that the journal will move just as slowly 
away from the bearing as toward it when the two are in close 
proximity due to negative pressures developing in the oil film. 
Since cavitation probably occurs long before negative pressures of 
magnitude comparable to the positive ones developed during the 
approach portion of the cycle are reached, the journal can always 
recede from the bearing wall on the near side much more quickly 
than it approaches it. In this way it is saved from actual metal- 
to-metal contact. Also the relative sliding speeds between the 
pin and its bushing are generally small, and so one would not ex- 
pect severe damage in any case. 

While the foregoing analysis applies strictly only to motion of 
the shaft center along the path AO,A’, (¢ = 0) in Fig. 4, the same 
general conclusions should hold for motion along any of the 
other paths shown in the figure. That is, under a reciprocating 
load the motion will be oscillatory along the path, and under a 
constant load it will approach one of the two points A or A’, but 
in theory will take an infinite time to reach it. 


VaryinG Loap RoratinG aT HALF JOURNAL SPEED 


This rather special type of loading is mentioned because the 
analysis of the preceding section applies to it also for if we put 
(dg/dt) = 1/2(da/dt) in Equations [2], the resulting expressions 
are seen to be the same as Equations [11]. Therefore we can 
draw the same conclusions about the performance of a journal 
bearing loaded in this manner: namely 


1 Relative to the load line, the journal center will move along 
the paths of Fig. 4, the shape of the path being independent of the 
load. 

2 It will support a reciprocating type of load, and as Equa- 
‘tions [15] and [16] show, the peak value of this load may be 
-considerable. 

3 It will not support any constant load component without 
ultimate metal-to-metal contact. This conclusion may also be 
derived from Equations [9]. In this respect such a bearing be- 
haves under constant load like that having no rotation but with 
an important practical difference, namely, that metal-to-metal 
contact is much more critical and must be carefully avoided due 
to the relative motion between shaft and bearing. 


GENERAL CasE OF A Periopic Loap 
The most general type of loading which permits any analytical 
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generalizations in the treatment of Equations [2] is that in which 
the magnitude and the direction of the load vary periodically with 
the time. This is of great practical importance since the main 
crankshaft and connecting-rod bearings of all reciprocating en- 
gines, either steam or internal combustion, are of this type. In 
this case we can write the magnitude of the load P = Pop(2xN,,t), 
where Po is the maximum amplitude of P during the cycle, 
p(2rN,t) is any periodic function of the time normalized to « 
maximum amplitude of unity, and N, is the frequency of the ap- 
plied load. In addition, 8(27N,,t) will also be a periodic function 
of the time. For simplicity we will introduce the dimensionless 
time r = 27N,tso that p(r) and 8(r) each have a period 27, or 
some submultiple thereof. In most cases where (da/dt) varies 
with the time, as in a connecting-rod bearing, its period will also 
be integrally related to that of r. In terms of these quantitics 
Equations [2] become 


n N, 


(2 + — N; 2B(r) — 2] 
P(r) sin ¢ {19} 
1272S, 
1 N dn p(r) 


N, dr 12%.” 


2 
r uN; 
S =(-) 
(:) Py 


We now introduce a new dimensionless variable ¢ defined by 


where 


which we shall call the eccentricity function. In terms of it the 
equations become 


1+ 
— 28(r) — 2¢] 
12x? sin 
cos 


There are several reasons for introducing ¢. In the first place, it 
somewhat simplifies the equations, particularly the second one. 
Also it spreads out the scale near » = 1, in which region large 
changes in the load make only very small changes in ».° In this 
region it is linearly proportional to constant load and is conven- 
ient for computing performance by the Sommerfeld equation. It 
has some theoretical significance in being the quantity whose time 
rate of change is proportional to the radial component of the load 
as the second of Equations [20] shows. Furthermore, it is simple 
to convert between 7 and ¢ by the use of trigonometric tables, since 
¢ = tan (sin~!y). 

Finally, the use of ¢ makes possible a still further simplification 
of the equations which turns out to be quite important. Fig. 5 
shows the plot of the quantity 


2+ 37 


against ¢ and it is seen that above ¢ = 0.7 it is very nearly 
a straight line. In fact, in the region of ¢ above 0.6, or » above 


5 Dennison (10) has used the quantity = for the same pur- 
pose but it lacks the other advantages of £. 
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2 
Fic. 5 Tue Function ¢ Versus ¢ 


about 0.52, it can be approximated to within 3'/; per cent by the 
straight line 0.32 ¢ + 0.08, and in the region 0.7 < ¢< 7.0 0r 0.58 < 
n < 0.99, the accuracy of this approximation is within 1!/, per 
cent. In heavily loaded bearings where performance is critical, 
this is the region of ¢ or n of greatest interest. If therefore we 
approximate 


4 
2+ 
by the straight line a ¢ + b, where a and b are chosen to give the 
best approximation over the particular range of interest, then in 
terms of the variable® 


x = 12x28, (at + b) 
N; 


the Equations [20] become 


d 
rf (a — 28 — 2¢) = p(r) sin ¢ 
dr 
[21] 
1 dx 
= p(r) cos¢ | 
a dr 


In this form, both the equations are linear in x and their solution 
is independent of the particular value of So; it depends only on 
the wave form of the load, p (r) and 8(r), and the form of (da/ 
dr), which will include the frequency ratio (Np/N;). 

As regards (da/dr) its two most usual forms will be, for a jour- 
nal rotating at constant speed 


— = — [22a] 


and for a connecting-rod bearing 


da  N, 1+ 1 |. [226] 

= ¥ COS 7 WN; 
dr Ny, V1 — (7 sin 2eN,t)? 

where y is the ratio of the length of the crank to the length of the 

connecting rod. 

The solution of Equations [21] gives z and ¢ as functions of r 
throughout a cycle of 2 The quantity of practical interest, how- 
ever, is the maximum eccentricity ratio, nmax, during the cycle, 
since this determines whether the bearing will fail due to oil- 
film rupture. If we denote by Imax the maximum value of x dur- 


* It would appear from this definition that z is independent of Nj 
but as this produces no reduction in the number of parameters in 
Equations 21], it seems preferable to continue to define So, in line 
with present practice, in terms of the journal frequency rather than 
the load frequency, except in cases where the former is zero. 


ing the cycle which we calculate from Equations [21] for a given 
wave form of load, then the maximum eccentricity ratio is re- 
lated to the Sommerfeld variable as follows 


max Tmax 


This can be considered the working equation for determining the 
actual maximum eccentricities of bearings with a given type of 
periodic loading. It will hold for all operating conditions once 
Imax for the particular type of loading is known. While z, and 
hence Zax, Still have to be obtained by solving Equations [21} 
numerically, their advantage lies in the fact that a single solution 
for a particular form of p(r), 8(r), and (da/dr) can then be used for 
all values of the peak load Po, the viscosity, etc., by means of 
Equation [23]. This greatly reduces the volume of calculation 
when a series of bearings with the same type of loading is being 
studied. 

It remains therefore to calculate 2, for various types of 
loading. In the two following sections are given the results of a 
few calculations of this sort. These are not intended to be ex- 
haustive but rather to give examples of the results to be expected. 
The first section deals with some simple analytical forms of p(r), 
where the results can be obtained by numerical integration. The 
second section deals with types of loading calculated for actual 
internal-combustion-engine bearings. Here the forms of p(r) and 
A(r) are so complicated that mechanical computing aids must be 
employed. 


ANALYTICAL Forms or Loaps 


With even the simplest analytical expressions for the wave 
form of the load, it does not appear possible to integrate the equa- 
tions analyiically, whether in the exact forms of Equations [19} 
or [20], or the approximate form of Equations [21]. Swift (2) 
and Dick (11) assumed rather artificial forms of loading and ob- 
tained analytical results. Swift assumed that p(r) varied as sin 
y, and 8(r) was constant, but this requires a rather complicated 
dependence of the load upon the time which would vary with the 
frequency and with Sp. Dick assumed that the path of the jour- 
nal center, 7 versus ¢, was an ellipse and compared the recipro- 
cating form of load necessary to produce this with a sinusoida) 
load. He was then able to draw certain qualitative conclusions 
about the behavior of the bearings under a sinusoidal load. 
Frankel (12), on the other hand, assumed a linear sinusoidal mo- 
tion of the journal center and then by graphical integration com- 
puted the form of load necessary to produce such a motion. It 
turned out that the magnitude and direction of the load varied 
with the time in a rather complicated manner. 

Therefore we have preferred to calculate explicitly by numeri- 
cal methods the journal center paths for a sinusoidal and a 
square wave type of reciprocating loading at various frequency 
ratios. In the calculations we have used the exact form of Equa- 
tions [20] rather than the approximate form of Equations [21], 
since the latter introduce very little saving in the numerical com- 
putation. 

For a sinusoidal reciprocating load with a journal rotating at 
constant speed p(r) = sin r, (d8/dr) = Oand (da/dr) = (N;/Np»). 
Equations [20] were solved by a standard step-by-step method 
of numerical integration, such as the Runge-Kutta method,’ and 
the results plotted as » versus ¢ for a complete cycle. There are 
two integration constants in solving the equations, and these are 
to be so chosen that the path closes after a complete cycle in r. 


7 See for instance any standard text on numerical methods of inte- 
gration such as National Research Council Bulletin No. 92, ‘‘Numeri- 
cal Integration of Differential Equations,’’ 1933, or E. L. Ince, **Ordi- 
nary Differential Equations,’’ Longmans Green & Co., 1926, Appendix. 
B. 
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(a, For frequency ratio, Np/Nj = '/4; 6, for (Np/Nj) = 1. 


This involves a trial-and-error process. When a closure is ob- 
tained, the maximum value of 7 is read from the curve, and from 
this 2max is calculated using Equation [23]. Two such paths are 
shown in Fig. 6(a) and (b) for values of (Vp/N;) = '/, and unity 
with So = 0.01. In this figure the direction of the load line is 
vertical and the equilibrium positions 7, for a static load equal to 
P> as calculated from Equations [6] for S = So = 0.01 are indi- 
cated. The paths are seen to be symmetrical about the load line 
and also about a direction normal to the load line. They re- 
semble ellipses, but Dick (11) showed that they approximate 
ellipses only when 1/Sp is small. The somewhat different charac- 
ter of the orbits in the two cases should.be noted. This appears 
to depend upon whether (N>p/N,) is greater or less than '/». 

The calculations are summarized in Fig. 7 where (N»p/N;)/ 
Imax, Which is a measure of the relative load capacity as shown by 
Equation [23], is plotted against the frequency ratio (Np/N;). 
As the curve shows, the numerical calculations would seem to 
confirm Dick’s conclusion (11) that for (Np/N;) = '/2 the oil film 
will support no sinusoidal load. The curve has not been calcu- 
lated below (N»/N;) equal to about 0.25. Below this limit the 
path apparently will be more complicated than that shown in 
Fig. 6(a), and in this region it is possible that no periodic solu- 
tion exists except for certain discrete values of (Np/N;). As this 
range of frequency is only of somewhat academic interest, it was 
not considered worth while to devote the rather considerable ef- 
fort that would be required to determine the existence and type of 
path. However, when (N,/N;) = 0, Equation [6] shows that 
N»/N;)tmax = 1 and this point is shown in Fig. 7. Also, from 
Equation [15], it can be deduced that for large values of (Np/N;), 
(Np/N;)/2max Must asymptotically approach the line 3(Np/N;). 

In the case of a square wave type of loading (d8/dr) = 0 and 
(da/dr) = (N;/Np) as before, but now p(r) = +1 for0< r< 
«x and p(r) = —1 for r< 1+< 2x. The paths were calculated as 
before and examples are shown in Fig. 8(a and b) for (Np/N;) = 
0.226 and 0.96 with Sp = 0.01. It turns out that these paths are 
sections of the orbits calculated from Equation [7] and shown in 
Fig. 2, for which S = Sp. 


So = 0.01; ne = 0.924.) 


Np/Nj-=—+— OR RELATIVE LOAD CAPACITY 


Fig. 7 Revative Loap Capacity or Bearina UNDER SINUSOIDAL 
ALTERNATING Loap Versus FREQUENCY 


The particular orbit selected is that one for which the time 
taken to go from ¢ = 0 to ¢ = = is equal to just one-half period of 
the load oscillation, i.e., 1/(2N,). This fact leads to some simpli- 
fication in the numerical calculations and avoids the trial-and-error 
process in choosing the initial values of ¢ and ¢, in order to pro- 
duce closure of the path. We simply start at r = 0 with any 
chosen value of ¢ (generally greater than 0.7), and ¢ equal to 
either 0 or x, depending upon whether (N,/N,) is less or greater 
than '/:, and calculate by Equations [5] rather than Equations 
[20] the length of time taken for ¢ to increase by x. This time 
must equal one half the period of the load and so from it we calcu- 
late Np. The results are summarized in Fig. 9 where as before (Ns 
/N;)/tmax, or the relative load capacity, is plotted against 
(Np/N;). The calculations indicate that here also no lead of this 
type can be supported for (Np/N;) = ('/2). The curve is not 
calculated below (Np/N;) = 0.2, as the paths, if they exist, are 
of more complicated form except that at (N p/N;) = 0, (Np/Nj) 
/Xmax =1 as before. From Equation [15] the curve is found to ap- 
proach asymptotically the value (6/2) (Np/ N;) for large values of 
(N,/N;). 
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[(a) For frequency ratio, Np/N; = 0.226; 


OR RELATIVE LOAD CAPACITY 
b 
| 
| 
| 
| | 
| 
| | 
| | 
| | 


max 

| 

| 


Np/N, 
| 


° os 10 20 30 40 
Ny 
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The general trend of relative load capacity with frequency of 
the load is seen to be the same in Figs. 7 and 9, and also to bear a 
general family resemblance to that for a rotating load shown in 
Fig. 3 if only the positive range of (Np/ N;,) is considered. In all 
cases the load capacity increases with frequency of the load as 
might be expected, since the load is not applied in the same direc- 
tion for as long a time. Furthermore, comparing the curves in 
Figs. 7 and 9, we see that for the same frequency ratio the bear- 
ing which is sinusoidally loaded will carry a greater peak load than 
that loaded with a square wave. This seems reasonable since in 
the former case the peak load is not applied during as much of the 
cycle as in the latter case. From this we can infer that the more 
peaked the wave form of the load, the greater the maximum 
load that the bearing can carry. For comparison the relative load 
_— for several different frequency ratios are given in Table 


Caution should be used in employing the results shown in F igs. 
7 and 9, when the frequency ratio (N»/N;) is very high. As Figs. 
6 and 8 suggest, the orbits become very narrow at the high load 


(b) For Np/Nj = 0.96. Se = 0.01; m0 = 0.924.} 


TABLE 1 RELATIVE LOAD CAPACITY OF SEVERAL TYPES 
OF DYNAMIC LOADS 


(Np/Nj) = O '/: 1 2 3 
Constant rotating load...... 1 1 3 5 
Sinusoidal alternating load.................. 1 O 1.74 4.72 7.90 
Square-wave alternating load................ 1 O 1.25 3.27 5.24 


frequencies so that the condition that » be everywhere greater 
than 0.58 may be violated during part of the cycle. However, it 
is believed that small transgressions of this rule should not mark- 
edly affect the conclusion from Equation [23] that zmax/(N»/N;) 
is a univeral quantity independent of the individual sizes of Sp and 
7Mmax- One must be careful therefore to make use of the values of 
Imax/(N»/N,) from Figs. 7 and 9, only in those cases where nmax 
is large enough (So small enough) so that nmin is not less than 0.58. 
This means that at the higher load frequencies the lower limit of 
the region of mmax, in which Equation [23] is valid, must be 
higher. 

In these calculations no account has been taken of side leakage. 
This is because purely hypothetical loading cycles have been con- 
sidered, and the principal characteristics of the journal center 
paths which they produce may be expected to be retained even 
when side leakage is considered. Furthermore, relative behavior 
under different loadings should not be altered when side leakage is 
accounted for, even though the numerical values are changed. 
On the other hand, when calculating the performance of actual 
bearings as will be done in the next section, then side leakage will 
have to be considered. 


APPLICATION TO ACTUAL INTERNAL-COMBUSTION ENGINES 


The main and connecting-rod bearings of internal-combustion 
engines are probably the most important practical examples of 
dynamically loaded bearings. In the case of these bearings, exper 
mental measurement of the instantaneous load is difficult, and so 
it is customary to compute it taking account of the gas pressure 
in the chamber, the reciprocating inertia, and the rotating inertia. 
The results are then displayed in the form of a polar diagram giv- 
ing the magnitude and direction of the load as a function of crank 
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angle. Briefly, the method consists in adding vectorially the cal- 
culated forces due to these factors for a given position of the crank. 
The resultant force is displayed graphically as a vector whose 
length is proportional to the magnitude of the force and whose 
direction is that of the force on the bearing relative to some refer- 
ence direction, generally the connecting-rod axis. This calcu- 
lation is carried out for every 10 or 20 deg of crank angle. No ac- 
count is taken of bending moments in the erankshaft. 

Details of the calculation and methods of generalizing the re- 
sults are given by Shaw and Macks (19, 22). Examples are shown 
in Figs. 10 and 13, and it is evident that these loads cannot be ex- 
pressed in terms of simple analytical functions. For this reason 
even iterative integrating methods are too laborious, and me- 
chanical computation must be employed. 

In applying Equations [20] to bearings such as these, it is con- 


venient to employ as the time scale the crank angle r,. Since 
1. = 2xN,t, then in terms of it, Equations [20] become 
P(r.) 
. 
d P(r.) 


dr, 

Since the load is tied to the crankshaft p(r,) and 8(r,) will have 
periods of 360 or 720 deg in 7, depending upon whether it is 
a two-cycle or a four-cycle engine. p(r-) and A(r,) are read from 
polar load diagrams such as Fig. 10 or 13; {(r,) being measured 
from the connecting-rod axis and taken as positive when in the 
direction of rotation of the crankshaft. For the main bearings 
(da/dr,) is obtained from Equation [22a] which becomes 


For the connecting-rod and master-rod bearings, it is obtained 
from Equation [226], which becomes 


d 1 
— — ¥@ 


As in the case of simple periodic loads, the solution is compli- 
cated by the fact that in the steady state of motion one does not 
know what values to assign ¢ and ¢ for some arbitrary starting 
value of r,, say, top dead center (r, = 0), such that after one or 
two complete revolutions of the crankshaft ¢ and ¢ will return to 
their initial values and thereafter the motion of the shaft inside 
the bearing will repeat itself. These values must be derived by a 
trial-and-error process based upon experience in solving problems 
of this type. This would be extremely time-consuming if the cal- 
culations had to be carried out long-hand. However, this is 
greatly simplified by the use of mechanical computers such as the 
differential analyzer. Once Equations [24] have been set up on 
it, solutions can be run off quite rapidly for various starting values 
of ¢ and ¢ and the periodic solution, if one exists, can be found 
fairly easily. The general question of the existence of periodic 
solutions of Equations [24] will be discussed in the last section. 

Account must be taken of side leakage when attempting to pre- 
dict the performance of actual bearings, that is, the drop in the 

_ pressure distribution in the oil film as given by Equations [1] 
near the ends of the bearing due to leakage of oil out of the ends. 
The effect occurs only in bearings of finite width relative to their 
diameter. The effect of side leakage on the load capacity and 
friction of partial sleeve bearings has been calculated by Kings- 
bury (13), Needs (14), and Waters (15), obtaining exact solutions 
of the Reynolds equation. Kingsbury and Needs employed an 
electrical analogue, while Waters solved the equation mathemati- 
cally. Muskat and Morgan (5, 16, 17) solved the equation 
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mathematically for the case of a full sleeve bearing, assuming a 
complete oil film, but the calculations did not extend beyond n = 
0.6. Other workers have obtained solutions making various sim- 
plifying assumptions. 

The scarcity of exact solutions of Reynolds equation for a con- 
stant load which take account of side leakage testifies to its dif- 
ficulty. There are no published solutions of the equation for the 
case of dynamic loading, and none has been undertaken here. 
Therefore, to predict the behavior of actual bearings under dy- 
namic loading we will have to make use of the published side- 
leakage factors for a bearing with constant load, although this is 
admittedly an approximation. This is so because the magnitude 
of the side-leakage factor will depend upon the pressure distri- 
bution in the oil film which will be different for the same values of 
7 and S in a statically and in a dynamically loaded bearing, as 
may be seen from Equation [1]. Furthermore, the angular ex- 
tent of the oil film under the two types of loading may be expected 
to be different. In spite of these differences, however, the use of 
these factors should give some approximation to the actual be- 
havior and is better than applying no factor at all. The choice of 
side-leakage factors and their method of application subject to 
these limitations will now be outlined. 

Following Dennison (10), we shall make use only of the factors 
calculated for a centrally supported 120-deg partial bearing as being 
applicable to the present full bearings. — This is on the basis of the 
observed fact that for a constantly loaded bearing at large eccen- 
tricities the angular extent of the oil film is seldom greater than this. 
There are two sources of such factors, namely, those calculated by 
Needs (14), in which negative pressures at the trailing edge are 
neglected, and those calculated by Waters (15) in which regions of 
negative pressure in the oil film are excluded. Comparison of the 
two, as shown in Fig. 5 of the latter paper, indicates some differ- 
ence but this is not significant here in view of the other approxi- 
mations involved. 

The side-leakage factor K is the ratio of S for a bearing without 
side leakage to S for a bearing with side leakage operating at the 
same eccentricity. For the same speed, viscosity, and clearance 
ratio, this factor is also the ratio of the loads that can be carried 
by the finite and infinite bearings, respectively, or 


K=—=~........ 
and is always less than unity. Here the subscript f applies to the 
corresponding bearing in which account is taken of side leakage. 
Factor K depends upon the values of the eccentricity ratio, but in 
dynamically loaded bearings we do not know the values of 7 until 
we have found a closed-path solution to Equations [24] using 
loads taken from the empirical polar diagrams as previously out- 
lined. Hence we do not know what factors K to apply to these 
loads in the first place. “This vicious circle might suggest that 4 
trial-and-error process would be required but this, in addition to 
the one already necessary to find a single closed-path solution, 
would make a very laborious process indeed. 

A possible way out of this difficulty is as follows: Solutions of 
Equations [20], [21], or [24], which apply to bearings without side 
leakage, should give the same values of » when side leakage is in- 
cluded if S is replaced throughout by S/K which corresponds to & 
smaller load. For the purpose of applying the factors K, let it be 
assumed that solutions of the complete Reynolds equation, in- 
cluding the effect of side leakage, depend not upon S and ¢ inde- 
pendently, but only as combined in the expression 12%2S(af + 4): 
This is similar to the solutions of Equations [21] but should ap 
ply strictly only if S is a constant. However, since the leakage 
factors K, which we shall use, only properly apply for constant 5, 
this represents no additional assumption. On this assumption, 
then, the same solutions of Equations [20], [21], or [24] will also 
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apply to bearings with side leakage if, instead of replacing S by 
S/K, we replace (af + b) by (1/K)(ag + 6). Hence the proce- 
dure in applying the side-leakage factors K, will be to obtain a 
closed-path solution of Equations [24] using the empirical loads 
from the polar load diagram and then changing every value of 
¢ so obtained to a new one, {,, according to the relation of & + b = 
(1/K)(ag + 6). The resulting path should be that followed by 
the journal center in a bearing with side leakage which is sub- 
jected to the same loads and will, in general, be larger. This pro- 
cedure will be followed in analyzing those bearings in which it is 
necessary to take account of side leakage. 

Proceeding now to the analyses of two actual bearings, we shall 
consider a Diesel-engine connecting-rod bearing and a radial-air- 
craft-engine master rod bearing. 

The data for the Diesel-engine connecting-rod bearing are 
taken from Fig. 17 of the paper by Stone and Underwood (8), 
which is reproduced as Fig. 10. This is supplemented by the fol- 
lowing data: 


Internal mean effective pressure, psi..... 109.5 
Speed of crankshaft, rpm............ Rae 2000 
Diameter of bearing, in.......... 23/,4 
Length of bearing, in.......... 113/15 
Clearance ratio...........: ae 800 
Bearing temperature (assumed), deg F......... . 275 

Viscosity at bearing temperature, centipoises... . ie “3 
Ratio of length of crank to length of connecting rod... 0.247 


The crankcase temperature is 240 to 250 F, and as the bearing 
temperature could not be measured it has been taken as 275 F for 
the purpose of determining the viscosity. This is thought to be 
a reasonable average figure. 

Using these data, Equations [24] were set up on a differential 
analyzer in the M.I.T. Center of Analysis and solutions were run 
off using Various starting values of ¢ and ¢ until a closed path 
for the crankpin center was obtained. The principle of the ana- 
lyzer has been described by Bush (18). The minimum value of 
7 in the path so obtained was 0.989. Neither Needs (14) nor 
Waters (15) carries his calculations of side-leakage factors above 
n = 0.9, but extrapolation of their curves to A = 1.0 when n = 
1.0 suggests that above 7 = 0.989 K will be so nearly unity that it 
is not necessary to apply corrections for side leakage in this case 
Waters suggests that at » equal to unity, K may approach some 
value less than 1, but, in the absence of any more definite in- 
formation on this point, side-leakage factors of unity have been 
taken for this bearing. 

The path of the journal center is plotted in Fig. 11. It is seen 
that the journal moves between the limits of ¢ = —46 deg and 
¢ = +159 deg, referred to the axis of the connecting rod. This 
means that it spends its time in the upper and right-hand part of 
the clearance space. The calculations show that the upper and 
lower limits of 7 in this path are 0.997 and 0.989. This is equiva- 
lent to a minimum oil-film thickness during part of the cycle of 
1.1 X 10~°in., which may be a conservative estimate in view of 
the fact that side leakage was not taken into account. On the 
scale of Fig. 11 the detailed characteristics of the motion cannot 
be resolved so that the data are replotted in Fig. 12, giving ¢ 
versus y, thereby expanding the scale in the radial direction. 
The numbers on the curve of Fig. 12 give the crank 
angle. It should be borne in mind, however, that Fig. 11 repre- 
sents the true spatial plot of the path, and although the variation 
in the radial co-ordinate 7 cannot be distinguished in the figure, 
nevertheless these small changes in 7 are extremely critical when 
nis So near unity and can spell the difference between successful 
operation and failure of the bearing. 

Comparison of the path of ¢, as shown in Fig. 12, with the corre- 
8 ponding polar load diagram, Fig. 10, is of interest. It will be 
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(Imep = 109.5 psi; 2000 rpm; maximum load, 9360 lb; 2 cycle; numbers 
indicate crank angle in degrees. From Stone and Sherwood.) 


noted that the angular range of the journal center path corre- 
sponds quite exactly to that of the load on the bearing, but these 
angular positions are, not taken by both at the same crank angle, 
except in a few instances. The journal center spends most of the 
cycle in the right-hand region of the clearance space during which 
it reverses direction five times, whereas the load spends most of 
the cycle in the upper half of the bearing during which it reverses 
direction only twice. The journal center makes its most vio- 
lent angular motion between a crank angle of 310 deg and 30 deg 
when it moves counterclockwise from ¢ = +159 deg to ¢ = —46 
deg and then back to ¢ = +88 deg. Thus it travels a total 
angular distance of 339 deg while the crank moves through only 
80 deg. This occurs during development of the pressure peak in 
the chamber due to compression and firing. During this same 
period the load travels from +136 deg to —13 deg, an angular 
distance of 149 deg, and passes through its peak value of 1875 psi. 
The maximum eccentricity occurs only 18 deg of crank angle 
after the peak load. 

The master-rod bearing of a radial aircraft engine was the other 
bearing analyzed by this method. Its poiar load diagram is 
given in Fig. 13, taken from an N.A.C.A. report by Shaw 
and Macks (19). In addition the following data were used: 


Internal mean effective pressure, psi................. 245 


Oil viscosity at bearing temperature, centipoises.... .. 13.8 
Ratio of length of crank to length of connecting rod... 0.333 
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In this case no assumption was made about the actual bearing 
or oil-film temperature but, rather it was assumed directly that 
the oil would have a viscosity at the bearing temperature of 
2.0X10~* reyns. 

A closed-path solution of ¢ versus ¢ was obtained using the same 
procedure as before, but as the eccentricity ratio in this case lay 
in region of 0.6 to 0.7 it was necessary to apply a correction for 
side leakage. Using the data of Waters (15) a curve of the side- 
leakage factor K versus ¢ was constructed by interpolation for a 
length-to-diameter ratio of 0.958, and this factor was applied to 
the values of ¢ in the path to obtain a path of ¢ versus ¢ for the 
actual bearing with side leakage. 

The path of the journal center so obtained is plotted in Fig. 14. 
Since it is a four-cycle engine, the path must make two complete 
revolutions before it closes. The difference in the path during 
the two revolutions is due to the fact that the magnitude of the 
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(Imep = 245 psi; 2500 rpm; maximum load 39,600 1b; 9 cylinder; 4 cycle; 
numbers indicate crank angle in degrees. From Shaw and Macks.) 
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load has a period of 80 deg while, owing to the rocking of the 
master rod relative to the engine axis, the load direction has 4 
360-deg period. This rocking of the master rod also produces 4 
variation in the instantaneous speed of rotation which has a 360- 
deg period as given by Equation [25d]. 

It is interesting to note that the journal-center path as drawn 
in Fig. 14 shows practically no effect from the rapid oscillation in 
the load of Fig. 13 although the actual numerical values do show 
a slight fluctuation. 

The limits in 7 are a maximum of 0.88 at a crank angle of 326 
deg and a minimum of 0.835 at a crank angle of 607 deg. This 
maximum value of 7 is to be compared with a value of 0.957 com- 
puted by the Sommerfeld equation, including side leakage, on the 
basis of a constant maximum load of 39,600 lb and with 0.84 com- 
puted by the same equation on the basis of a constant mean load. 
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of 30,750 Ib, in both cases taking Np and N, as the crankshaft 
speed or 2500 rpm. The paths in such cases would be circles with 
these radii. Thus the maximum eccentricity which determines 
the load capacity is actually appreciably less than that computed 
from the maximum load. On the other hand, estimating it from 
the mean load would lead to a value that is slightly too small. 

Comparing the angular position of the journal center with that 
of the load at the same value of crank angle in Figs. 14 and 13, we 
see that the former is always about 90 deg behind the latter, i.e., 
¢ equals about —90 deg. This is what one would predict from 
Equations [9] for a constant load rotating with the shaft. 

Hence we conclude from these results that a load diagram of 
the type of Fig. 13, in spite of its sharp fluctuations, can be ap- 
proximated by a constant rotating load equal to the mean load, 
for the purpose of determining the journal center path but it will 
lead to a slight overestimate of the load capacity. 

Discussion OF RESULTS 

In discussing the results obtained on the eccentricities produced 
by various analytical and empirical types of loading, the follow- 
ing conclusions are at once evident: 

1 If the load varies in either magnitude or direction, or both, 
the maximum eccentricity produced will, in general, be different 
from that produced by a constant load of the same magnitude. 
It will not always be greater; in fact, Figs. 3, 7, and 9 show that 
for load frequencies in the neighborhood of one half the shaft 
speed, the load capacity is very small. Any radial motion of the 
journal will always contribute load support in the direction to- 
ward which it is moving. This is the component given by the 
second member of Equations [2], [20], or [21]. However, with 
any radial motion of the journal center there will usually be asso- 
ciated a tangential motion, and a simple analysis shows that the 
sense of this latter motion is generally in the direction of journal 
rotation. Such tangential motion will detract from the load- 
carrying component due to the journal rotation, as shown by the 
first members of Equations [2], [20], or [21]. Furthermore, if 
the speed of this tangential motion is in the neighborhood of one 
half that of the journal rotation, the reduction in this load com- 
ponent can be considerable. As a result, it is difficult to predict 
in advance whether a given type of varying load will be carried 
more or less easily by the bearing than a constant load of the 
same magnitude. 

2 The higher the frequency of oscillation or rotation of vary- 
ing loads, relative to the journal rpm, the greater the load ca- 
pacity of the bearing. This is clearly shown by the right-hand por- 
tions of the curves in Figs. 3, 7, and 9, and is due es sentially to 
the great hydraulic damping of any radial motion if he motion is 
fast enough. The universally successful operation of piston-pin 
bushings testifies to this fact. 

One point about the load capacity of the sinusoidal type of 
loading merits some comment. We see from the curve in Fig. 7, 


or from Table 1, that when the load has the same frequency as | 


the rotation of the journal, ie., Np/N; = 1, then Np/N;, 1/zmax 
= 1.74, or in other words, the bearing will carry a peak load 1.74 
times as great as the same bearing with the same eccentricity 
subjected to a constant load. Reciprocating-engine designers 
have been familiar for years with the fact that dynamically 
loaded bearings will take a much higher peak load and in fact they 
would be surprised that calculation showed only a 75 per cent in- 
crease. The reason for this relatively small increase is probably 
as follows: 

1 A sine wave is considerably less peaked than that occurring 
in an engine, and we have already shown that this results in less 
load capacity. 

2 The maximum eccentricity in the sinusoidally loaded bear- 
ing is reached for only a fraction of the cycle as Fig. 6(b) shows, 
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while during most of cycle the eccentricity is considerably less. 


Hence in comparing the two bearings, perhaps we should consider 
the mean rather than the maximum eccentricity, since it usually 
requires time at extreme eccentricity to generate sufficient heat 
through metal-to-metal contact to endanger the bearing. Also, 
in the foregoing comparison it has been assumed that both 
bearings have a complete oil film, but as will be discussed else- 
where, the oil film of the constantly loaded bearing is probably 
less complete in actual practice than that of the dynamically 
loaded one having the same length-to-diameter ratio. For any 
or all of these reasons then, the actual difference in load capacities 
may well be greater than the figure of 1.74 would indicate. 

It should be pointed out that while this analysis assumes that; 
the applied load, as described by P and 8, which is to be used in 
Equations [19], [20], [21], or [24], includes all inertial effects of 
the shaft and its connecting members due to their nominal mo- 
tion, it does not include any acceleration forces resulting from the 
motion of the shaft in paths such as shown, for example, in Fig: 
11 or 14. This is because the paths are not known until after 
Equations [19], [20], [21], or [24] have been solved. The exact 
solution therefore would require either a trial-and-error process 
or else require introducing terms in P and 8 containing the second 
derivatives of 7 and ¢ with respect to time. Either process will 
be complicated and time-consuming to solve. 

The most questionable point in the analyses of actual bearings 
by this method is the manner in which account is taken of side 
leakage. As has already been stated, there are no published cal- 
culations of side-leakage factors for dynamically loaded bearings, 
and even their calculation for static loads is so laborious that the 
available information is not complete, particularly at the high 
eccentricities. Two assumptions are made here, namely, that 
factors calculated for statically loaded bearings may be applied to 
dynamically loaded ones, and that, if they are so applied, those for 
a partial bearing are of 120 deg are most nearly correct. As re- 
gards the first assumption, it isnot valid when the radial motions 
of the journal center are important. Considering Equations [2], 
these leakage factors for a full journal bearing are derived for an 
equation of the same form as the first of Equations [2] and there- 
fore will be applicable to this equation if at every instant one 


substitutes in the expression 
r\? uN 
c p 


to which the leakage factors are applied 


2x dt 


in place of V, taking proper account of units. On the other hand, 
none of the published leakage factors is applicable to equations of 
the type of the second member of Equations [2], which take ac- 
count of radial motion of the journal center. Presumably the 
labor of calculating the appropriate factors would be comparable 
to that required for those that have already been worked out. 

As regards the assumption that factors for a partial bearing arc 
of 120 deg are applicable for a full bearing at high eccentricities, © 
Dennison (10) concludes from correlation with certain experi- 
mental. data on the friction that this assumption is somewhat 
justified for statically loaded bearings. For dynamically loaded 
bearings, however, the situation may be quite different. It may 
be that, at very high frequencies of loading, the lag in time before 
cavitation takes place on the unloaded side may be appreciable 
enough so that the oil film remains more nearly complete. In 
this case this portion of the film will be contributing toward the 
total load support through its dynamic negative pressure, more 
in accord with the mathematical theory. In fact there is definite 
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evidence that at frequencies of the order of 6500 cycles per sec, 
negative pressures of moderate size can be reached in liquids be- 
fore cavitation occurs, although it is questionable how appreciable 
this effect would be at conventional shaft speeds (20). 

Actually, in the case of the one bearing in the present paper to 
which side-leakage factors were applied, the radial component of 
the motion of the journal center was relatively small, as may be 
seen from Fig. 14, so that neither of the foregoing assumptions is 
particularly questionable. (In this case 1/24 d/dt (a—28—2¢) 
approximately equals —N’,.) 

Although the method described in the present paper permits 
a fairly exact prediction of the performance of any actual bearing 
whose polar load diagram is known, nonetheless it is still laborious 
and requires specialized computing equipment. It is therefore 
of interest to see how the results of any particular computation 
can be generalized, thus avoiding unnecessary duplication of com- 
putation. From Equations [21] and [23], and the reasoning that 
led to them, we see that all solutions of Equations [24] for polar 
load diagrams having the same shape and differing only in the 
magnitude of the loads, or in other words in the scale factor, are 
related through Equation [23] where the size of So gives the scale 
factor. Hence the journal-center path without side leakage for 
any member of such a family of solutions can be immediately 
determined once one member of the family has been computed 
numerically. Jf we denote by the subscript 1 the quantities per- 
taining to the solution that has been first computed numerically, 
then the journal center path, denoted by the subscript 2, for any 
other polar load diagram whose load ratio to the first diagram at 
every instant is P,/P, is obtained by applying the expression 


ag, +b= P, (af 
to the values of ¢; at every point. The corresponding values of 
¢g Tremain unchanged. This will give the new journal center path 
without side leakage, and so side-leakage correction will have to be 
applied as described previously, if necessary. Generally, one is 
only interested in the maximum eccentricity in the path so that 
Equation [27] and the side-leakage factor need only be applied 
for that one point, thus greatly simplifying the labor. (The 
maximum eccentricity will always occur at the same value of ¢ 
because the side-leakage factors are uniformly increasing func- 
tions of 7; hence the foregoing conclusion is true.) 
Transformations of the type of Equation [27] can also be ap- 
plied in cases where the polar load diagram is the same, but either 
the speed, the oil viscosity, or the clearance ratio is varied. In 
this case P2/P, is replaced by 


(r/c)*: 
No pe (r/c)* 


or, in general, by S,/S2. However, this cannot be done in cases 
where a change in speed will change the shape of the polar-load 
diagram as it generally will in cases where inertial loading is a 
component, 

These generalizations, when used in conjunction with those 
developed by Shaw and Macks (19, 22) for the polar load dia- 
grams, permit calculation of the performance of a whole series of 
bearings after the load diagram has been determined for only a 
relatively small number of cases. 

In discussing the solutions to Equations [20], [21], or [24], it 
has been tacitly assumed that one and only one periodic solution 
exists. Since this pair of equations in any of their forms is 
equivalent to a nonlinear second-order differential equation, little 
can be said about the general existence of periodic solutions. 
The equations are mathematically similar to those for a nonlinear 
forced-vibrating system without damping. The natural fre- 
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quency of the system without a periodic impressed load is in the 
vicinity of Np/N; = '/2 but varies with amplitude. Hence the 
general solution may be expected to consist of some combination 
of this frequency and of the frequency of the impressed load so 
that in the absence of damping the former may always be pres- 
ent. In general, therefore, unless these two frequencies are 
rationally related, the path of the journal center might not be 
expected to close but would eventually cover whole areas of the 
clearance space in a quasi-ergodic manner. In fact, the general 
path under a constant rotating load is just of this type except for 
certain discrete frequencies of rotation. Also, there is a sugges- 
tion that in the region of Figs. 7 and 9, below Np/N; = 0.25 there 
are closed-path solutions only for discrete values of Np/N;j. 

In spite of this, we found in the preceding sections that a 
closed-path solution could actually be obtained for the two simple 
analytical types of loading and for the two cases of actual load- 
ings, so that at least one can say that in these cases there are 
paths in which the journal center will remain if it ever finds itself 
in them. However, in the absence of damping there is no assur- 
ance mathematically that the journal center starting in some 
general position will have any tendency to fall into these closed 
orbits. On the other hand, in an actual bearing there may well 
be small dissipative forces not taken into account in the equa- 
tions which, no matter how small, may eventually damp out the 
natural-frequency component and leave the purely forced-fre- 
quency component which will probably yield a closed-path solu- 
tion that is stable. 

As a matter of fact, for one very complicated polar load dia- 
gram which has been given some preliminary study and is not 
reported here, there is indication that no nontrivial periodic solu- 
tion exists. This point, if it is established, would be quite im- 
portant and it is now being investigated further. From our ex- 
perience, it seems unlikely that this contingency will arise in the 
case of the simpler and more usual types of polar load diagrams. 

The question has been raised as to how the bearings of auto- 
mobile and other four-cycle engines which have a strong load 
component of one half the crankshaft frequency can operate 
without film breakdown, in view of our conclusion that bearings 
will support no rotating or alternating load of this frequency. 
A definite answer cannot be given to this question, since we have 
not yet analyzed the polar load diagram for a bearing from a four- 
cycle engine where the half-frequency load component was high, 
that on the master rod bearing being very small, as Fig. 13 shows. 
However, it can be said that there is no reason to expect mathe- 
matically that 7 would be abnormally large under such a loading. 
The reason is that Equations [20], [21], or [24] are nonlinear and 
therefore one cannot conclude that a half-frequency component 
in the load will necessarily produce any half-frequency compo- 
nent in g. It is this latter which may lead to film breakdown. 
A final answer will have to await analysis of a connecting-rod 
bearing loaded from a single cylinder in a four-cycle engine. 


CONCLUSIONS 


From the foregoing analysis we can draw the following con- 
clusions about the performance of.dynamically loaded bearings: 


(a) The exact analysis, including the effect of radial as well as 
tangential motion of the shaft in the bearing, leads to quite 
different results from the simpler theories where such motions 
are partly or wholly neglected. 


(h) Itis generally found that such bearings can carry a greater 
peak load for the same eccentricity than can a constantly loaded 
bearing, but this is not invariably true. For the case of a sinu- 
soidal alternating load of the same frequency as the shaft ro- 
tation, a 75 per cent greater peak load can be carried for the same 
maximum eccentricity. 
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(c) The higher the frequency of rotation or oscillation of the 
applied load, the greater the peak load which can be carried. 

(d) The more peaked the wave form of a periodic load, the 
greater the maximum load which can be carried. 

(e) Alternating loads of simple analytical form cannot be 
carried without film breakdown when their frequency is one half 
that of the shaft rotation. This extends similar conclusions pre- 
viously derived by others about rotating constant loads of this 
frequency. 

(f) The shape of path of the shaft center relative to the bear- 
ing center depends primarily upon the shape of the load-versus- 
time curve and not upon its amplitude. The maximum eccen- 
tricity for a loading cycle of any other amplitude can be quickly 
deduced once it has been solved numerically for one amplitude. 

(g) The performance equations become much simplified when 
expressed in terms of the quantity ¢ defined by 


where 7 = e/c, the eccentricity ratio. The use of this new vari- 
able is recommended, particularly at high eccentricities where it 
varies linearly with the load. 

(hk) The maximum eccentricity found by the method de- 
veloped in this paper of a typical Diesel-engine connecting rod, 
which has operated satisfactorily in practice, was found to be 
such that the minimum oil-film thickness is less than 0.00001 in. 
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The problem in plane strain or plane stress of a large plate 
containing an elliptical hole, which is loaded by line forces 
at the ends of the minor axis of the ellipse, is solved in 
closed form by using complex variable analysis. 


N part of a recent paper by Symonds,? a solution was given 

for the problem of determining the stress in an infinite plate 

containing an elliptical hole, loaded by a pair of concen- 
trated forces acting at the ends of the minor axis of the ellipse. The 
solution was given in the form of an infinite series, and the inter- 
pretation of the results required considerable numerical work. 
The object of the present paper is to show that the problem can 
be solved in a simple closed form as an example of the complex 
variable analysis developed elsewhere by the author.* 

The conformal transformation 


z2=2+ty = = ccos(f + ta).......... {1} 


where ¢ = £ + i» transforms the outside of the ellipse into a semi- 
infinite strip of breadth 2 in the {-plane, the boundary of the 
ellipse corresponding to 7 = 0, and » ~ © corresponding to 
z— o, The semi-axes of the ellipse are a, b where 


a = c cosha, 6b = ¢ sinha............. {2] 


If normal stress ym, and shear stress bee are prescribed on the 
edge of the elliptical hole, it is convenient to introduce two func- 
tions V(t), W(¢) such that the real part of V(¢) = —ae and the 
imaginary part of W(¢) = Ee, on the edge of the ellipse » = 0. 
Then, restricting the discussion to stress systems which produce 
zero force resultants at the edge of the hole, it has been shown‘ 
that the stresses may be expressed as the real parts of 


g& = — WS) — WOOP 
+ — POVED 

am = —Vid) — WO) + 

+ (V's) + WOH FO) — 


> [3] 


where primes denote differentiation with respect to ¢ and where 
a bar placed over a quantity denotes the complex conjugate of 
that quantity. In Cartesian co-ordinates z, y, the stresses are 
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A Concentrated Force Problem of Plane 
Strain or Plane Stress 


_By A. E. GREEN! 


rt = —2V0 4+ 

+ + | 
ry = [4] 


ith + — | 


At the edge of the hole » = 0 the circumferential stress EE, is the 


real part of the simple form 


= —V(¢) —2W 


[5] 


The functions V(¢), are to be chosen so that they tend 
to zero at infinity. They must also have simple poles at the 
zeros of F’(¢), i.e., at = ta and = ta — but VQ) + is 
free from poles. 

When two isolated forees P act in opposite directions at the 
ends of the minor axis of the elliptical hole and normally to the 
ellipse, it can be verified that the appropriate functions V(¢), 
are 

iP sin ¢ cosh 2a + 1 
- cos 2¢ 


arcos ¢ cosh 2a 


ax cosh a@ cosh 2a — cos 2¢ 


. . . 
It is now a simple matter to write down the edge stress ££, from 


Equations [5] and [6]. Thus 
2P6b cosh 2a +1 
* xa?" cosh 2a — cos 2¢ ‘ 
| 3 
except at the ends of the minor axis = mw. the 
end of the major axis — = 0 
@ 


Symonds exhibited the relation between argg,/P and b/a in 
Fig. 15 of his paper,? but he was unable to compute the values of 
. or . . 
¢&, when b/a is less than about 0.25. His curve agrees with the 
result just given at any rate for values of b/a greater than 0.5. 
The stresses along the line of the major axis can also be ob- 
tained, after relatively simple reductions, from Equations [4], 


and [6]. Thus along the major axisa < 4 < @ 
zr =ccosh (n+ a), O<7n< [9] 
yy ax cosh 7 sinh (7 + 
P sinh 2@ 10] 
{ sinh cosh + a) 
{cosh n sinh + a) J 


It may be noted that the limiting forms of these results for the 
case of a circular hole, a ~ ©, agree with those quoted by 
Symonds in Appendix 2 of his paper.? 

Other problems of this type may be dealt with by similar 
methods. 
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[6] 
the real parts of 
t 
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Discussion 


Analytical Design of Centrifugal 
Air Compressors' 


D. H. Strvern.? It has always seemed to the writer (more 
from the aspect of a mathematician and theoretical aerodynami- 
cist than from an engineering viewpoint) that substantial in- 
creases in efficiencies could not be expected until a method of 
satisfying the Euler equations throughout the flow could be 
found, rather than just along one or two streamlines. Only this 
will insure balance normal to the flow as well as along the stream- 
lines. 

Despite this, the authors’ contribution seems well worth 
studying and applying. It would be interesting, however, to 
know the actual efficiencies of compressors designed by this 
method so that one might better decide whether the results are 
worth the extra effort. 


R 


Fig. 1 


As to the mechanics of the method itself, there seems to be a 
simplification in order in the calculation of w along the mean 
streamline. 

Let 


Cu = wr 
w = air flow 
The air flow through the section, Fig. 1 of this discussion 
w = pv,rdédz 


And the Euler turbine equation 


' By C. Concordia and M. F. Dowell, published in the December 
1946, issue of the JourRNAL or AppLieD Mecnanics, Trans. 
A.S.M.E., vol. 68, p. A-271. 


? De Laval Steam Turbine Company, Trenton, N. J. 
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d(Wi) = www d(Cwr) = pv, dz wd (cur) 


Also since the work done on the air must equal the work done by 
the blade 


d(Wx) = wur dr dz dP 


where dr dz is the area normal to u. 
Equating the two work equations 


wer drdzdP = pv, dz wd 


dP 
This can easily be integrated if p, v,, and > are given in terms 


of r. 
This formula reduces to the authors’ formula as follows 
d 
d 
dr Ur 
2 
= 2rw + — 
Therefore 
_ aP 
dP 
p(2we, + ra) = 


It also seems that there is an error in Equation [9] of the 
paper. From Bernoulli’s equation 


Cy? + 2) 
2 + 29 + + Wi 


cu? = (raw + vu)’, 


Wi = 


2) = 2), — K: 
where c’s are now absolute velocities and v’s are relative velocities. 
Substituting for the absolute values, one obtains 


vu® + 2) 


2g % 


+H=K; 
dp ,. 
for an adiabatic change gH = — differentiating 
p 


d 
— w,*rdr + 0 
p 


Apparently the second term in the equation was omitted. 

It is probably simpler, moreover, to calculate H from the first 
of the foregoing equations and obtain the value of pressure rise 
by applying some value of n obtained from expected over-all effi- 
ciencies, where n is the polytropic exponent. 
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dP\ dr 
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Geometrical and Metallurgical 
Changes in Steel Surfaces Under 
Conditions of Boundary 
Lubrication’ 


J. T. The metallurgical transformations ob- 
served by the author are particularly interesting and their identi- 
fication should certainly be pursued further. While at first 
glance their occurrence might only be considered of academic 
interest and not beneficial for rubbing surfaces, this conclusion 
may not necessarily be true. A series of wartime reports which 
have been released recently by the National Advisory Committee 
for Aeronautics describe some studies made at its Aircraft En- 
gine Research Laboratory of the coatings found on scuffed cast- 
iron and nitrided piston rings during operation in nitrided-steel 
cylinders (1, 2, 3, 4, 5)* It was found (1) that this coating on 
cast-iron rings was quite hard, resisted most etching reagents, and 
its formation appeared to be associated with the occurrence of 
the steadite in the cast iron. It appeared on normally run-in 
rings as well as on scuffed rings, although not to as great a degree, 
and the inference was that its occurrence was beneficial to the 
performance of the ring. It, like the transformed material re- 
ported by the author, has not been positively identified, although 
various techniques, including electron diffraction (2, 4), were 
tried. 

The possibility immediately suggests itself that this coating is 
composed of the same or related transformed material to that re- 
ported in the present paper since the author observed the trans- 
formation to some extent on cast iron. Since the rubbing condi- 
tions are much more severe and last longer it might be expected 
that projections like those shown in Figs. 15, 16, and 18 of the 
paper, would be worn down by mechanical abrasion, thus trans- 
ferring the load to other areas which would in turn transform. If 
this suggested connection proves to be correct, we will have 
approached one step closer to the engine manufacturers’ dream of 
producing synthetically pre-run-in piston rings. 
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AvuTHOR’s CLOSURE 


The author wishes to thank Professor Burwell for his reference 
to the N.A.C.A. reports which have been released recently. Many 
properties of the coatings found on piston rings are similar to the 
transformations observed on the flats run-in on the friction-test 


1 By B. W. Sakmann, published in the March, 1947, issue of the 
JOURNAL oF APPLIED Mecuanics, Trans. A.S.M.E., vol. 69, p. A-43. 

2? Department of Mechanical Engineering, Massachusetts Institute 
of Technology, Cambridge, Mass. 

2 Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 
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machine. The author agrees with the conclusions of Professor 
Burwell that it seems very probable that the two transformations 
are of a similar nature. In view of the importance of the wear 
problem of piston and cylinder in the internal-combustion engine 
it would seem highly desirable that more work should be done to 
further clarify the nature of the transformed material. 


The Initiation and Propagation of 
the Plastic Zone in a Tension 


Bar of Mild Steel’ 


J. T. Kemp.? These two papers show evidence of careful 
study of stress-strain phenomena in comparatively ductile metals 
The studies are definite contributions to the understanding of the 
physical behavior of metals as indicated by mechanical testing 
apparatus. In the second paper,” the author calls attention to 
the contribution to stress-strain measurements made by the 
structural characteristics of the testing machine, an item too 
often overlooked in the practical interpretation of tests. Fortu- 
nately, in design, these discrepancies are covered by the factors 
of safety in customary use. One can, however, foresee the pos- 
sible reduction of the factor-of-safety allowances in design where 
high stress-to-weight ratios are important, as the exact behavior 
of metals under loading becomes more accurately understood. 

There are factors which are important to metallurgists but 
which have not been regarded of equal value by physicists inves- 
tigating metals. These two papers are open to criticism in their 
failure to define the materials tested in a wholly satisfactory 
manner. For instance, the ‘‘annealed mild steel,’’ used for the 
work on eccentric loading, is defined only by its carbon content, 
0.02 per cent. This is on the low side for ‘‘mild steel’? and does 
not take into consideration the presence of manganese, phos- 
phorus, sulphur, or other elements, all of which have important 
influences on the plastic properties or surface behavior in stretch- 
ing, as is evidenced by the close control exercised over manganese, 
sulphur, and phosphorus in the processing of steel for form- 
ing and deep-drawing sheets. 

The work on rigidity was done with hot-rolled “wrought iron” 
also having a carbon content of 0.02 per cent. Wrought iron ts 
notable for inhomogeneity, its fibrous structure, and inclusions of 
nonmetallics. .[t is not a pure or uniform metal from which to 
derive fundamental properties. The description of the ‘‘an- 
nealed 1 per cent silicon iron’’ is similarly limited. It may be 
presumed that the ‘‘0.02 per cent carbon’’ steel was similar to that 
used in the first paper,’* although the thicknesses of the test 
pieces used were not the same. 

From the metallurgical point of view, it is desirable to detine 
the metals under study by a fairly complete statement of compo- 
sitions, and something of the,history and heat-treatment. With- 
out such data, the work of several investigators in different labo- 
ratories and working at different times is susceptible of qualitative 
comparison only. Metallurgical particulars are more necessary 
when the investigations deal with simple steels of higher carbon 
than these, with alloy steels, and with all nonferrous metals and 
their alloys. All are sensitive to heat-treatment to some degree. 
The saving grace in the present case may lie in the low carbon 
values of all the materials used. 


1(a) ‘The Initiation and Propagation of the Plastic Zone in 8 
Tension Bar of Mild Steel Under Eccentric Loading,” by Julius 
Miklowitz, published in the March, 1947, issue of the JouRNAL OF 
ApptieD Mecuanics, Trans. A.S.M.E., vol. 69, p. A-21; and ()). 
“The Initation and Propagation of the Plastic Zone in a Tension Bar of 
Mild Steel as Influenced by the Speed of Stretching and Rigidity of 
Testing Machine,”’ by Julius Miklowitz, ibid., p. A-31. 

2 Metallurgical Engineer, The American Brass Company, Water- 
bury; Conn. 
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DISCUSSION 


The practical value of this protest, which by the way is not 
leveled at the author so much as at the tendency of physicists 
generally, can be illustrated by an example. Some years ago the 
writer had to augment the supply of galvanized low-carbon-steel 
strip used for making flexible metal hose. A supply was located 
which seemed suitable, judging by all the usual inspection tests 
and specifications, but the steel could not be used because of its 
propensity to develop stretcher strains. This steel, when bent or 
folded, developed surface patterns very like the fractured coatings 
shown in Fig. 9 of the author’s second paper.’ Close inquiry 
brought out the fact that although both steels were electrogal- 
vanized, the one had been coated in a neutral-to-alkaline bath, 
the other in-an acid bath. To all normal inspection appearances 
they were alike, but they were very different in elastic properties. 
Differences more subtle than in this example may make the work 
of two investigators discordant. The value of the growing know]- 
edge of the fundamental behavior of metals can be enhanced or 
impaired by neglect of attention to the details of composition and 
history of the material examined. 


G. Sacus.* The writer would be particularly interested to 
know in which manner the stress state and stress distribution may 
be affected by the development of stretcher strains. It might be 
suggested that the plastic wedge formed between adjacent elas- 
tic layers acts like a notch and therefore constitutes a severe 
stress raiser. 

There are certain indications that the ductility of a steel is 
severely reduced by the presence of stretcher strains. Thus it 
has been repeatedly observed that annealed steels, if tested at a 
low temperature where they possess a considerable ductility, may 
become entirely brittle at the testing temperature if previously 
stretched a few per cent. This occurs even if strain-aging is 
avoided. On the contrary, if the prestretch is large, the steel may 
recover a ductility exceeding that of the annealed steel. Then 
too, if heat-treated or cold-worked steels are prestrained, their 
ductility appears to be reduced continuously, in proportion to the 
prestretch. ‘ 

To explain the severe embrittlement of annealed steels by small 
strains, it must be assumed that their stress pattern becomes very 
nonuniform. Then, certain elements will be subjected to ten- 
sions in all three principal directions, resulting in a brittle eendi- 
tion. 

O.Stpesorrom.‘ In recent years the writer has been especially 
interested in the initiation and propagation of yielding in steel 
members when subjected to a nonuniform stress distribution. 
Work has recently been completed by D. Morkovin and the 
writer® to determine the effect of a nonuniform distribution of 
stress on the yield strength of steel. In one part of this work an 
attempt was made to explain the seemingly inconsistent results 
obtained by various investigators when testing mild-steel beams. 
In arriving at an explanation of the great spread of published 
values of the yield strength of mild steel in flexure, it was found 
that the propagation of yielding in the member had to be taken 
into consideration; therefore the present paper has been of con- 
siderable interest. 

The author" is to be complimented for his experimental work. 
The illustrations he has shown contribute much to the true under- 
standing of the initiation and propagation of the plastic zone in 

* Professor of Physicdl Metallurgy, Case Institute of Technology, 
Cleveland, Ohio. Mem. A.S.M.E. 

‘ Special Research Associate in Theoretical and Applied Mechanics, 
University of Illinois, Urbana, Il. 

'“The Effect of Non-Uniform Distribution of Stress on the Yield 
Strength of Steel,” by D. Morkovin and O. Sidebottom (Bulletin in 
process of publication by the Engineering Experiment Station, Uni- 
versity of Illinois). 
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mild-steel members subjected to both uniform and nonuniform 
stress distributions. By the use of Fig. 15,'* the author has 
attemped to formulate a theory to explain the initiation and 
propagation of the initial plastic zone. The writer is not in 
agreement with the theory proposed by the author since he feels 
that any analysis of yielding in mild-steel members subjected to a 
nonuniform stress distribution must be closely associated with the 
exhibition of an upper yield point, and the sudden transition to 
the lower yield point as yielding occurs. This conclusion is 
based upon the investigation conducted by Morkovin and the 
writer.® 

At the beginning of this paper," the author states, “‘Mild steels 
exhibit a well-defined plastic limit.’ This assumption has been 
made by many investigators who have conducted tests of mild- 
steel members with nonuniform stress distribution in trying to 
determine the effect of a stress gradient on the yield strength of 
steel. It is the writer’s contention that in the presence of a stress 
gradient, mild steel is one of our most ill-behaved materials, mak- 
ing it difficult to determine experimentally a definite elastic limit. 
The evidence of this fact is clearly demonstrated by the results of 
many investigations which have been conducted to determine the 
effect of nonuniform distribution of stress on the yield strength of 
steel. 

In testing mild-steel beams of various cross sections, Nakanishi® 
concluded that yielding did not begin in the most stressed fibers 
of such beams until the stress distribution on both the tension and 
compression sides of the beam could shift from a linear stress dis- 
tribution to a uniform stress distribution, that is, once yielding 
began, vielding would continue in the beam at a constant bending 
moment. Thus he concluded that the yield point of the ma- 
terial in the beam depended only upon the shape of the cross 
section of the beam. 

Cook’ tested only cylindrical beams and found that yielding in 
the most stressed fibers started at a stress varying from 1.5 a» to 
1.7 o, in the different beams. (» is the lower yield point of the 
material as determihed from tension tests.) 

Zhudin* found that yielding began at a stress varying from oo 
to 1.3 o) in beams of various cross sections, and the magnitude of 
the yield stress did not vary with the cross section of the beam. 
Incidently he tested beams of the same cross sections as did 
Nakanishi. 

The extremely varied results mentioned do not indicate a ma- 
terial that exhibits a well-defined plastic limit. These seemingly 
inconsistent results can be explained by the fact that yielding 
began in the most stressed fibers of the beams at an upper yield- 
point stress. Furthermore, the writer feels that by an analysis 
of yielding based upon the upper yield-point phenomenon, one 
can explain why yielding occurs as wedge-shaped regions in the 
presence of a stress gradient, and also why the plastic wedge can 
penetrate to a considerable depth below the most stressed fibers 
while elastic material still remains in the most stressed fibers. 

When a mild-steel tension specimen is tested, the material may 
exhibit a well-defined yield point in which case the stress-strain 
diagram will appear similar to curve OAB shown in Fig. 1 of th's 
discussion, which indicates that yielding began and continued at 
the lower yield point o. However, if special precautions are 
taken in conducting the test, the material will exhibit an upper 


**‘On the Yield Point of Mild Steel,’’ by Fugio Nakanishi, Tokyo 
Imperial University Aeronautical Research Institute Report, vol. 6, 
1931, p. 81. 

7“°The Yield Point and Initial Stages of Plastic Strain in Mild 
Steel Subjected to Uniform and Non-Uniform Stress Distribution,’’ by 
G. Cook, Philosophical Transactions, Royal Society of London, series 
A, vol. 230, 1931, p. 103. 

*“On the Yield Point in Flexure,”’ part 1, by N. Zhudin Zhurnal, 
Tekhicheskoi Fisiki, vol. 9, 1939, p. 968. 
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yield point, ou, and the stress-strain diagram will assume the 
shape OACB in Fig. 1. The magnitude of this upper yield point 
is unstable and will depend upon such factors as, (a) the rigidity 
of the testing machine, (b) the alignment of the specimen in the 
testing machine, (c) the radius of the fillets on the specimen, and 
(d) the inherent stress concentrations, such as surface scratches, 
residual stresses in the specimen, and discontinuities in material. 

Consider a common tension specimen such as the one shown in 
Fig. 2 herewith. Suppose for convenience that the inherent 
stress concentrations, i.e., those stress concentra- 
tions listed as item (d) in the material are uni- 
formly distributed in the material and are of such 
magnitude that the upper yield point of the ma- 
terial is equal to 1.3 o) and is approximately equal 
at all points in the material. Further, assume for 
convenience that the stress concentration at the 
fillets is equal to 1.3. 

As load is applied to the specimen, yielding 
will start at the fillets when the stress in the test 
section is equal to o. But once yielding starts in 
the specimen, the yielded region spreads along the 
specimen at constant load (as verified by the 
author) and the stress-strain diagram of the mate- 
rial will be similar to curve OAB in Fig. 1. In 
this case the upper yield point of the material 
is never measured. 

Now consider a member of the same material 
subjected to a nonuniform distribution of stress. 
A rectangular beam, shown in Fig. 3 of this dis- 
cussion, will be considered, since it is one of the 
simplest of such members to analyze. As in 
the case of the tension specimens, the upper yield 
point of the material will be assumed to have a 
value of 1.3 o, and the stress-concentration 
Fic.2 Ten- factor of the fillet will be assumed equal to 1.3. 
sion SPEcI- As the bending moment of the beam is 

MEN increased, yielding will begin in the fillets when 
the stress in the most stressed fibers of the 
test section is equal to 0. Unlike the tension specimen, these 
yielded regions do not spread along the beam since, as verified by 
the author, yielding in the presence of a stress gradient occurs as 
wedge-shaped regions. As the load on the beam is increased, 
these regions widen slightly and penetrate deeper into the beam 
but do not spread appreciably along the beam. This phenome- 
non appears to be obvious since, by penetrating deeper in the 
beam, the fibers below the most stressed fibers are made to carry 
more load, thus increasing the resisting moment, at that section 
of the beam, 
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Thus the bending moment can be increased without causing 
general yielding until the stress in the most stressed fibers of the 
test section reaches a magnitude equal to an upper yield point 
which was assumed to be 1.3 0) in thiscase. Just before yielding 
occurs at the upper yield point, the stress distribution along the 
beam in the most stressed fibers will be similar to that shown in 
Fig. 3 (a). At the upper yield-point stress of 1.3 oo yielding oc- 
curs in some region of the most stressed fibers as shown in Fig. 
3 (b). The stress in that region of the beam drops suddenly from 
a value of 1.3 o) to oo causing a state of instability in that region of 
the beam. Stable conditions can again be established at that 
section of the beam by the penetration of the yielded region into 
the understressed fibers since these fibers are then made to carry 
more load. The yielded region will penetrate to such a depth 
that the resisting moment at that section of the beam balances 
the applied moment. The resulting stress distribution along the 
most stressed fibers then becomes similar to that shown in Fig. 3 
(b). 

As the beam is further loaded, other regions of the most stressed 
fibers will be stressed above the upper yield point of the material, 
and other wedge-shaped yielded regions will appear. This proc- 
ess will continue until the yielded regions penetrate nearly to the 
neutral surface. In this case the resisting moment cannot be in- 
creased by further depth of yielding, and the remaining elastic 
portion of the region of the beam between the fillets will yield at 
a constant bending moment. This phenomenon may be ex- 
plained as follows: 

As soon as yielding has penetrated to the neutral surface, the 
wedge-shaped yielded regions may be distributed along the beam 
as shown in Fig. 3 (c). In any case consider the stress distribu- 
tion on a section of the beam through a yielded region such as 
that shown at section A-A. If the longitudinal stress in the 
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DISCUSSION 


yielded region is assumed to be equal to the lower yield point, the 
stress distribution would be equal to that shown in Fig. 3 (c). 

Investigators®®? who have tested mild-steel rectangular 
beams have found that the bending moment required to cause 


general yielding in the beam is equal to that calculated by assum- - 


ing the stress distribution shown in Fig. 3 (¢c). General yielding 
will occur at this bending moment, since an increase in resisting 
moment at section A-A can occur only if the stress in the outer 
fibers is increased to a value greater than a. But a stress only 
slightly greater than o) will cause yielding to spread in the most 
stressed fibers, as indicated by the dotted lines across the top of 
the beam shown in Fig. 3 (c). 

In order to determine if the high elastic stresses, which have 
been found in the case of beams, can be attributed only to the 
upper yield point of the material, Morkovin and the writer® 
tested beams of two kinds of material, i.e., annealed high-carbon 
steel which did not have a yield point and mild steel which did 
have a yield point. In each case the strain in the extreme fibers 
was measured and plotted against the bending moment. These 
curves were then compared with the theoretical moment-strain 
diagrams, based upon the assumption that each fiber in the beam 
had the same stress-strain characteristics as the tension specimen 
Two annealed high-carbon-steel beams were tested, and in each 
case the theoretical and experimental moment-strain diagrams 
were identical. Three mild-steel beams were tested. Two of 
the beams contained inherent stress concentrations in the most 
stressed fibers of sufficient magnitude to initiate yielding at the 
lower yield point. The resulting moment-strain diagram for 
these two beams agreed with the theoretical. The other beam 
had polished surfaces, and the moment-strain diagram for this 
beam indicated that yielding began at an upper yield point. 

In the present paper the author did not publish any quantita- 
tive results, since his interest was primarily that of determining 
the propagation of yielding in mild-steel members subjected to 
both concentric and eccentric loading. The results that the 
author presented, however, do substantiate the foregoing ex- 
planation of yielding in flexural members proposed by the writer. 
As shown in this discussion, the wedge-shaped yielded regions, 
appearing in the most stressed fibers of members subjected to a 
stress gradient, are inherent characteristics of a material which 
may exhibit an upper yield point. Furthermore, some of the 
statements made by the author indicate that the material tested by 
him did exhibit an upper yield point. He stated that, for speci- 
men E-6 which was loaded with an eccentricity of 0.035 in., there 
was a drop in load when yielding started. Also, for specimen E-4 
which was loaded with an eccentricity of 0.25 in., the major por- 
tion of the initial wedge formed very suddenly. This is definitely 
an indication of yielding at an upper yield point as explained in 
the following paragraph. 

In the presence of a stress gradient when yielding begins at an 
upper yield point in some region of the most stressed fibers, the 
stress drops suddenly from the upper yield-point stress to the 
lower yield point oo. This causes a state of instability, since, in 
the yielded region, the most stressed fibers are no longer carrying 
as much of the applied load as before yielding occurred. This 
loss in load-carrying capacity can be made up, however, by the 
penetration of the yielded region into the understressed fibers, 
since the stress in these understressed fibers is then raised to the 
lower-yield-point stress. The yielded region will penetrate to 
such a depth that the resisting load at that section of the member 
balances the applied load. This process will of necessity be 
practically instantaneous. The writer prefers this explanation to 


that illustrated by the author in Fig. 15." 

It is interesting to note the planes of yielding for both the 
centrically and eccentrically loaded specimens shown in Fig. 17.'* 
For the concentrically loaded specimen, the stress is approxi- 
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mately equal on all of the slip planes and is uniformly distributed 
over each plane. Consequently, a mixture of yielding on the dif- 
ferent slip planes should be expected. However, for the eccen- 
trically loaded specimen, the initial yielded region is confined to a 
wedge-shaped region on the most stressed side of the specimen. 
It is highly improbable that slip would occur on planes similar to 
bands 2 and 3 for the eccentric loading as shown in the author’s 
Fig. 17, since such slip planes would extend into the understressed 
region of the specimen. Yielding is not so inhibited on planes of 
45 deg observed from the edge of the specimen. 

For the eccentric loading in Fig. 17, the author indicates that 
yielding has penetrated across the depth of the specimen at a 
section of the specimen that is still subjected to an eccentric load. 
Thus the stress distribution at that section of the specimen could 
not be uniform. This would mean that the magnitude of stress 
required to propagate the yielded region in the most stressed 
fibers must be greater than that required to propagate the yielded 
region in the understressed fibers. This is not in agreement with 
the results of tests on mild-steel beams. As has been pointed out 
previously, the experimental results of mild-steel-beam tests indi- 
cate that the longitudinal stress in any of the fibers in the yielded 
region of the beam is equal to the lower-yield-point stress. 

It is hoped that the foregoing discussion has not detracted from 
the importance of the results obtained by the author, but rather 
has helped to supplement this investigation with other investiga- 
tions conducted to analyze the process of yielding in the presence 
of astress gradient. The writer feels that the consideration of an 
upper yield point offers an explanation of the seemingly inconsist- 
ent results of tests of mild-steel members subjected to a nonuni- 
form stress distribution. 


AvuTHOR’s CLOSURB 


Mr. Kemp’s comments on the metallurgical factors involved in 
the yielding of mild steei are no doubt important ones. However, 
it must be emphasized that the investigation under discussion 
was primarily aimed at explaining the mechanical phenomena. 
True, the annealed mild steel has a very low carbon content, but. 
it is just this feature which has made this material so valuable in 
this work. It has been the author’s experience, that with a lower 
carbon content the yield-point phenomena are much more pro- 
nounced. 

The author will agree that wrought iron is noted for its non- 
uniformity. However, here again it must be remarked that al- 
though this is somewhat of a fault, a great advantage is gained in 
that this material exhibits a severe drop in load from upper to 
lower yield point (see diagrams RA and RG of Fig. 11).% As 
stated in the paper, the wrought iron was used where interest cen- 
tered about the drop. Also, it must be remembered that discon- 
tinuous yielding is as fundamental to wrought iron as it is to mild 
steel. 

There were no variations in composition, history, and heat- 
treatment for a particular material. With the exception of car- 
bon content (the carbon is stated), these items were not out of the 
ordinary. Therefore since the investigation was primarily me- 
chanical no great need in stating them was felt. 

The author regrets that at present he does not have access to 
references containing the information referred to by Mr.Kemp. 

Dr. Sachs has made some valuable comments concerning em- 
brittlement of annealed mild steels through localized yielding. 
This interesting subject is beyond the scope of the investigation 
under discussion! and, unfortunately, nothing can be added at 
this time. Dr. Nadai has mentioned to the author that there was 
interest in this subject in Germany several years ago. He men- 
tions in particular the work of A. Fry.® 


® See ‘‘Plasticity,’’ by A. Nadai, McGraw-Hill Book Company, Inc., 
New York, N. Y., 1931, pp. 91-93. 
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The author made no attempt to analyze the stress state and 
stress distribution other than the theory presented by Fig. 15.'* 
This figure might well fit into Professor Sachs’s suggestion of the 
plastic wedge acting like a notch. The figure shows the concen- 
tration of the longitudinal axial stress at the leading edge of the 
wedge.” The possibility of the triaxiality of stresses does exist. 

Mr. Sidebottom has made some interesting comments, but 
somehow has confused the statements and theory presented in the 
paper on eccentricity.’ In the paper every effort has been made 
to indicate that the yielding process, in eccentrically loaded bars, 
is associated with an upper yield point. In fact, this is one of the 
fundamental assumptions made in the theory presented. The 
statements concerning Fig. 15 (this is the figure which diagram- 
matically presents the theory) have stated this. To quote from 
the paper: “In Fig. 15(a) is shown the elastic-stress distribu- 
tion just before yielding starts. This state of stress is unstable, 
similar to the state of stress in the vicinity of the upper yield 
point in tension The stress o on the extreme fiber of the load side 
of the specimen is now far enough above the stable stress oo (which 
would correspond to the lower yield stress in tension) to cause 
yielding to commence. Just as in the tension case, yielding will 
now progress toward a state of equilibrium in the stress distribu- 
tion.” The statements in the paper which follow this quotation 
describe the process of this progression toward equilibrium. 

There also seems to be some disagreement as to the meaning of 
the phrase, “a well-defined yield point.” This term as used in 
the papers under discussion! is meant to imply that, in mild 
steel, the stress-strain diagram will exhibit an abrupt change 
from the elastic to plastic region, whether it exhibits an upper 
yield:point or not. This type of diagram differs from that, say, ofa 
material like copper, which at ordinary testing temperatures has 
no unique definition of its yield point. In other words, this phase 
should not be interpreted as one aimed at defining the yield-point- 
stress ordinate of a mild steel. The author is certainly aware of 
the fact that this ordinate and its mode of occurrence depend 
upon the mechanical factors, as evidenced by the theme of his two 
papers. 

It is also important to realize that a complete analogy cannot be 
drawn between the pure bending case presented in Mr. Sidebot- 
tom’s discussion, and that of combined bending and tension in 
the author’s paper.’* As stated, and brought out by Fig. 15, the 
complete cross section of the specimen was subjected to tension 
(this was true of all cross sections). Some analogies can be drawn 
between the two cases, if one restricts the discussion to the ten- 
sion side of the pure bending case. 

It must be remembered that Fig. 15 presents an almost in- 
stantaneous process. The theory is an attempt to simplify a no 
doubt complicated nonuniform stress distribution by the focusing 
of attention on the cross section of the bar chosen by the leading 
edge of the wedge in its propagation. Fig. 15 shows the initiation 
of the wedge at the upper yield stress o (at extreme fiber), and its 
progression toward the stable stress oo (corresponding to the 
lower yield stress in tension). This figure also gives the history of 
stress of any particular point of the section. Therefore it easily 
can be seen that the extreme fiber has a stress o (upper yield) at 
one moment, and a moment later a stress slightly higher than oo 
(lower yield); the slightly higher value being due to strain-hard- 
ening. Mr. Sidebottom and the author agree that the stability 
sought is accomplished through the yielding penetration. How- 
ever, theories of the type, presented in Fig. 3 of the discussion, 
suggest only the initiating and final conditions. Fig. 15, on the 
other hand, suggests a theory to describe the complete process. 

The major difference between the author’s assumption, and 
that of Mr. Sidebottom’s, is that in the former the drop of stress 


10 The figure is presented again for the reader’s convenience. 
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is explained in terms of a traveling discontinuity (leading edge of 
the wedge), whereas in the latter no attempt in terms of strain is 
made to explain the drop. It is hard to explain an abrupt drop in 
stress without reference to a highly stressed discontinuity and its 
propagation. Certainly, this phenomenon in tension is very evi- 
dent. There is no major difference between the end result of 
of Fig. 15 (stage e) and Fig. 3(c) of Mr. Sidebottom’s discussion, 
that cannot be answered by the difference in the two cases, and 
the strain-hardening effect. 

Evidently Fig. 17 of the paper'* has caused some confusion, as 
brought out by Mr. Sidebottom. This figure should be inter- 
preted as having the eccentricity shown at the initiation of yield- 
ing. The discussion of the tests, and the description of the figure, 
should enable the reader to note that the yielding in regions 2 and 
3 (eccentric case) can come about only after most of the eecentri- 
city has been removed (through yielding). The author did not 
wish to imply that yielding was restricted to the 45-deg planes 
viewed from the edge of the specimen, but that these were the 
ones observed, when yielding on the face of the specimen came at 
angles differing from the approximate 45 deg (this happened in 
both the centric and eccentric cases). In the centrically loaded 
specimen, actually there is reason to believe that yielding can 
come on any plane oriented at 45 deg with the tensile axis. In 
the eccentrically loaded case, yielding on a good portion of the 45- 
deg planes is prevented by the nonuniform stress distribution. 


Determination of the Natural Fre- 
quencies of the Bending 
Vibrations of Beams' 


H. Porirsxy.? While the author’s method of determining 
natural frequencies of bending vibrations of beams is attractive 
from the point of view that it involves only moments and might 
thus be expected to be somewhat more rapid than methods in- 


1 By A. I. Bellin, published in the March, 1947, issue of the JouRNAL 
or ApptieD Mecuanics, Trans. A.S.M.E., vol. 69, p. A-1. 

2 Consulting Engineer, General Electric Company, Schenectady... 
N. Y. Mem. A.8S.M.E. 
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volving moments, angles, as well as deflections, in practice it is 
often desirable to have complete information on the shape of 
vibration, since this is of direct engineering interest and can be 
checked most easily by measurements and on models. The in- 
troduction of ‘‘conjugate beams,’’ while possibly rendering the 
method more attractive to the civil engineer, will hardly make 
it popular with the mechanical engineer, to whom this notion will 
appear more artificial than direct use of deflections, angles, ete. 

In addition to the paper by Myklestad cited by the author, the 
writer would like to call the author’s attention to a paper by M. A. 
Prohl.* This treatment, which was developed independently of 
Myklestad’s , is similar to the latter, differing from it in several 
minor points. The method was further adapted to IBM ma- 
chines by A. W. Rankin.‘ 

It would be highly desirable to compare the different methods 
on a rotor of several spans with many changes of section from the 
point of view of ease of getting started and length of the calcula- 
tions involved. 


N.O. Mykvestap.* Since the author has made a direct com- 
parison between the method of his paper and one published by the 
writer, it may be appropriate to mention that one important 
difference between the two methods which the author did not 
point out, is that his method requires the moment of inertia of 
each section to be constant while in the writer’s method any dis- 
tribution of moment of inertia may be used and a trapezoidal 
distribution is particularly easy to apply. 

The inaccuracies of any constant moment-of-inertia method 
are likely to be considerable in many important practical cases, 
such as occur in aircraft-vibration work, and always lead to fre- 
quencies which are too low for the ordinary type of structure. 
This is brought out in the author’s example for the wedge-shaped 
beam, in which case the frequency obtained by his method was 
13.4 per cent lower than that obtained by an exact analysis. 
Such a discrepancy is wholly unacceptable in most practical 
cases, and if a disproportionately large number of sections must 
be used in order to bring this discrepancy down to a reasonable 
value, the method loses its usefulness. 

It seems to the writer that the author’s method could easily 
be extended to take care of sections with variable moments of 
inertia, in which case the calculations of Table 2A of the paper 
will be lengthened, but Tables 2B and 2C will remain the same. 
Since Table 2A only has to be performed once, this will not ap- 
preciably lengthen the calculations of the vibration modes, but 
will in most cases greatly increase the accuracy. 


AUTHOR'S CLOSURE 


The problem of determining the modes of vibration of a system 
may be solved in two steps: First, find the natural frequencies; 
second, at these frequencies, find the deflection curves, the bend- 
ing moment diagrams, or any other quantities that may be of in- 
terest in the particular problem under consideration. Mykle- 
stad’s, Prohl’s, and the author’s method of analysis require that 
one choose a trial frequency and then perform a set of computa- 
tions to see if the chosen frequency is less than, equal to, or greater 
than the desired natural frequency. After a sufficient number of 
trial calculations have been made, the desired frequency is ob- 
tained by interpolation. We wish to arrive at our answer with a 
minimum of computation. Clearly then, we have no desire to 


5““A General Method for Calculating Critical Speeds of Flexible 
Rotors,” by M. A. Prohl, JouRNAL oF ApPLIED MECHANICS, Trans. 
A.S.M.E., vol. 67, 1945, p. A-142. 

‘“Calculation of the Multiple-Span Critical Speeds of Flexible 
Shafts by Means of Punched-Card Machines,”’ by A. W. Rankin, 
JOURNAL OF AppLIED MECHANICS, Trans. A.S.M.E., vol. 68, 1946, 
p. A-117. 

* Consulting Engineer, Pasadena, Calif. 
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know deflections, bending moments, stresses, etc., for frequencies 
that are different from the natural modes. Thus a method that 
does solve for extra information at each trial calculation has no 
preference over a method that does not; in fact, the former is at 
a disadvantage since time is spent in unnecessary computing. 
However, the author agrees with Dr. Poritsky that it may be de- 
sirable to know deflections and slopes at a natural mode. Using the 
author’s method of computation, one simply inserts the calcu- 
lated bending moments into Equation [9] to find deflections and 
into Equations [3] or [4] to find slopes. 

All 8, v, S, and M referred to in the paper are those belonging to 
the actual beam. Equations [1] and [2], however, were derived 
using the ‘‘conjugate beam method.’ There are other means for 
determining deflections and slopes; for example, the ‘‘area-mo- 
ment method” and the “integration method.’’ The former and 
the ‘‘conjugate-beam method” entail identical work while the in- 
tegration method may involve slightly more work if we are only 
interested in finding the deflection or slope at one point. All 
three methods are derived on the same assumptions and are 
equally accurate. It is the author’s feeling that a decided prefer- 
ence for one method over another is a matter of personal choice. 

Table 2 and Table 3 would seem to provide the comparison 
that Dr. Poritsky desires between the different methods. Al- 
though the problem discussed there is a simple one, reasons are 
stated in the paper why, in general, the proposed method will be 
simpler. 

Dr. Myklestad is correct in his statement that the author’s 
analysis requires a constant moment of inertia between successive 
stations and that the analysis could be extended to take better 
care of a variable moment of inertia. This was not done by the 
author since it is in his opinion that if a ‘fair’? number of stations 
are chosen in a particular problem, such an extension would be 
only a slight refinement that would not compensate for the in- 
creased complexity in the analysis and computation. The author 
agrees with Dr. Myklestad that at times an error of 13 per cent 
may not be within acceptable limits. However, Dr. Myklestad’s 
figure of 13.4 per cent, as being equal to the error in frequency as 
determined by exact theory and by Table 4, is not correct. A 
check shows the error in frequency to be 6.9 per cent. If greater 
accuracy than this is desired, one need only divide the beam into 
six or seven portions instead of five. 

Dr. Mykelstad’s statement that a method making use of a 
constant moment of inertia between successive stations always 
leads to frequencies that are too low for the ordinary type of struc- 
ture requires closer examination. It must be kept in mind that 
not only is the moment of inertia of the actual beam approxi- 
mated but also the distributed mass of the beam is approximated 
by a finite number of concentrated masses. While the former ap- 
proximation may tend to give too low a frequency, the latter may 
tend to give too high a frequency making the effects stabilizing. 
A comparison shows that the frequencies determined in Table 2 
are higher than the exact frequencies due to the concentration of 
the mass of the beam. 


Maximum Performance of 
Helical Springs' 


H. O. Fucus.? The author presents a novel volume factor for 
the comparison of the space requirements of springs made of 
various materials. If this novel factor were significant, it would 
be revolutionary. Spring engineers and others have believed, up 


1 By E. 1. Shobert, 2nd, published in the March, 1947, issue of the 
JoURNAL OF AppLiep Mecuanics, Trans. A.S.M.E., vol. 69, p. A-53. 

? Assistant Chief Engineer, Preco, Incorporated, Los Angeles, Calif. 
Mem. A.S.M.E. 
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to now, that the volume factor for all types of springs is kG/S? or 
kY /S*, where G, Y, and S are the material constants used by the 
author and fk is a numerical factor which depends only upon 
the shape of the spring, not upon the material. 

The validity of formulas of the type kG/S? is based upon the 
idea of resilience, as explained in elementary textbooks. The 
material in a spring is not uniformly stressed, but the stress dis- 
tribution and therefore the factor k for the volume of active ma- 
terial required is independent of the material. The amount of 
active material required for a given load and deflection is the 
same, at least for static loads, whether we use a few coils of large 
index D/d or many coils of small index. The total space, how- 
ever, decreases as we use more coils of small index, because we 
then pack more active material into the totalspace. The number 
of coils is therefore an important variable in considerations of 
space efficiency. This line of reasoning has been developed in 
considerable detail in the literature.‘ 

The approach used by the author is quite interesting and 
mathematically correct, but all calculations are based upon the 
unexplained premise that the springs, to be comparable, must 
have equal deflections per turn or, in other words, the author 
does not consider the number of turns as a variable. 

If the author had set up the condition that the spring index 
must remaip the same (to avoid excessive curvature correction), 
or that the ratio of coil diameter to free height must remain the 
same (to avoid excessive buckling), his calculations might have 
been of some interest. The condition that the number of turns 
remain the same appears to be an arbitrary device to eliminate an 
important variable. 

To justify its ambitious title, the paper would have to cover of 
course much more than a consideration of space requirements. 
Even a reasonably thorough discussion of space require- 
ments would necessarily have to include considerations of wire 
cross section and of spring nests. 

In view of these features, the tacit rough approximations of 
neglecting the space required for inactive end turns and of using 
the mean coil diameter instead of the outside diameter to calcu- 
late the volume need not be discussed. 


AUTHOR’s CLOSURE 


The comments presented by H. O. Fuchs are very interesting; 
however, the author does not agree entirely with some of his 
statements. His comments concerning the resiliency of materials 
are quite correct. It is interesting to note that the method used 
to figure the total volume occupied by the spring when applied to 
the question of the spring material gives the resiliency, as indi- 
cated in the last sentence of the conclusions of the paper. 

The number of turns in a spring is an important variable and 
may be introduced into the final result by substituting ’/N for 
J in Equation [10]. This gives the total volume V7 occupied by 
the spring as 


= 


which still leaves the material factor in the same form. 

The author agrees that the title of the paper covers more than 
the subject matter. As pointed out in discussion when the paper 
was presented, to justify the title the heat-treatment of spring 
wire, shot-blasting, and other factors which affect performance 
should be considered. When these factors are taken into account, 


3 For example see, ‘Resistance of Materials,’’ by F. B. Seely, J. 
Wiley & Sons, Inc., New York, N. Y., 1925, pp. 57 and 362. 

4‘*Mechanical Springs,’’ by A. M. Wahl, Penton Publishing Com- 
pany, Cleveland, Ohio, 1944, pp. 183-192 and 399-412; ‘‘Springs,”’ 
Booklet No. 10 of The Wallace Barnes Company, Bristol, Conn., 
1936, pp. 24-25. 
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they will alter the values of the limit of maximum stress § to be 
used in the calculations, but will not otherwise affect the results. 


Bending of Clamped Plates' 


Dana YounG.? The analysis of clamped rectangular plates 
presents a challenging mathematical problem. The difficulty in 
solving this problem arises from the fact that there is no reason- 
ably simple procedure for determining a function that will satisfy 
both the differential equation of bending and the boundary condi- 
tions for clamped edges, except in certain special cases which may 
be solved by taking the deflection function in the form proposed 
by M. Levy (1).8 Levy’s procedure requires that the plate be 
simply supported along one pair of opposite edges; any boundary 
conditions, including clamped edges, may then be satisfied along 
the other pair of opposite edges. This method therefore cannot 
be used directly for a plate clamped along all four edges or for a 
plate clamped along two adjacent edges. 

A number of solutions have been developed for the clamped- 
plate problem, and it seems appropriate to supplement the au- 
thor’s list of references by discussing some of these methods. One 
of the earliest solutions for a rectangular plate clamped along all 
four edges and carrying a uniform load was proposed by F. 
Grashof (2). Based partly upon intuitive reasoning, Grashof de- 
veloped the approximate solution 


G--)G-+) 


3D a‘ + b4 


which satisfies the boundary conditions exactly, but does not 
satisfy the differential equation exactly. This simple formula 
gives remarkably good results, considering its semiempirical 
nature. The error in center deflection for a square plate is only 
about 3 per cent, while the error in the maximum edge moment is 
about 23 per cent . The errors are less for nonsquare plates. 

Ritz’s energy method (3) has been successfully applied in a 
number of cases. Ritz himself gave as an example the solution 
for a clamped square plate with a uniform load, but did not carry 
through the solution to obtain values for the deflections or mo- 
ments. This example was later considered by C. G. Knott (4) 
who completed the calculations far enough to obtain values for 
the deflections at several points. Another energy solution for the 
same loading was presented by M. Mesnager (5), but his results are 
inaecurate due to a poor choice of functions. Elementary energy 
solutions, using only one parameter, are given for the case of a 
uniform load in the texts by J. Prescott (6) and Féppl (7). A 
comprehensive treatment by the energy method was presented by 
G. Pickett (8), who developed a general formula for computing 
the coefficients of the unknown parameters. Pickett’s paper gives 
results for a square clamped plate under three different loadings; 
namely, (a) uniform load over entire plate, (b) uniform load over 
central fourth of plate, and (c) concentrated load at center. S. 
Way (9) has used the energy method to solve the problem of 4 
uniformly loaded clamped plate with large deflections. 

One of the earliest practical solutions not involving energy 
methods was developed by H. Hencky (10), who calculated re- 
sults for a square clamped plate with a uniform load and with 4 
central concentrated load and for a uniformly loaded clamped rec- 
tangular plate having a ratio of sides b/a = 1.5. Since then the 


1 By W. B. Stiles, published in the March, 1947, issue of the 
JouRNAL oF AppLiep Mecuanics, Trans. A.S.M.E., vol. 69, p. A-55. 

2 Professor of Applied Mechanics, The University of Texas, Austin, 
Tex. Mem. A.S.M.E. 

’ Numbers in parentheses refer to the Bibliography at the end,of 


this discussion. 


# 
i 
| 
| 
Vy = V'N 
_ 
Th 


DISCUSSION 


case of a uniformly loaded clamped rectangular plate having 
many different a/b ratios has been worked out in detail by I. A. 
Wojtaszak (11) using Hencky’s method. 

More recently, a powerful and general method for solving any 
clamped plate problem has been given by 8S. Timoshenko (12). 
This method has proved to be very fruitful in yielding results; 
a wide variety of clamped-plate problems has been solved by this 
procedure. Timoshenko’s method is applicable not only to plates 
clamped along all four edges, but also to plates clamped along 
only one or more edges and simply supported or free at the other 
edges. 

The numerical solution of clamped-plate problems may be ef- 
fected by means of the difference-equation method. Several 
examples have been given by H. Marcus (13) and D. L. Holl (14). 
It is difficult to obtain accurate values for the bending moments 
by this method, since the moments depend upon second differ- 
ences. However, this may be overcome, at the expense of addi- 
tional labor, by taking a finer network of points in the vicinity of 
critical moments. There is the possibility that relaxation pro- 
cedures may be developed to shorten the numerical work. One 
example of the application of relaxation methods to a plate prob- 
lem has been given by H. W. Emmons (15). 

The application of the Galerkin method to the clamped-plate 
problem has been illustrated by Bienzo and Grammel (16). Re- 
cently, Budiansky and Hu (17) have applied the Lagrangian mul- 
tiplier method to the determination of critical stresses in clamped 
plates, and it appears that this method could be adapted to solv- 
ing the related bending problem. 

From this brief review of the literature on clamped plates it ap- 
pears that a variety of procedures are available for obtaining solu- 
tions to the problem. The choice of a method to be used in solv- 
ing a particular problem depends to a large extent upon personal 
taste. Most of the methods can be made to yield acceptable re- 
sults for engineering purposes, even though the rigorous mathe- 
matical requirements regarding convergence cannot be completely 
answered in all cases. 

At best, a considerable amount of tedious mathematical labor is 
involved in carrying a solution completely through to the calcula- 
tion of numerical values for the bending moments, and yet these 
values must be determined if the solution is to be of any practical 
use. From an engineering point of view, the problem is only 
partially solved when a mathematical expression for the deflection 
function has been determined. The calculation of the moments 
at different points from the deflection function is likely to be just 
as difficult and tedious. 

It is always of importance to know how the results of one 
method compare with those of another. The first two problems 
solved by the author, namely, a clamped plate with a concen- 
trated load and with a uniform load, have been previously solved 
and values for the moments given. It would be interesting and 
helpful if the author would give the corresponding values found 
from his solution. 

In connection with the author’s second example, that is, the 
plate clamped along two adjacent edges and pinned on the others, 
it would be desirable to know the moments at some interior 
points. For use in design it is important to know if the maximum 
positive moment, which is in the interior of the plate, is numeri- 
cally greater than the maximum negative edge moment. Of 
course for the concentrated load, the theoretical analysis leads 
to infinite moment values directly under the load, but methods of 
reducing these to finite values by considering the load to be dis- 
tributed over a small area have been given. 
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A. Wernstern.4 The method employed by the author for the 
determination of the deflection of a clamped plate was originally 
proposed for the computation of buckling loads and frequencies 
of vibrations. There still remains a considerable number of simi- 
lar problems to which the author could successfully apply the 
same procedure. The applied mathematician does not consider 
procedures involving the simultaneous solution of one or two in- 
finite sets of equations as exact. Moreover, the use of infinite 
series has often led to completely wrong numerical results. There- 
fore it is to be considered definite progress to solve at each step of 
the approximation, as is done in the paper, a finite number of 
equations involving only a finite number of unknowns. 

AutTHor’s CLOSURE 

As Professor Weinstein indicates, the method provides an exact 
solution for a plate with modified boundary conditions and the use 
of additional terms provides the solution for a plate subjected to 
boundary conditions more closely approximating the prescribed 
conditions for a clamped plate. The moments, which are func- 
tions of the second derivatives of the deflection, obtained from the 
successive approximations are thus the exact moments for the 
modified plate. This fact overcomes one of the principal objec- 
tions to some of the approximate solutions based on Ritz’s method 
of minimization of energy and on finite differences that, while the 
computed deflections may closely approximate the actual deflec- 
tions of the plate, second and higher-order derivatives may vary 
widely from the correct values. 


4 Associate Professor of Applied Mathematics, Carnegie Institute 
of Technology, Pittsburgh, Pa. 


| 
| 
it 
é 


A-256 


Professor Young points out the fact that the practical value of 
any solution lies in the determination of the bending moments and 
the resultant stresses and that the calculations for determining 
the moments are frequently quite involved. Professor Young can 
speak with conviction on this matter in view of the results he ob- 
tained which were published in the JouRNAL oF APPLIED MECHAN- 
ics, 1939 and 1940. The edge moments may be calculated quite 
simply by this new method since the primary function makes no 
contribution to the expression for the moment along the edge and 
the second derivative of the correction function vanishes along 
the straight edge. Thus the normal edge bending moment be- 


comes —D > a,;; p; evaluated at any point along the boundary. 
j=l 

The moments at interior points on the plate are not computed 
quite as readily as on the boundary, the principal difficulty being 
the determination of the moment due to the primary function, 
i.e., the moment in the simply supported (pinned) plate which is in 
the form of an infinite series. The moments due to the correction 
functions do not present any particular difficulty since they con- 
tain only the 7 terms of the solution. Table 1 lists the clamping 
moments at the mid-points of the edges of a 2 X 1 rectangular 
plate with a uniform and with a point load and also gives com- 
parative values taken from Timoshenko’s ‘Theory of Plates and 
Shells,”’ pages 228 and 231. 

The moments computed by the two methods do not agree as 
closely as the deflections. The moment at the middle of the long 
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TABLE 1 
-——Bending Moment——. 
Computed Theory of 
from the plates 
5th approxi- and 
mation shells 


Middle of long side —0.0861 ga? —0.0829 ga? 


Uniform load......... 


: iddle of long side —0.1512 —0.1674 
Central point load..... Middle of short side —0.0491P —..... .. P 


side of the plate with a uniform load computed for the 5th approxi- 
mation has a larger negative value than the value from ‘Theory 
of Plates and Shells.”” This might be explained at least partially 
by the fact that the slope at this point is +0.00028 (from Table 3 
of the original paper) which indicates that the edge moment is 
more than the minimum required to overcome the slope of the 
simply supported plate. In the other two cases in which compari- 
sons are available the computed bending moments are less (in mag- 
nitude) than those determined by the earlier method and the re- 
sultant slope is negative in each case indicating that the correction 
is not large enough at this particular point. A better correlation 
of the results obtained by the two methods should be secured if 
more terms are used in the solution. Even when only five terms 
are used the differences are not as large as those that would proba- 
bly arise due to the difficulty in clamping an actual plate. 

The author wishes to express his appreciation to both Professor 
Young and Professor Weinstein for their suggestions as to 
further applications of the method presented. 
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Book Reviews 


Relaxation Methods in Theoretical 
Physics 


RELAXATION Meruops tN THEORETICAL Puysics—A Continuation 
of the Treatise: Relaxation Methods in Engineering Science. 
By R. V. Southwell. Oxford University Press, New York, N. Y., 
1946. Cloth, 6 X 9'/qin., viii and 248 pp., illustrated, $7. 


ReEviewep By J. P. Den Hartoa! 


HIS book, as the subtitle states, is the second volume of a 
series, of which the first volume appeared in 1940 with the 
same publisher. A third installment is promised for the future. 
The 1940 publication was principally concerned with applica- 
tions of the ‘‘method of systematic relaxation of constraints” to 
systems with discrete elements, such as frames and trusses, 
shafts with a finite number of disks, and vibrating systems of a 
finite number of degrees of freedom, while only in the last pages 
brief mention was made of continuous systems. The second vol- 
ume, now under review, deals on the other hand with continuous 
field problems, such as the torsion of cylindrical bars of noncircular 
cross section; the torsion of circular shafts of varying diameter 
along the length; the distribution of magnetic lines in a field in- 
volving iron; the flow of an ideal fluid past an obstacle, both 
with and without fixed boundaries, including the Borda mouth- 
piece and the free flow over a dam (waterfall); film lubrication; 
heat conduction; various cases of seepage flow through porous 
media, such as are encountered in soil mechanics; and finally, 
subsonic and supersonic flow through nozzles. 

All these problems are described by a generalized Laplace dif- 
ferential equation, of which the most widely known physical 
interpretation is the Prandtl stretched membrane with a pressure 
or other loading on one side of it. The relaxation method is a 
practical means of finding numerical solutions to these problems 
and is explained in this book by analogy to the membrane, al- 
though it is mentioned that other analogies might serve equally 
well. First a grid of squares or triangles is drawn on the mem- 
brane and then the membrane is replaced by a network of 
stretched strings forming the sides of these squares or triangles. 
The membrane loading is suitably replaced by forces in the 
nodes of the network perpendicular to its plane, and then the 
vertical displacements of the string network under the influence 
of these loads are calculated by a method of successive approxima- 
tions which is physically interpreted as a “systematic relaxation 
of constraints.” 

The book starts with a general discussion of the relations be- 
tween differential equations describing continuous systems (such 
as @ membrane) and sets of finite difference equations describing 
recurrent discrete systems (such as a string network). In par- 
ticular, the finite difference analogue of the Laplacian differential 
equation is shown in detail. Then the various rules of the relaxa- 
tion method are explained as they apply to the full squares or 
triangles in the interior of the net and also the special devices 
that have to be used to take care of the mutilated or incomplete 
meshes at the boundary of the net. A chapter of the book is 
devoted to the finite difference analogue of conformal mapping, 
and all of the theory is applied to a wealth of examples. 

Not all field problems in mathematical physics are treated in 
the present volume. For the third volume in the series, the 


' Professor of Mechanical Engineering, Massachusetts Institute 
of Technology, Cambridge, Mass. Mem. A.S.M.E. 


author promises to take up two-dimensional elasticity, stability 
and vibrations of membranes and plates, solids of revolution, 
plasticity, and the complete equations of motion of a viscous 
fluid. 

The book is written in the usual clear and interesting style of 
the eminent author. Together with its 1940 companion, it is 
perhaps the most important publication in applied mechanics 
in a decade. It gives a powerful new tool of research to the in- 
vestigator who with ingenuity and a simple adding machine can 
compete successfully with the very elaborate calculating ma- 
chines, occupying an entire building, which are now being con- 
structed in various parts of the world. 


Mechanical Vibrations 


MECHANICAL VIBRATIONS. By J. P. Den Hartog. Third edition. 
McGraw-Hill Book Company, Inc., New York, N. Y., 1947. 
Cloth, 6 X 9 in., xi and 478 pp., $6. 


REVIEWED By G. S. CHERNIAK? 


HE third edition of this well-known book is essentially a re- 

vision of the previously published material, and once again 
places it in the forefront as a textbook and a reference on the sub- 
ject of mechanical vibrations. As before, a happy medium be- 
tween a reasonably simple mathematical treatment of the sub- 
ject and a complete exposition has been attained. 

New material has been added in the form of an enlarged sec- 
tion on electronic instrumentation, torsional vibration dampers, 
and airplane wing flutter, as well as a new section on helicopter 
ground vibration. A brief discussion of the application of 
Stodola’s method for higher modes of vibration and the use of 
Holzer’s method for flexural critical speeds has been introduced. 
The section on torsional vibration analysis has been revised and 
enlarged. The bibliography has been expanded and brought up 
to date and the number of problems has been increased. 


Matrix and Tensor Calculus With 
Applications to Mechanics, 
Elasticity, and Aeronautics 


MATRIX AND TENSOR CALCULUS WITH APPLICATIONS TO MECHANICS, 
ELAstTiciTy, AND AERONAUTICS. By Aristotle D. Michal. Galcit 
Aeronautical Series, John Wiley & Sons, Inc., New York, N. Y., 
1946. Cloth, 55/4 X 9in., xiii and 132 pp., illustrated. $3. 


REVIEWED BY Lours A. 


HIS book is based on a series of lectures on matrix and tensor 

calculus and applications of these mathematical techniques. 
These lectures were given by the author under the sponsorship of 
the Engineering, Science, and Management War Training pro- 
gram to a group of research engineers and directors of engineering 
research during the years 1942 and 1943. 

The discussion is divided into two independent parts. The 
first part comprises an eight-chapter treatment of matrix algebra, 
the differential and integral calculus of matrices, and applications 
of matrix iterative methods to the solution of problems of small 
oscillations and problems of aircraft flutter. The presentation 
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begins from the foundation of the subject, and the fundamental 
definitions and operations involved in matrix calculus are very 
clearly explained. Some of the important theorems of matrix 
algebra, such as the Cayley-Hamilton theorem, are stated with- 
out proof; however, there are references where the proofs are 
given in the literature. This practice should appeal to the engi- 
neer, since in the manner of presentation more space is de- 
voted to an illustration of the use of the various mathematical 
results, without interrupting the discussion with mathematical de- 
tails that are available elsewhere to the interested reader. 

A very useful and interesting method for obtaining the inverse 
of a matrix based on the Cayley-Hamilton theorem is given. This 
procedure is readily adaptable to the use of punched-card meth- 
ods, and by its use the solution of a large number of linear alge- 
braic equations may be readily effected. 

The last three chapters of the first part are devoted to the ap- 
plication of the methods of W. J. Duncan and A. R. Collar to the 
solution of oscillation problems by matrices, a discussion of the 
aircraft-flutter problem, and to a formulation of the theory of 
elastic deformation by means of matrix notation. It is unfortu- 
nate that no mention is made to the use of matrix calculus in the 
analysis and synthesis of electrical networks. 

The second part of the book consists of ten chapters devoted to 
a logical development of tensor calculus from its foundations. 
The fundamental concepts of tensor analysis are clearly explained, 
and the basic equation of mathematical physics is written in 
tensor notation. The tensor calculus is applied to the fields of 
hydrodynamics, the theory of elasticity, classical mechanics, and 
to the boundary-layer theory. The book concludes with a set of 
illuminating notes on the various chapters and a comprehensive 
bibliography. 

The number of works on the applications of matrix and tensor- 
analysis methods is not large and, in the opinion of the reviewer, 
this book is a valuable contribution to the literature of applied 
mathematics, and should prove most useful to those interested 
in the fields of classical mechanics and the theory of elasticity. 


The Common Sense of the Exact 
Sciences 


. THE Common SENSE OF THE Exact Sciences. By William Kingdon 
Clifford. Newly edited, with an Introduction, by James R. New- 
man. Preface by Bertrand Russell. Alfred A. Knopf, New York, 
N. Y., 1946. Cloth 81/2 X 5!/2in., lxvi and 249 pp., 123 illustra- 
tions, $4. 


REVIEWED BY JESSE ORMONDROYD4 


(THE first edition of this book appeared in 1885. The third 
edition was issued in 1886. This edition is a reprint of the 
third edition, with minor revision and correction. 
The book is divided into five chapters. The detailed subject 
matter discussed will be familiar to all who have studied algebra, 
geometry, and mechanics. The first chapter on “Number” treats a 
few topics from that branch of algebra which covers the theory of 
cardinal numbers. The second chapter on “Space’’ deals with Eu- 
clidean geometry, plane and solid, employing as examples the prop- 
erties of triangles, circles, conic sections, and some higher order 
planecurves. Chapter three on “Quantity” discusses the measure- 
ment and geometry of continuous quantities such as lengths, 
areas, volumes, and angle. Chapter four treats of “‘Position’’ ex- 
plaining vectors, complex numbers, products of vectors, local- 
ized vectors. This chapter closes with a discussion of the bending 
of space, and treats of the possibility of spaces of negative, zero, 
and positive curvature. The last chapter on “Motion’’ deals with 
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the fundamental ideas of translation, rotation, strain, velocity, 
and acceleration. This chapter ends with two short critical sec- 
tions on the laws of motion and the concepts of matter, mass, and 
force. In this chapter, motion is considered in the most general 
way as concerning changes in size and shape of bodies, changes in 
relative distance between bodies, and changes in relative orienta- 
tion of bodies. 

This bald recital masks the implications of the book. Clifford 
was a mathematician of high rank. His speciality was geometry. 
His inspiration came from the, then novel, non-Euclidean geome- 
tries of Lobachevaky, Bolyai, and Riemann. But he also was a 
philosopher and great teacher. In this book he appears in the 
last two roles primarily, infusing life into matter usually rendered 
deadly dull in textbooks, making the difficult seem simple, en- 
couraging flexibility of points of view. Finally, he appears as the 
prophet seeing deep into the future. The general theory of rela- 
tivity would have come as no surprise to Clifford if he had lived 
until 1916. He might have hastened its creation if he had lived be- 
yond the age of thirty-five. 

This is a strange work. It appeared first in 1885, but Clifford 
died in 1879. The book is liked an ‘‘Unfinished Symphony” left 
in fragmentary condition by its dying composer to be completed 
by Karl Pearson. Who wrote the book—Clifford or Pearson? 
At least half the words in the volume were penned by Pearson. 
Without the new preface by Bertrand Russell, the old preface 
written by Karl Pearson, and the introduction by the editor of the 
present edition, James R. Newman, the reader would remain in 
doubt on this point. It appears that the spirit, subject matter, 
and method of treatment were all Clifford’s; Pearson being the 
sympathetic, understanding, and faithful literary and scientific 
executor. Pearson evidently felt that the ideas of this work 
needed further amplification. In 1892 his own ‘‘Grammar of Sci- 
ence”? appeared—a work perhaps inspired by Clifford’s example, 
which is a natural sequel to ‘“The Common Sense of the Exact 
Sciences.” 

We have no statements from Clifford as to his motives and ob- 
jectives in writing this book. These can only be inferred from the 
contents and treatment in the book itself. He did not write to 
astonish—he wrote to explain. His fundamental thesis was that 
the basis of pure mathematics was in logic and the basis of applied 
mathematics was in observation. He believed that what we can 
understand of the world and what we can do with machines, we 
can understand and do in virtue of mathematics. He firmly al- 
lied himself with Riemann in the view that geometry as applied 
to the world of experience is an experimental, physical science. 
Geometry is the heart and soul of mechanics (kinematics) and to 
Clifford the laws of motion of physical bodies were the foundations 
of all exact treatment of physics. This last faith he held in com- 
mon with all the great physicists of the nineteenth century. Ham- 
ilton felt that all of physics weuld ultimately be subsumed under 
the general scheme of small particles attracted to-each other or 
repelled from each other by various central forces. Only six 
years before Clifford’s death Maxwell had announced that he had 
reduced electromagnetism to a dynamical science. A glance at 
the chronological outline of Clifford’s papers given at the end of 
the volume will show that he remained untouched by the electro- 
magnetic theories which were to be the other dominating back- 
ground for present-day physics. In his day radiation was undis- 
covered and electrons had not yet been conceived. The new ge- 
ometries were his great inspiration. Perhaps the most impor- 
tant pages of his book are those (pp. 193-203) which deal with the 
curvature of space. He saw that these “variations of curvature 
of space, with time, may produce effects which we not unnaturally 
attribute to physical causes independent of the geometry of our 
space.”’ Further he ventured to “go so far as to assign to the vari- 
ation of curvature of space what really happens in that phenome- 
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BOOK REVIEWS 


non which we term the motion of matter.’’ These were Clifford’s 
greetings to Einstein across a span of forty years to come. 

Who should be interested today in a book on the philosophy of 
science written seventy long, long years ago? The student who 
craves life in mathematics and mechanics and who usually finds it 
missing. The engineer who wonders what those courses that he 
“passed” were all about. Those interested in the history of sci- 
ence, especially in the philosophical criticism of the fundamental 
Clifford was in the direct philosophical line through 
Pearson, Hertz, Mach, and Poincare which foreshadowed the 
great working synthesis achieved by Einstein. Finally, the scholar 
who is interested in Clifford’s lifework itself, will find this 
work with its two prefaces, introduction, and bibliography a real 
working tool. This range of potential readers should prove to the 
publishers that this revival of a great book was worth doing. 


concepts. 


Aerodynamics of a Compressible 
. 
Fluid 
INTRODUCTION TO AERODYNAMICS OF A COMPRESSIBLE FLuIp. By 
Hans W. Liepmann and Allen E. Puckett. The Galcit Aeronau- 
tical Series. Edited by Theodore von K4érman and Clark B. 
Millikan, California Institute of Technology. John Wiley & 


Sons, Ine., New York, N. Y., #947. Cloth, 6 * 9 in., 262 pp., 124 
illustrations, $4. 


REVIEWED BY AscueEerR H. SHaprro® 


HIS book, the first of its kind in English, comes at a time 

when wartime developments in aircraft, guided missiles, and 
flow machinery have stimulated a widespread interest in the 
problems of high-speed flow. A treatise or textbook in this field 
has long been felt necessary because the literature on the sub- 
ject, although profuse, has, with the exception of Sauer’s ““Theo- 
retische Einfuhrung in die Gasdynamik”’ and the early hand- 
book articles of Busemann and Ackeret, never received an organ- 
ized treatment. 

In their preface the authors state that the purpose of the book 
is “to furnish the reader a background of fundamentals sufficient 
to enable him to understand or at least to systematize the ob- 
served compressibility effects, and also to enable him to approach 
the more mathematical literature of the subject.’”” The book is 
accordingly divided into two parts, the first part dealing with a 
mathematically simple treatment of one-dimensional flow, and 
the second dealing with a necessarily more complex treatment of 
two- and three-dimensional flow. 

Part 1 begins with a chapter on “Basic Thermodynamics.” 
The presentation of the First and Second Laws of Thermody- 
namics is unsatisfactory. For example, the fundamental terms 
“heat,” “work,” and “energy” are not defined; and not only is 
no clear-cut distinction made between ds and dQ/T7’, but it is er- 
roneously asserted that ‘for any irreversible cycle the total en- 
tropy change of the system must be positive’. In many prob- 
lems of high-speed flow a correct understanding of the two theo- 
rems of thermodynamics is just as essential as an understanding of 
Newton’s laws of motion. While it was certainly not the intention 
of the authors to treat in any detail the subject of thermody- 
namics, a better discussion in the later chapters of the thermo- 
dynamic aspects of shock waves, compressible boundary layers, 
flow with vorticity, ete., would have led to a more balanced pres- 
entation. 

Following a chapter on the equations of motion in one dimen- 


* Associate Professor of Mechanical Engineering, Massachusetts 
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sion, isentropic channel flow is discussed and the significance of 
the Mach number with regard to the relation between pressure 
and cross-sectional area is presented. 

The section on shock waves includes well-written discussions 
of the normal shock, oblique shocks, formation of shock waves, 
and reflection and intersection of shocks. 

The concepts of isentropic flow and of shock waves are com- 
bined in the chapter on ‘Applications to Channel Flow” to show 
the various velocity and pressure patterns which may exist 
within or at the exit of a nozzle. A short discussion of speed and 
pressure measurements is given, followed by a summary of the 
considerations applied to the design of supersonic wind tunnels. 

Part 1 closes with a discussion of optical methods of flow ob- 
servation, with principal attention devoted to the Schlieren 
method and short sections to shadowgraph and interferometric 
methods. 

Part 2 begins with a general presentation of the equations of 
continuity and of momentum for frictionless three-dimensionless 
flow, and is followed by the introduction of the concepts of vor- 
ticity, circulation, the stream function, and the velocity potential. 

The method of small perturbations is presented with careful 
attention to orders of magnitudes, except that the limitations of 
the linearization procedure near Mach number unity are not 
disclosed. The linearization method is exemplified by Ackeret’s 
flow past a wave-shaped wall, by the Prandtl-Glauert correction 
formulas for the pressure coefficient on thin two-dimensional] 
bodies, and by the supersonic flow over thin airfoils. 

A short section is given over to the various iteration methods, 
with emphasis on principles rather than details. 

Following the introduction of the hodograph method, the ap- 
proximate procedures of Chaplygin and of Karman and Tsien, 
using an approximate gas relation, are given. Special attention 
is placed on the Karman-Tsien method and the resultant relation 
for estimating the pressure coefficient in high-speed flow from 
measurements at low speeds. 

The hodograph method is then applied to obtain certain exact 
solutions which have proved useful in enlarging our understand- 
ing of compressible flow. The famous “corner flow” of Prandtl 
and Meyer, the “limit line’’ where accelerations become infinite, 
and the well-known example of Ringleb for flow around a 180-deg 
corner are presented in detail. 

Two-dimensional supersonic-flow problems are discussed with 
the help of the method of characteristics. The interactions of 
weak waves with boundaries, with other weak waves, and with 
shocks are presented graphically. 

The final two chapters cover in qualitative fashion the effects 
of viscosity and the properties of airfoils at high speeds. 

With a few exceptions, the book seems well organized as to 
content. As regards scope, it was apparently the authors’ inten- 
tion to strike a middle ground between a treatise and a textbook. 
Professional engineers will regret the omission of adequate treat- 
ments of three-dimensional effects (finite wings of various plan- 
forms, bodies of revolution, etc.), transonic flow, and flow inside 
of duets with friction and energy effects. Students and teachers, 
on the other hand, will feel that more examples should have been 
given and that exercises would have been useful. Both prac- 
ticing engineers and students would have welcomed a greater 
number of working tables and charts. 

Despite its limitations, it must be recognized that this is a 
pioneer effort, and, as such, fulfills a long-felt need in this field. 
It should prove a valuable addition to the library of aeronautical 
and mechanical engineers, particularly those concerned with the 
external flow around bodies. 
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Sliding Friction of Ball Bearings 
of the Pivot Type 


By H. PORITSKY,! C. W. HEWLETT, JR.,? ano R. E. COLEMAN, JR.? 


While ideal rotational surfaces of the pivot and the race 
of ball bearings can touch the spherical ball surfaces only 
at mathematical points, these surfaces actually “‘flatten’”’ 
at the contact, due to elastic compression so that contact 
occurs over a finite area. It is shown in this paper that as 
a result of this flattening, owing to unavoidable small 
relative slipping over some of the contact areas, even the 
most precise and flawless ball bearings possess definite 
friction. This source of unavoidable friction is analyzed, 
and the frictional torque due to it is computed for an in- 
dividual ball, for the whole bearing, and for both bearings 
holding a rotor or gimbal. 


INTRODUCTION 


Y a “pivot-type” ball bearing is meant a ball bearing in 
which the plane of the contact points of the balls with the 
inner race is displaced from the plane of the contact points 

of the balls with the outer race, thus enabling the bearing to take 
up a considerable amount of thrust. Fig. 1 shows a cross section 
of such a bearing. In what follows, the inner race will be desig- 
nated the “pivot,” and the outer race simply the ‘‘race.”’ 

The contact ‘“‘bands”’ on the pivot and ball are shown in Fig. 1, 
although the width is exaggerated there. Several “instantaneous” 
contact areas are also indicated. Similar remarks also apply to 
the contact between the balls and the race. 

The following (simplest possible) assumptions are made in this 
paper: 


1 The pivot and the race surfaces are true surfaces of revolu- 
tion and are correctly centered when no load is applied. 

2 The balls are of perfect spherical shape, have the same di- 
ameter, and at each instant make contact with the pivot and race 
at two diametrically opposite points. 

3 The reactions (forces) on each sphere are equal and oppo- 
site and are directed along the diameter through the points of 
contact. 

4 As the pivot turns, the ball centers describe a circular path 
about the axis of the pivot and race, and the balls are symmetric- 
ally located in the race. 


It will be noted that from assumption (2) and Newton’s third 
law of motion one may derive assumption (3), provided the iner- 
tia reaction of each ball is negligibly small. There is experimental 


' Engineering General Division, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

‘i Works Laboratory, General Electric Company, West Lynn, 
Mass. 

* Formerly, Works Laboratory, General Electric Company, West 
Lynn, Mass.; at present, Bell Telephone Company, New York, N. Y. 

Presented at the National Meeting of the Applied Mechanics 
Division, Schenectady, N. Y., June 23-25, 1947, of THe AMERICAN 
SOCIETY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 12, 1948, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


Fria. 1 


Typicau Pivot-Typre INstruMENT BALL BEARING 


evidence that in running the contact points are very nearly dia- 
metrically opposite. 

The friction torque due to slipping at the balls is derived in 
Equation [21] for an axially loaded bearing, and in Equation [29] 
for a bearing loaded both transversely and axially. The applica- 
tion to a rotor or gimbal ring carried by two bearings is also 
treated. 

The following results are obtained among others: 


1 It is found that the friction depends upon the precompres- 
sion to a considerable extent. 

2 When the precompression is sufficiently great, the friction 
of the two bearings carrying a rotor varies but slowly with the 
angle of inclination of the bearing axis. 

3 Comparison of calculated and measured friction for certain 
pivot bearings shows agreement with the smallest values in a se- 
ries of tests. 

ANALYsis OF Batt Motion 


If one neglects the velocities due to the flattening of the con- 
tact areas, then only rigid body motions remain to be considered. 

Consider the race as stationary. Since the instantaneous con- 
tact of the ball with the outer race is at rest, the ball rotates 
about some axis passing through this point, and from symmetry 
considerations it is clear that this axis intersects the pivot axis. 

Let us denote by w the components of the rotation vector of 
the ball in Fig. 2, along the contact diameter ac, and by «w, the 
component along the tangent CC, perpendicular to that diameter. 
Here w; represents the angular velocity of rolling of the sphere over 
the race, while w; may be called the angular velocity of pivoting 
or slipping, if there is a finite area of contact at c. 

Let w, be the velocity of rotatior of the pivot about its axis. 
Equating the translational velocity of the contact point a on the 
pivot to the velocity of the same point on the sphere of radius r, 
we get 
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Fic. 2 ENLARGED VIEW OF BaLL AND Contact Arc8; PROJECTIONS 
or Rotation VECTORS 


This determines the rolling velocity. 
The translational velocity of the ball center B is given ia 


leading to the angular velocity of the ball center about the pivot 
axis 


The instantaneous motion of the pivot is of course a rotation 
w, about its axis; this motion may be considered as made up of a 
translation w,r, equal to the velocity of the contact point a, and a 
rotation about a line parallel to the axis of the pivot and of mag- 
nitude w,. The rotation vector @, may be resolved into two com- 
ponents, one, w, cos y, along the diameter of contact ac, the other 
one, w, sin ¥, perpendicular to this line where y is the angle be- 
tween the pivot axis and the contact diameter ac. 

Now we may obtain a pure rolling action of the ball on the race 
by letting w: = 0, or we may obtain a pure rolling action on the 
pivot by letting. = #, cosy. Ineither case the slip angular ve- 
locity w, at the contact where slipping occurs will be w, cos y. 

It is clear that in practice slipping would occur at one, but not 
both of the contact areas. This is so because the friction torque 
opposing slipping at the two contact areas, at slip, can never be 
precisely equal, so that slipping will start at the contact area 
where this moment is smaller. Then the torque accompanying 
slipping at the other area will never be achieved. It is shown in 
the following that slipping will occur at c, the contact with the 
race, rather than at a, the contact with the ball. 

It is also illuminating to analyze the ball motion relative to a 
system of axes in which the ball center B is stationary and the 
pivot and race move. To do this we need only superpose upon 
all the elements in Fig. 2 a velocity about the axis of the bearing 
which is equal and opposite to wg. This renders the ball center B 
stationary, reduces the pivot velocity to w, — wg, and imposes a 
velocity upon the race equal to —wg,. 
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With the ball center B stationary, the motion of the ball con- 
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(see Figs. 2 and 3). This diameter obviously lies in the plane of 
Fig. 2 and cuts the pivot axis. Irrespective of the direction of the 
diameter, the velocities of the points a, c must be equal and oppo- 
site, respectively, to the velocity of the same points on the pivot 
and race, respectively. By equating these velocities one arrives 
again at Equation [3]. 

Assume that the ¢ontact area at a is sufficiently small so that 
its section AA, in Figs. 2 and 3 is a straight line. It is clear that 
the condition of no slipping over AA, is realized if the axis of ro- 
tation DD, through B passes through Ae, the point at which A A, 
cuts the axis of the bearing. This follows in Fig. 3 from the fact 
that the velocities are proportional to the distances from the axis 
of rotation, and if the axes of rotation intersect at As, the similar 
triangles in Fig. 3 show that when the velocities of the pivot and 
the ball at the mid-point a are equal, the velocities of the other 
points along the line of contact will be equal, too. A similar ar- 
gument shows that if the axis of rotation passes through C;, the 
point at which the tangent at c cuts. the bearing axis, then there 
will be no slipping along CC, provided that this again be consid- 
ered a straight line. 

Since one and the same axis of rotation cannot pass both 
through A, and C,, slipping must occur at one or the other con- 
tact. It will be found from subsequent analysis of the contact 
areas and the friction moments which occur at slipping that slip- 
ping will generally occur at c, thus making the axis of rotation 
pass toward Ag, as in Fig. 3. 


Fic. ZERO ConpiTIoNns at Pivor 


The foregoing conclusion has been verified by observation on 8 
pivot whose outer race was mounted so that it could be rotated 
in direction opposite to the pivot. This rotational velocity was 
adjusted until the ball center was at rest, and the ball motion 
was observed with a low-power microscope. By attaching a small 
magnet on the ball its diameter of rotation could be located and 
its inclination measured. 

In regard to the distortion of the contacting solids, it can be 
shown that to a first approximation no further slipping results 
from them. Due to second-order effects, caused by the curvature 
of the contact areas AA,, CC, slight slipping may occur also at 
AA; however, it will be neglected in the following. 

As will be seen from Figs. 1 and 3, under the assumption of 
zero. slip at the pivot, the contact areas over the sphere move over 
strips between two small circles of the same average radius and 
located in planes perpendicular to the axis of rotation DD: 
through the ball center. One would expect, if this theory is 
strictly satisfied in practice, to find two bands of wear on the balls. 
Actually such bands are found, but due to various imperfections 
and to other effects the path of contact may wander over the ball 
surface so that the bands of wear may not be quite as definite in 
practice as predicted from the theory and as indicated in Fig. |. 
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Let M’ be the friction torque about the axis ac developed at 
one of the contact areas where slipping occurs. The torque M’ 
may be represented as a vector M’ along the diameter ac. At the 
contact a, the ball transmits this torque to the pivot. The com- 
ponent M’ cos y is along the pivot axis, and the sum 


for all the balls of the bearing is equal to the friction torque along 
the axis of the pivot. If the load on the bearing is purely axial, 
then 


where N is the number of balls. 


REVIEW OF THE Hertz Contact THEORY 


We recall briefly the Hertz theory of contact.‘ For a “point 
contact”’ its results may be stated as follows: 


1 Contact occurs over an elliptical area of semiaxes a, b, 
whose ratio b/a depends upon the curvatures of the contacting 
solids at the point of contact. 

2 The pressure distribution S over the area of contact is such 
that, when plotted normally to the ellipse of contact, it outlines 
an ellipsoid. 

3 The size of the ellipse of contact depends upon the (normal) 
load P, and both semiaxes a, } of this ellipse vary as P'/*. 

4 The approach c of (distant portions of) the bodies in con- 
tact varies as P’*/*, 

More precisely, the following equations are obtained from the 
Hertz theory for the case where one of the solids in contact is a 
sphere of radius r; (this is the only case of interest for ball bear- 
ings), while the other one (pivot or race in the present case) has 
principal radii of curvature equal to R, R’ at the contact point 


[6] 
where 
r’ R 
3 1 o;? 1 
L = —— + ——]............ 10 


FE, «1, being the Young’s modulus and Poisson’s ratio for the one 
solid and FE», 0; for the other one; a, 8, \ are functions of the pa- 


rameter @ given by 
d/l 1 
5) (11) 


These functions are shown in Fig. 4 and their equations involve 
complete elliptic integrals. The pressure distribution is given by 


where z, y are Cartesian co-ordinates in the plane of the ellipse 
with the origin at the center of the ellipse and the z-axis along its 


major axis.6 From Equation [12] one obtains for the maximum 
Stress 


‘**Miscellaneous Papers,” by Heinrich Hertz (English translation 
published in book form), The Macmillan Company, New York, N. Y., 
1896, p. 146. 

* Similar equations apply for contact of any two solids except that 
the calculation of @ and of the axes of the ellipse is more complicated. 
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Fie. 5 Ravi or CURVATURE OF SURFACE OF REVOLUTION 


In applying the foregoing to contact between a sphere and a 
surface of revolution atea point P (such as the race or the pivot), 
one of the principal radii of curvature, say, R, is given by the ra- 
dius of curvature of the axial section through P, while R’ is the 
distance along the normal from P to the axis of rotation (see Fig. 
5).* Each radius of curvature R, R’ is positive or negative, ac- 
cording as its center of curvature is on the same side of P as the 
solid in question or on the opposite side; thus for the pivot sur- 
face in Fig. 5, R’ is positive, while R is negative. For the race 
both R and R’ are negative. 

The assumptions underlying the Hertz theory of contact, in 
addition to those of linear elasticity, are that the load over the 
contact area is purely normal and that the contact area is so small 
that the curvatures of the contacting solids need only be consid- 
ered in the “would-be” interpenetration due to the approach c, 
which is canceled by the elastic displacements, but not in the 
transmission of the load beyond the contact area. In fact, the 
latter is found by assuming that the boundary of each solid is 
flat. Without going into corrections for ball-bearing contacts, it 
may be pointed out that they are not appreciable with the excep- 
tion of the case where one radius of curvature of the pivot or race 
surface is quite close to that of the ball, whereupon contact occurs 
over a very appreciable arc of a great circle of the ball. 


CALCULATION OF FriIcTION Moment Asout DIAMETER OF Con- 
TACT, AND OF FRIcTION MOMENT FOR SYMMETRICALLY LOADED 
BEARING 


In Fig. 6 is shown the ellipse of contact over which slipping 
takes place. Since the slipping motion is a rotation about the 


6 This follows from Meusnier’s theorem’ 


Roblique 


Raormal 


for the radii of curvature of a normal section and of an oblique section 
through the same tangent, forming an angle A with the normal section 
(see Fig. 5). 

7‘*Advanced Calculus,” by E. B. Wilson, Ginn & Company, 
Boston, Mass., 1912. 
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DIRECTION 
5 OF SLIP 


Fig. 6 or Contact 


origin, the direction of slip is normal to the radius vector from 
the origin to the point in question as shown. The local friction 
force is assumed to be in the direction opposite to the local slip 
and is assumed to be of magnitude proportional to the local nor- 
mal compressive force 


where u is the coefficient of friction, assumed independent of the 
normal pressure S given by Equation [12], and dA is the ele- 
ment of area. Introducing polar co-ordinates r, ¢, the moment of 
the local friction force is seen to be 


"= wSrdA = [15] 


Substituting from Equation [12], and introducing r, y, one ob- 
tains for the net moment 


b? a th 


where, carrying the r-integration first, the limits of integration for 
r go from 0 to the edge of the ellipse 


r’ = ab/(b? cos? ¢ + a? sin? ¢)'/* 


and for ¢ from 0 to 2z. 

The integration with respect to r may be carried out in terms of 
elementary functions. The ¢-integration leads to a complete 
elliptical integral of the second kind (see Appendix) 


3 
M' = g ..{17] 
This will be written in the form 
where 
3 b? 
C=- Ek),k = @#1—-— 
A curve of C versus @ is shown in Fig. 4. 
Recalling Equation [6], one obtains from Equation [18] 
M’ = Cua [19] 


In considering at which contact of a ball slipping occurs, one 
evaluates M’ at both contacts; slipping takes place dt the contact 
corresponding to the smaller M’. It will be found that this 
corresponds to the ellipse with smaller eccentricity. Thus for 
the bearing shown in Fig. 1 slipping will take place at the race 
and not at the pivot. 

To apply the foregoing to the friction moment of an actual bear- 
ing, consider the case of a bearing loaded axially with a force W 
(for instance the bearing at the bottom of a rotor with a vertical 
shaft). Then 
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Combining Equations [5], [19], and [20], one obtains for the tota! 
friction torque about the bearing axis due to all the N balls 

M = Cua cos (21) 


A numerical calculation of the friction torque in a typical 
gimbal bearing will now be shown to give an idea of the order of 
magnitude of the friction torques. In this bearing the slipping 
occurs at the pivot. Here we will assume that the load in the 
bottom bearing is 1.5 lb, and the load in the top bearing is 0.5 
lb, and we have the following conditions 


R = ©,R’ = 0.0650in., = 0.0781in.,u = 0.2, 
1/L = 44 X 10°, y = 70°,N =5 
Then from Equations [9], [11], we get 
d = 0.0976 in., @ = 68.5° 
From Fig. 4 
a = 1.31, 8 = 0.77, C = 0.476 
Equation [21] yields 


0.476 X 0.2 X 1 X 0.46 X 1.31 
3.53 X 10? X 1.71 X 98 


= 9.70 x 10-§(W,'/*, W2'/*) = 3.85 X 10-5, 16.65 X 10-8 in-ll 
or total 


(M,, M3) = 


M = 20.5 10-* in-lb = 0.236 g-cm 
Bearinos Loapep Boru AND TRANSVERSELY 


Unlike the purely axially loaded bearings, for bearings loade« 
transversely to the axis, the moments and the distribution of load 
between the individual balls cannot be found without taking 
into account the Hertzian displacements c, their relation to the 
loads, and their variation for the individual balls of the bearing. 

Assume that perfect pivot, balls, and race surfaces and _per- 
fect assembly allow true point contacts between each ball and 
the pivot, as well as between the balls and the race in absence o/ 
precompression forces and in absence of gravity forces. Suppose 
now that the pivot is displaced relative to the race. Set up axes as 
in Fig. 7 with the z-axis along the axis of the pivot, the z-axis in 
the plane of the transverse displacement, and the origin at the 
point toward which the diameters of the balls through the points 
of contact converge. Let 6z be the displacement of the pivot in 
the axial, dz in the transverse direction. As a result of these dis- 
placements, each ball diameter is forced to contract along the di- 
ameter of contact by the amount 


{ 22} 


where y, is the angle between the z-axis and the contact diameter 
The direction cosines of the contact diameter, that is, the cosines 
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of the angles y,, ¥,, ¥, = ¥ between this diameter and the z-, y-, 
z-axes, are given by 


cOS¥, = sinycos y, cosy, = sinysin y, cosy, = cosy . .[23] 


where ¥ is the angle between the (z, z)-plane and the plane through 
the z-axis and the center of the ball in question. Hence in 
place of the value [22], one obtains 


cos ¥(1 + e tan cos y), e = 


The displacements due to rotations of the pivot about the z- 
or y-axis are necessarily perpendicular to the diameter through 
the contact points and therefore do not affect the diameter of 
contact except inasmuch as they cause the ball to roll so that its 
center no longer makes an angle y with the axis of the pivot, and 
moreover, so that the directions of the normals of the two points 
of contact are no longer parallel (thus departing from assumptions 
2and 3 in the “Introduction’’). Weshall neglect this effect, which 
is very small. Applying Equation [8], one obtains for the total 
compression over both areas of contact 


(KP)", K = + (25) 


where P is the compressive load which acts at each of the two 
contact points, and K is independent of P. Solving for the load 
P and equating the compression to Equation [24], one obtains for 
the reaction of the ball in question 


/s 
p = cos +e tan ¥ 008 - -[26] 


It is clear that only in the case where 1 + e tan y cos y is positive 
will there be any load carried. 

In order to find the total reaction on the pivot it is now nec- 
essary to add those reactions P given by Equation [26] for which 
the radicand is positive, taking proper account of the direction of 
P, whose direction cosines are given by Equations [23]. In this 
way one obtains for the net reaction 


(X,Y, Z) = (1 +e tan cos 7)"/s | 


(tan cos tan sin y, 1) > 


K 
where X’, Y’, Z’ refer to the sums in the second member carried 
out for values of y corresponding to the individual balls. 

To calculate the bearing friction moment, recall Equation [19], 
and note that a, C, L, and d do not vary from one ball of a bearing 
to the next one, although P does vary in accordance with Equa- 
tion [26]. There results for each ball 


= (6z cos Cua(dL)'/s 


(1 + e tan y cos y)? . .{28] 


The resultant moment M for the various balls is obtained by 


multiplying M’ by the direction cosines [23] and adding. This 
leads to 


M = My, M,) = (dz)? cost y 


=(1 + e tany cos y)*- (tan ¥ cosy, tan y sin 7, 1) 
= (62)* cos* (M,’, My’, M,’) 


where M,’, M,’ M,’ are the sums indicated in the second term of 
Equation [29], and are still confined to the balls for which (1 + 
tan cos ¥) is positive. 
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As an illustration, calculations of X’, Y’, Z’; Mz’, My’, M,’ 
were carried out for y = 70°, N = 5, for the following values of e 


e = 0, 0.02, 0.1, 0.364, 0.5, 1, 2, 5, 10 
and for the following three cases: 
y = 0, =72°, =144° 
y = 18°, 90°, 162°, —54°, —126° 
y = +36°, =108°, 180° 


These cases are shown schematically in Fig. 8. The results are 
given in Table 1 and in Figs. 9, 10, 11. 

For cases I, III it is clear that for each y with a positive sin y 
there is a similar term with a negative sin y, and hence Y = 0, 
M, = 0. For case II, however, Y does not vanish so that the dis- 
placement is not even in the same axial plane as the load. The 
same is true for all cases between I and III, though the maximum 
sidewise effect occurs for IT. 

It will be noted from Table 1 and Figs. 9, 10, and 11, that the 
ratio Y’/Z’ is quite small, and that, in general, the ratio X’/Z’ 
is not equal to e = (5r)/(5z), so that the load and the displace- 
ment (of the pivot relative to the race) are not in the same direc- 
tion. 


Fie. 8 ScHematic DraGRaM or Batu Positions 


It is of interest to note that since M,, M, do not always van- 
ish, the net moment is not, in general, directed along the axis of 
rotation so that, due to ball friction, not only is there a moment 
tending to oppose rotation about the axis of the pivot, but one 
at right angles to it as well. 

Whenever Y does not vanish, the plane of the displacement and 
the plane of the resultant force are not coincident. This means 
that as rotation about the axis of the gyro or in the gimbals 
proceeds there is a displacement of the pivot at right angles to 
the resultant force of a frequency equal to the ball-passage fre- 
quency. Thus with a horizontal gyro axis there will be a slight 
oscillation of the axis which may be in phase at both ends if the 
balls happen to be lined up similarly at both bearings, or in op- 
posite phase if the balls at one end come halfway between the po- 
sitions of the balls at the other end. It is clear that such dis- 
placements give rise to pulsating forces and torques. 

As a result of the pulsation of Y and a similar small pulsation 
in X equal to the ball frequency, one may consider the springiness 
of the pivot to be variable. It is known that an inertia supported 
by means of a spring with a periodically varying spring constant 
maybe unstable, and give rise to sustained vibrations, especially 
if the natural frequency (against the mean flexibility) is equal to 
one half the frequency of the spring-constant variation. Thus 
in the electrical analogue, the circuit consisting of an inductance 
and a capacity which is varying periodically with time possesses 
an instability of the type described. It is conceivable therefore 
that a gyro rotor may exhibit a roughness and a pulsation whose 
frequency is one ‘half the frequency of the ball passage. 
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TABLE 1 


. Idle 
e Case Zz’ x’ Mz’ M,’ balls 

0.02 I 0.566 5.003 0.113 0.755 5.008 0 

II 0.566 0.000 5.003 0.113 0.000 0.755 0.000 5.008 0 

Ill 0.566 5.003 0.113 0.755 5.008 0 

0.10 I 2.824 5.071 0.557 3.774 5.189 0 

II 2.824 0.000 5.071 0.557 0.000 3.774 0.000 5.189 0 

III 2.824 5.071 0.557 3.774 5.189 0 

0.20 I 5.607 5.287 1.061 7.549 5.755 0 

Il 5.605 0.002 5.287 1.060 0.000 7.549 0.000 5.755 0 

Ill 5.603 5.288 1.060 7.549 5.755 0 

0.364 I 9.944 5.991 1.660 13.739 7.500 0 

II 9.897 0.035 6.002 1.649 0.006 13.739 0.000 7.500 0 

Ill 9.841 6.016 1.636 13.739 7.500 1 

. 0.50 I 12.933 7.058 1.833 18.927 9.693 2 

Il 12.941 0.132 7.017 1.844 0.019 19.117 0.82 9.624 1 

Ill 12.897 7.009 1.840 19.255 9.578 1 

1.0 I 24.201 12.283 1.970 44.390 20.881 2 

II 24.774 — 0.821 12.096 2.048 —0.068 45.152 0.398 20.892 2 

Ill 25.620 11.688 2.192 46.133 20.818 1 

2.0 53.003 25.416 2.085 128.261 56.743 2 

Il 54.642 — 3.400 25.235 2.165 —0.135 130.182 4.11 57.655 2 

Ill 56.491 25.415 2.223 131.825 59. 307 3 

5.0 175.838 80.601 2.182 643.441 272.2122 

Il 181.979 —13.231 81.085 2.244 —0.163 649.906 12.34 281.175 2 

Ill 187.431 84.324 2.223 652.350 293.489 3 

10.0 467.112 210.417 2.220 2380.62 990.939 2 
II .936 —35.133 329 279° —0.165 2398.22 26.05 1031.138 2° 
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APPLICATION TO Two BEARINGS 


Consider, as in Fig. 12, a rotor of weight W on a shaft with its 
center of gravity at the shaft center, and let p be the angle between 


Fig. 12 Inciinep Rotor 1n Two BEARINGS 


the shaft and the horizontal. The axial and transverse reactions 
on the bearings satisfy the relations 


W 
Ss 
cos p 


[30] 
X2 = 


XxX, 


Z,— Z, = W sin p 


/ 


In view of the last equation, Z; and Z; may be written in the 


form 
sin p 
W — 


= 


In this form the components involving sin p represent the weight 
component, equally distributed, while Wf may be considered as a 
precompression force. One may suppose offhand that the latter 
does not vary with p, but this is not the case. The reason is that 
the relative stiffness of the two supporting bearings depends 
upon the individual values of e, and since their e-values vary with 
p, the gravity component carried by each bearing is not the same. 

A study of the solution of the following numerical case will 
show, however, that if f is not varied with p the variation of the 
friction torque is very slight when e is less than about 0.2. 

From Equations [31] and [30] follows 


COS p 


Z 2f =sinp [32] 
From Figs. 9, 10, and 11, we get e, X’, Z’, M,’, and M,’.. From 
I-quation [27], we get 
KZ 
(52)*/? = [33] 
and combining this with Equation [29] 


Referring to Equation [21], we see that Equation [34] may be 
written 


N 
(Myo [35] 


where (Mp) is the moment for the same axial load in absence of 
the transverse load. Using the conditions of the previous nu- 
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merical example, we will add the conditions f = 1, p = 45°. 
Then from Equation [32] 


X 0.707 
Z = 2 = 0.707 = 0.261 and 0.546 
e = 0.047 and 0.098 Z, = 1.353 lb 
X’ = 1.32 and 2.73 
Z’ = 5.02 and 5.07 Z, = 0.646 lb 
M,' = 1.80 and 3.67 
M,' = 5.04and 5.18 V5 = 1.71 


From previous numerical work 


M (W) = 9.70 x x 
M(Z:) = 145 X 10-‘ in-lb 
M.(Z2) = 65.4 x 10-5 in-lb 


M,(W) is the total friction torque in a bearing with pure axial 
load Z = W. The quantities Mo(Z,), Mo(Z2) are the Mo occurring 
in Equation [35]. Applying this equation there results 


1.71 X 5.04 
(M,): = 1.45 X 1074 = 1.45 X 10-‘in-lb 
and 
1.71 5.18 
(M,)2 = 5.4 X 1075 ae = 5.5 X 10-5 in-lb 


(M,): + (M,)2 = 2.0 X 10-4 in-lb = 0.231 g-cm 


This value for friction torque is seen to be not very different 
from the value for the vertical case. 

In practice, the two bearings of a rotor may be adjusted in the 
vertical position till there is no ‘‘end shake,” then tightened fur- 
ther, and the rotor axis moved back to its proper inclination. 
By proper use of the various equations and of the stiffness of the 
frame carrying the bearing, the values of f corresponding to the 
initial position of the rotor and to its position for arbitrary p may 
be found. 


Appendix 


Recall Equation [16] for the friction moment M’ 


3uP cos?yg sin? ¢ 


where the integration is over the ellipse of contact. Carrying out 
the r-integration first one integrates from r = 0 to 


then ¢ goes from 0 to 2x 
V/s 
3uP r? 
3uP d 
2xab Jo 


The first integration can be carried out in terms of elementary 
functions by utilizing 


z*(a? — dr - — (a? — + 


[37] 
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Since in Equation [38] both limits make the first two terms on This last integral may be put in terms of an elliptic integral of 


the right-hand size zero, there results the second kind as follows: It may readily be verified by differen- 
. aie tiation with respect to 6 that 
; r{(r’)? — = _. [39] 1 
0 16 (1 — sin? @ sin? y)~ /2 dy = : 
0 COS* @ 
and hence 6 
32ab/o 32ab a* b? sin cos 143 
3uP «/2 1 1 (1 — sin? sin? 
8ab E Substituting the limits 0 to we get 
3uPb? b — si in? y)~*/? dy = 
(1 — sin? asin? y)'/*dy...... [44] 
0 


Replacing ¢ by (x/2 — ¢) one obtains 
Therefore we get 


| ( | 
M’ = — 1—\|1— —]sin’¢ dy 
8a 0 a® M’' = sere (1 — sin? @ sin? y)'/* dy 
0 


/2 [41] 8 


{1 — sin? g] 3uP 3/2 
8a Jo (1 — kt sin? (45} 
0 
where 
t/y The last integral is known as the ‘complete elliptic integral of the 
b? [42] second kind’’ and is usually denoted by E(k). Introducing this 
a? ay, as Ea notation in Equation [45], one is led to Equation [17]. 
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This paper presents an analysis of buckling of simply 
supported rectangular plates reinforced by any number of 
transverse stiffeners and subjected to shearing forces uni- 
formly distributed along the edges. Two cases are 
considered: (a) The case of a plate with a finite length; 
(b) one in which the length is infinite. The critical shear- 
ing stresses in both cases are expressed in similar forms, 
at is, Ee 

Tterd? 

24(1 — »*) 
curves are drawn as shown in Figs. 2, 3, and 5. 


in Equation (13) d 
(l—>) rb n Equation an 


K in Equation (24), respectively. Design 


NOMENCLATURE 


The following nomenclature and assumptions are used in the 
paper: 
amplitude of buckling waves 
length of plate 
coefficients of series 
EI,, flexural rigidity of ith stiffener 
width of plate 
correction factor 
C; distance from reference axis y of plate to the 
ith stiffener 


2 
iow 


D = E,t*/12(1 — v?), flexural rigidity of plate 
d = spaqng of stiffeners 
E = modulus of elasticity 
I = moment of inertia 
l, = side of panel 
t,j,k,m,n = integers, number or subscripts 
p = perimeter of panel; also subscript for plate 
Q = shear in pounds per inch 
R = n/m, ratio 
r—1 = number of stiffeners 
= length of half-waves in z-direction; subscript 
for stiffeners; also integer 
t = thickness 
7 = shear in pound per square inch 
a = slope of nodal lines 
8 = b/a, dimensionless ratio 
H = arbitrary expressions 
v = Poisson’s ratio 
€ = an expression 


1 Formerly Senior Structure Engineer, Northrop Aircraft, Inc.; 
now, Director of Aeronautical Engineering Department, National 
Northwest University, China. 
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ASSUMPTIONS 


1 The plate is homogeneous and isotropic. 
2 Hooke’s law is valid. 
3 Boundary stresses are uniformly distributed. 


INTRODUCTION 


Reinforced thin plates find extensive use in airplane con- 
struction, as, for instance, in wing and fuselage structures. It is 
common to encounter the problem of stiffened plates under 
shear loading which, upon reaching a certain limit, or critica] 
value, forces the plate to wrinkle elastically. 

The buckling of thin isotropic plates supported at their edges 
under shears has been treated extensively by S. Timoshenko 
(1)? and R. V. Southwell (2). S. Bergmann and H. Reissner (3) 
extended Southwell’s work to include the case of homogeneous 
and orthogonal-anisotropic plates with stiffeners of vanishing 
and comparatively low bending stiffness running longitudinally. 
C. Schmieden (4) investigated the case of equal longitudinal stiff- 
ness in bending, but his data are confirmed only for the case of 
infinitely low bending stiffness. M. T. Huber (5) established 
the theory and the general differential equation of bending in 
orthogonal-anisotropic plates. E. Seydel (6) applied his 
differential equation to solve the same structure subjected to 
shear. S. Timoshenko (7) has, by using the energy method, 
solved the problem of reinforced rectangular plates under shear 
with one or two stiffeners. M. Scott and R. L. Weber (8) have 
also conducted a few tests and tried to verify Timoshenko’s 
theory. Chwalla (9) gave a proposal for the case of stiffened 
plates with any number of stiffeners. Moisseiff and Lienhard 
(10) formulated an empirical formula for designing stiffener sizes, 
which was based upon this proposal. Recently, Moore (11) 
made 60 different tests on aluminum-alloy 17S-T plate girders. 
His conclusion was that definite values for the flexural rigidity of 
stiffeners required to stiffen panels of given proportion, such 
as have been obtained by application of the buckling theory, 
cannot be determined experimentally. 

Although the buckling of stiffened plates subjected to shear 
has been attacked by many authors, apparently little progress has 
been made in placing the design of stiffeners for this class of 
construction upon a rational basis. For this reason, the author 
extends Timoshenko’s work to a case of rectangular plates rein- 
forced by any number of transverse stiffeners. 

Economical use of material in the design of structures of 
stiffened plates requires some means of determining the neces- 
sary flexural rigidity of the stiffeners. In the consideration of 
the efficiency of stiffeners with regard to the magnitude of critica] 
shears, the energy method is found useful. By using this method, 
it can be shown that the rigidity of the stiffeners affects both 
the shape of wave patterns into which the plates buckle and the 
critical values of shearing forces applied. If the stiffeners have 
insufficient rigidity, the inclined waves of the buckled plate 
run across the stiffeners, and buckling of the plate is accom- 
panied by bending of the stiffeners. By subsequent increase of 
the rigidity of the stiffeners, a condition can be obtained, in 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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which each panel of the plate between two adjacent stiffeners 
will buckle as a rectangular plate with simply supported edges,* 
and the stiffeners will remain straight. 

The analysis is divided into two parts: (a) the part con- 
cerned with the structures of finite length, and (b) the part 
which considers the same structure when it is infinitely long. 
In the former, the expression for the deflection surface of the 
buckled plate is a double trigonometric series. The method 
used can supply the critical value of the applied shearing force 
to any desired accuracy. In the latter, the expression for the 
deflection surface is a product of sines. The final result is de- 
rived in such a form that a simple set of curves can be made for 
practical application. 


Finite RecTANGULAR PLates Wirs Simpty Supportep EpGes 


The subject concerned is a simply supported rectangular 
plate, reinforced by any number of transverse stiffeners and sub- 


TRANSVERSE STIFFE NERS 


‘ 
Fie. 1 GeneRAL GEOMETRY OF STIFFENED PLatTe WITH FINITE 
LENGTH 


mitted to the action of shearing forces uniformly distributed 
along the edges. In this case, the boundary conditions are that 
both deflections and bending moments along the edges must be 
equal to zero. The conditions can be satisfied by taking for the 
deflection surface of the buckling plate the form of the following 
double series 


mre. 
a 


m=1 n=1 


In calculating the critical value of the shearing forces, the 
energy methed is used. It means that the total strain energy 
stored in the structure is equal to the work done by the external 
shearing forces, that is 
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The strain energy of the transverse stiffeners due to bending is 


The work done by the applied shearing forces is 


Substitution of Equation [1] into [3] and [4], respectively, 


yields 
rtabD wh m2  n?\2 
VY, = 8 > ) 


m=ln=1 
= = ; 
= — ) n‘ ) Gq, — ........ [7] 
4b a 
n=1 m=1 


Also by substituting Equation [1] for w in Equation [5], observ- 
ing that 


[= 0, if both m and j are even integers 
or odd integers 


2am 
x(m + j)(m — jy’ 


j is an even integer and the other 
is an odd integer 


if one of m and 


and letting 

mnjk 
(m + j)(m — j)(k + n)(k — n) 
the following equation can be obtained 


m n I k 


in which m, n, j, k are such integers that m + j and n + k are 
odd numbers. 

By equating the sum of Equations [6] and [7] to [8], as shown 
in Equation [2], the equation for determining the critical value 
of shearing forces r,, is obtained as follows 


Anajt 


where V, represents the strain energy of both bending and torsion 
stored in the plate, V,,; indicates the strain energy of bending 
accumulated in the ith stiffener, and W represents the work 
done by the applied shearing forces. 

The strain energy of both bending “nd torsion of the plate 
during buckling is obtained by the following integral (1) 


3 See later discussions. 


In determining the buckling load Q, it is necessary to find such 
a relation between the coefficients aj2, am, ais............ of the 
trigonometric series [1] as to make Equation [9] a minimum. 
This can be done by equating the derivatives of Equation [9] 


with respect to each of the coefficients a,,,, ...... to zero. For 
simplicity, Equation [9] may be written 
x‘abD (1) 
Q 32 (IT) 


where (I) represents the numerator of the second fraction in 
Equation [9] and (IT) the denominator. 


W=—Q ow 
de dy ...... [5 
sin baked juz 
| 
32 x 
= 2 


By equating to zero the first derivative of Q with respect to 
a,,,, the critical value of Q is obtained as follows 


~ (IL) 


Carrying out the calculation of this equation yields 
32 Bb*t 


(m? + B%n?)? + | 2a sin mre, ) sin 
6? A nnjk 


where un; = B,/aD. 
Let Q represent the second fraction of the right-hand side of 
Equation [12], which becomes 


xD 
—- = 
32 


E,t? 


Tor = 


d 
= — ———. [13] 
384(1 — »?) rb 


and the value of 2 must satisfy the following equations 


(m? + n%8*)? 28? mre, 
—— — pnt sin —— — 
a 8 a 


28? = 
k 


By equating the determinant of coefficients of a;,; in this system 
of Equation [14] to zero, an equation for determining 2 can be 
obtained. This is an infinite determinant, but for practical 
application a finite determinant may be secured by taking a 
few terms of the genetal Equation [1]. The accuracy of Q de- 
pends upon the order of the determinant taken. The higher 
the order of the determinant, the more accurate the value of 
Q will be. 

If the stiffeners are equidistant and have the same rigidity, 
Equation [14] can be very much simplified. It is seen that 


. Sai 
c; = id, d = a/r, sin — = sin — 
a r 


where r — 1 stands for the number of stiffeners in the stiffened 
plate. Substitution of the expressions in Equation [14] yields 


1 8 
k 


A mathematical approximation can be made here in order to 
render further simplification of Equation [15] possible. In gen- 
eral practice, only a few terms of the general expression in Equa- 
tion [1] need be taken. This makes both m and n small integers; 
while the number of stiffeners is relatively large, because the 
stiffeners are closely spaced: It can be seen later that if the 
stiffened plate has more than two equidistant stiffeners, the 
number m or s may be assumed smaller than the number r. 


— this condition, the following conclusion can be drawn 
12): 


WANG—BUCKLING OF TRANSVERSE STIFFENED PLATES UNDER SHEAR 


drawn in Figs. 2 and 3, respectively, in which the abscissas are 
d/b and the ordinates are ]E,/bt?E, with values of rd?/E,#* equal 
to 4, 5, 6, 7, 8, 9, 10, 11, and 12. Fig. 2 is plotted by expanding 
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1 Either m + s or m — s is not a multiple of 2r, which causes 


r—l 
. mr sm 
sin — sin — = 0 
r r 
i=1 
when m # s. 


2 Integer; ors is not a multiple of r, which causes 


sin —— sin — = 


r r 2 


when m = s. Therefore use of these relations leads to 


mri sm r 
sin - — | == 
r r 2 


t=1 s=1 


Then Equation [15] becomes 


1| (m? + n2s?)? ‘ed 
HE + | ann = 0. .[16] 
k 
or 
1 @ 
Q ann A 0 


where 
2 
= : 
(m? + n?8?)? + urBtn* 


This system of homogeneous linear equations can be divided 
into two independent groups. In one group there are equations 
in which m + n are odd numbers and in the other there are 
those in which m + n are even numbers. Calculations show 
that the latter group yields the smallest value of r,.. Thus only 
the second group need be considered. The determinant of the 
coefficients of a,,, in the second group can be written in the 
following manner, and for a nonzero solution of @y, @22, 413, @n,. 


433, Ax, ... this determinant vanishes. 

gHu 

—-Ms 0 0 — = Bn Hn 

0 — 0 0 Ha— = He. 

Ha o — Ha Ha ite 

= 0... .[18] 


Curves for plates with three stiffeners and four stiffeners are 


| 
f ‘ ~ 
> 
e 
ch 
1€ 
n. 
in 


JOURNAL OF APPLIED MECHANICS 


MINIMUM MOMENT OF 
INERTIA OF STIFFENERS 
REQUIRED 


NOTE 
IE,/bt*E_p NEED NoT Exceed 
THE VALUE CALCULATED BY 
EQuaTion( ) SHOWN 


N 


2 


° 


a/b 
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Fic. 3 GENERAL GEOMETRY OF STIFFENED PLaTe Wi1TH INFINITE 
LENGTH 


the forégoing determinant of the 7th order, and Fig. 3 is plotted 
by expanding the determinant of the 6th order. 


[NFINITELY Lone Piates SuprorTep EpGeEs 


In general, two methods have been used to attack this kind of 
problem. One is the method of using differential equations, 
and the other is the energy method. In the former, two 
assumptions may be made: (a) the stiffness of stiffeners is as- 
sumed distributed uniformly along the plate, and the whole 
structure is then considered as an isotropic plate; (b) the 
stiffened plate is assumed to have different flexural rigidities in 
two perpendicular directions (called ‘“orthogonal-anisotropic” 
plate). In the latter, the critical value of shearing forces is cal- 
culated by equating the total strain energy stored in the plate 
and individual stiffeners to the work done by the external force. 
While a problem may be approached in different ways, in certain 
structures one method may be exploited to yield a better result 
than others. In this analysis, method (b) seems preferable and 
therefore it is employed by the author. The deflection of the 
buckling surface of the plate can be represented as a good approxi- 
mate expression by the following product of sines: 
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MINIMUM MOMENT OF 
INERTIA OF STIFFENERS 
REQUIRED 


NOTE 
IE,/bt*Ey NEED NOT EXCEED 
THE VALUE CALCULATED BY 
EQUATION ( ) SHOWN 


tT 


Fie. 4 Curves FoR DETERMINING MoMENT oF INERTIA OF FINITE 
RecTaANGULAR Piates WiTH THREE EQuIpIsTANT STIFFENERS 


w = Asin — sin — (z — ay).. 
b 8 


It has been demonstrated that, in most cases, this equation can 
be used to obtain a satisfactory result. In the performance of 
calculations it is assumed that the shape of buckling patterns 
in the longitudinal direction of the plate repeats in every m half- 
wave-length distance with n stiffeners involved. Analytically, 
this statement can be expressed as 


ms = nd 


where s is the half-wave length as used in Equation [19], d is the 
distance between two adjacent stiffeners; m and n are two inte- 
gers. Therefore, in calculating the strain energy accumulated 
in the plate and stiffeners and work done by the shearing forces 
during buckling, it is only necessary to consider m half-waves 
with n stiffeners involved. In Equation [3], the limit of inte- 
gration in the z-direction should be taken from 0 to ms. Sub- 
stituting Equation [19] for w in Equation [3], it can be shown 
that the integral of the term in the bracket vanishes and the 
equation for the strain energy stored in the plate is 


& 1\* msb 
ta) at 


The strain energy aécumulated in the 7th stiffener due to bending 
can be calculated by Equation [4], and the result is 


| s* + + btat 
8b3s 33 


5b%a? — gs? rab 


sin = 008 (ab — 24) | [21] 


The work done by external shearing forces during buckling of 
the structure is calculated by Equation [5] as 
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WANG—BUCKLING OF TRANSVERSE STIFFENED PLATES UNDER SHEAR 


Substitution of Equations [20], [21], and [22] into Equation 
{2} yields the critical value of shear as follows 


2p 2 2 


2ab*t 
a 
8 


5 1 ¢ 
4 sin cos ~ (ab — 20 | 
Ta b? 8 8 


Again substituting the relation D = £,t*/12(1 — v?) and 
c, = id together with the results 


2imr 
= 


and 
1=1 
it gives 
2 2 
E,t? 24(1 — 
where 


a 


El b 
tet? + 
felis 


In each particular case of structural combination of plate and 
stiffeners, the right-hand member of Equation [24] should be 
minimized with respect tosand a. If we let 


s = Rd 
where R is equal to the ratio n/m, the values of R and a which 


give the minimum values of r,,d*/E,t? can be calculated by the 
following equations with sufficient accuracy 


df{d 
+ 10.92 + 10.92 2| R? 


b 
+ E + 2a? + a(1 + 10929") «| = 0....[25) 


+ 10.92 (b/d)at 
d 1 + 10.92 » b/d 


where denotes the expression 

By using Equation [24], curves are drawn in Fig. 5, of which 
the abscissas are d/b and ordinates are E,J/E,bt* with values of 
rd?/E,,t? equal to 4, 5, 6, 7, 8, 9, 10, 11, and 12. 

The flexural rigidity of the stiffeners need not exceed the 
value at which the stiffeners remain straight while the plate 
buckles. The shear stress at which the plate buckles is depend- 
ent upon the edge restraint which in turn is a function of the 
torsional rigidity of the stiffeners. The only information availa- 
ble on this ig empirical data. Fig. 6 (13) gives these data in 
the form of curves. The critical shear stress for the panel is 
then calculated as 


where 


1 
n=1 
buckling shear for simply supported edges, 
(14) 
correction factor for side l,, Fig. 6 
ary of panel under consideration 


Caly 


l,, perimeter of panel 


n=1 
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CONCLUSION 


Design of the stiffeners is entirely dependent upon three fac- 
tors, namely, the geometrical properties of the plate panels, the 
materials of the elements, and the magnitude of the shearing 
forces applied. It should be borne in mind that in so far as the 
dimensions of the stiffeners are concerned, the moment of inertia 
is the only parameter which should be considered. The torsional 
effect of the stiffeners is comparatively small and thus is neg- 
lected here. 

The object throughout is to render the results capable of 
straightforward application to routine stress calculation. This 
may best be done by plotting curves for different values of 
rd*/E,t? with the ratio d/b as abscissas and EI /E,bt* as ordinates, 
as shown in Figs. 2, 3, and 5. 

When 8, t, d, E,, and 7 are known, the determination of J by 
using these curves is a simple matter. First calculate rd?/E>t?, 
thep d/b and bt8E,/E,. Project the value of d/b vertically up 


until it intersects the curve which gives the proper values of 


rd?/E,t?. From this point read horizontally to the left the 
value of J#,/bt8E,. Then the minimum required moment of 
inertia of the stiffeners can be obtained by multiplying /2Z,/ 
bts, by t8£,b/E,. However, a check must be made in order 
to make sure that the value of rd?/E,t? does not exceed the value 
obtained from Equation [27], unless the stiffeners are designed 
otherwise. 
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Stresses in a Notched Strip Under Tension 


By CHIH-BING LING,’ PASADENA, CALIF. 


Although some approximate methods previously may 
have been used to calculate the stresses in a notched 
strip with or without the aid of photoelastic observations, 
no theoretical solution seems to have been developed. 
The author has now formulated such a solution for a 
strip under tension; the strip being notched by a pair 
of symmetrical semicircular arcs on its boundaries. 
Numerical examples of the solution have been worked 
out and compared with experimental results available. 


INTRODUCTION 


HE stress analysis in a strip when it is either perforated 
ge notched by circles has long attracted the attention of 

the elastician as well as the engineer. A good deal of ex- 
perimental work has since been done by various investigators 
especially in using the photoelastic method. Such names as 
Fukuda, Satake and Capper (before 1931), Wahl and Beeuwkes 
(1934), Frocht (1935), Goodier (1941), and Drucker (1942) (1 to 
5),? may be mentioned in this connection. 

For the perforated strip, several theoretical solutions have 
also been found, which render the comparison of the experimental 
results possible, by Howland (1930), Knight (1934), Howland 
and Stevenson, subsequently (1934), and the present author 
(1944) (6 to 9). Although some approximate methods may be 
used to calculate the stresses in the notched strip, with or with- 
out the aid of the photoelastic observations (10 to 13), yet no 
theoretical solution seems ever to have been known. This draw- 
back perhaps results from the fact that the boundaries of a 
notched strip are composed of intersecting parts of different 
natures, which usually render the mathematical treatment ex- 
ceedingly complicated. However, a theoretical solution can be 
formulated for a strip notched by a pair of symmetrical semi- 
circular arcs on its boundaries. The stress function is con- 
structed with functions derived from two appropriate solutions 
of an unnotched strip. The tension problem will be dealt with 
in this paper. There is also ground to believe that this method 
of solution can be extended to cover cases of unequal notches 
subjected to more complicated stress systems in general. 

Numerical examples of the solution have been worked out 
in several cases and comparison made to show the accuracy of 
the experimental results available. 


OF SOLUTION 


Consider an infinite strip of isotropic elastic material under 
the action of longitudinal tension. Let the strip be bounded in the 
z, y-plane by lines equidistant from the z-axis. The edges of the 
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Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


Fie. 1 


strip are notched by a pair of equal and symmetrical semicircular 
notches with their centers on the y-axis. 

The length of the strip will be expressed in dimensionless 
quantity, referring to a typical length b or one half of the width 
of the strip. The edges of the strip are thus represented by the 
lines y = +1 and the centers of the notches are at the points 
(0, +1). The radii of the notches are denoted by d (Fig. 1). 

Suppose the strip to be in a state of generalized plane stress 
such that the stresses, when averaged across the thickness, are 
derivable from a stress function x which satisfies the biharmonic 
equation 


where V? stands for the Laplace operator. 
In the absence of the notches, a uniform tension T along the 
strip would be given by 


The method of satisfying the conditions when the notches are 
present is to construct series of biharmonic functions, even in 
both z and y, as required by symmetry, which give no stresses on 
the straight edges as well as at infinity of the strip. These func- 
tions are added to xo and the boundary conditions at the rim of 
one of the notches are then satisfied by adjusting the parametric 
coefficients attached to the functions. By symmetry, if the 
boundary conditions on one of the notches are satisfied, the 
corresponding conditions on the other notch are automatically 
satisfied. The series of functions is derived by differentiation 
from two fundamental solutions of an unnotched strip having 
singularities at the centers of the notches. 


Two Sets or Funcrions 


Consider first an unnotched strip under two unit normal forces 
acting at the points (0, +1), as shown in Fig. 2(a). The stress 
function of such a strip in conformity with the present notation 
is known as (1) 


2b {sinh m 
x 
0 


m? 
(1 + mcoth m) cosh my — my sinh my 


sinh 2m + 2m 


1 
cos ma — am. [3] 


It is obvious that differentiation with respect to z gives functions 
with the desired properties on the straight edges and at infinity, 
but odd derivatives must be excluded since they are not even in 
z and cannot enter into the symmetrical solution required. The 
function x, itself must also be excluded because it represents an 


unbalanced force at the center of each notch. The series of 
functions is therefore 
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dz?’ 


0'Xa 
dz*’ 


Next consider the strip under two unit tangential forces acting at 
the same points, as shown in Fig. 2(b). The stress function is 


Y 
ysl 


(a) Fia. 2 


readily shown in the form (14) 


4b yf sinh m cosh my — y cosh m sinh my 
x» = — v(m) 
m(sinh 2m + 2m) 


where ¥(m) is an arbitrary function to be determined. This 
stress function gives the following shearing stress along y = 1 


1 O*x, 2 
f cos mz dm 


By integrating over the range 0 to bz, we have 


2 i 
b dz = = f v(m) dm 
0 0 m 


From the given conditions this value is equal to —!/2 when z > 0 
and equal to'/2 whenz <0. Hence we may write instead 


= 


z @ . 
1 
0 0 m 


Comparison gives at once 


It is equally obvious that odd derivatives of the function in Equa- 
tion [5], with respect to z, also give functions with the desired 
properties. The series is therefore 


dz3’ 


Ox» 


(7) 


Since the use of any constant multiplier does not affect the de- 
sired properties, we may write the two sets of functions as 
follows: k?0 - 


2x(—1)* 
b(2k + 1)! 
2x(—1)* 
b(2k)! 
To express the functions in terms of the polar co-ordinate, 


referring to.one of the centers of the notches as pole, say, to the 
point (0, —1), we define (r, 6) by 


= 


z+iy+i=ire-* 


so thatrsin6é = zandrcosé=1+y=n7. 

It appears that each function can be separated into two parts 
such that at the pole r = 0 one part still possesses the singularity 
but the other part does not. In doing so, the integrands of the 
functions are separated in the manner 
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(1 + mcoth m) cosh my — my sinh my 

sinh 2m + 2m 
= (1 + 


2m sinh mn — 2m? n e~™" + (1 —e~?2”) (sinh mn — my cosh mn), 
sinh 2m + 2m 


2 sinh m 


tanh m cosh my — y sinh my 
sinh 2m + 2m 


2 cosh m 


2 sinh mn — 2mn — n(1 + 2”) sinh my 
sinh 2m + 2m 


+ 


The first part of the functions can be expressed in closed forms 
with the aid of the integral 


k! 
f m* e~™" cos mz dm = (k + 1)0.... {11} 


But the second part is less simple. 
will be used. 


The following expansions 


(mr)? 
cosh mn cos mz = cos 2né, 
(2n)! 
r= 


= (mr)2" +1 


sinh myn COS MI = L. (Qn +1)! 


cos (2n + 


Hence, by omitting the trivial terms which produce no effect on 
the stresses, we obtain the following expressions in the polar co- 
ordinates 


7 (2k + 3) cos (2k + 1)0 
(2k + 1) 


cos (2k + 3)6 


X2k 


2n— 1 


ove, cos 2nd — 


2" +1 Cos (2n + 


2n 22" t2 cos 2nd — 2" +2 a, +3 cos (2n + 1)6 


cos cos(2k + series in 
rik "a2, is replaced by "Bx, 


2n + 2k +1 
an = 
a ( 2k +1 )x 


(2n + 2k + 2)Jon+2k+2 + Jon+2n+1 — J2n4+2k+1 
g2n+2k+1 


2n + (2n + 2k + 1) 
n a, = 
2k +1 g2n+2k 


2k g2n +2k 


2n + 2k—1 
2n-—1 
Pr ( 2k )x 


+ (2n + 2k + 1) Jon+2e+1 
ke = 


(2n 2k) Ion+2% — Ion+2k—1 — Jon+2k-1 
g2nt+2k—1 


Bribe 
= 
y 
x ye-t 
; 
Be: 
1 
(b) 
Peak 
x 
5 
dm...... 
sin mz 
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/, and J, being given by 
m* dm 
k! Jo sinh 2m + 2m 
l 
2(k!) Jo 
* kt Jo sinh 2m + 2m 
dm 
2(k!) Jo sinh m +m 


THE Stress FUNCTION 


m* am 
sinh m + m 


(15) 


| 


Now, the required stress function may be constructed in the 
form 


x = xo + 
k=0 


(Ary + Bag {16} 


where Ax, and By, are parametric coefficients to be determined 
from the boundary conditions at the rim of the notches, that is, 
atr = \and—w/2 S$ w/2, the stresses 


The factor b?7' is introduced to render the parametric coefficients 
dimensionless. The function xo was given previously in “Equa- 
tion [2]. By omitting the trivial terms, its expression in the 
polar co-ordinates is 


1 
xo = {18} 


It is readily seen that the stress function thus constructed gives 
a uniform longitudinal tension 7 at infinity of the strip and no 
stresses along the straight edges. To express it in the polar co- 
ordinates, we readily have 


1 
= + cos 260) + L, r? 
de 
n=1 


+ (Len—1 + Leon+1 cos 2né 


=~ \(2n + + (2n + 1)Aon—2r? 


+ (2n + 


1) Lon+2 cos(2n + 1)6 


2n + 1 
[19] 
where, saven = 0 : 
L, = > ("cay + "Bry (20) 


Note that the trivial term r cos @ is included merely for uniformity 


a The stresses in the polar co-ordinates are derived as 
ollows 
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1 1 
= + — 5 008 20 


=~ \(2n — 1)(2n + 2)Bon—2  2n(2n + 1)Brm 
+ 2n+2 


+ 2n(2n — 1)Len-1 


+ (2n — 2)(2n + 1)Len+1 cos 2né 


(2n + 2)(2n + 3)Arn 


+ 3)Aon-2 
n=@Q 


—2n(2n— 1) Lear 


— (2n — 1)(2n + 2)Len+2 | cos(2n + 


(2n — 2)(2n — 1)Bon-2 


= 2n(2n + 1)Ben 
+) + 


n=l 


+ 2n(2n — 1)Lon—1 
+ (2n + 1)(2n + 2)Lon+1 cos 2né 


2n(2n — 1)Aon-2 (2n + 2)(2n + 3)Am 
panti 


> 2 


n=0 


— 2n(2n — 1)Lon 


— (2n + 2)(2n + 3)Lon+2 ant cos (2n + 


1 2x) 
wT ar \r 0 
1 
= = sin 20 — > 
2 r2" 
n=1 
(2n + 1)Bon 


— (2n + 1)Len+1 of sin 2n9 


(2n + 2)(2n + 3)Arm 


=~ \on(2n + 1)Aon—2 
n=0 


+ 2n(2n — 


+ (2n + 1)(2n + 2) Lon+2 onl sin(2n + 1)6 


.. (21) 
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[22] 


(23) 
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BouNDARY CONDITIONS AT THE Rim 


To satisfy the boundary conditions at the rim of the notches 
the stresses rr and 7@ in Equations [21] and [23], respectively, are 
first expanded at r = A into Fourier series between @ = — x/2 
and @ = x/2 as required by the rim. It develops that the re- 
sulting expansions contain terms of cosines or sines of even mul- 
tiple of 6 only. The terms of odd multiples of @ are expanded 
into the following series 


4 (—1)" 
cos (2n + = )2@n + 
(—1)"+8 (2n + 1) 
+ 1)? cos 280 . [24] 
4 (—1)"t*2s_, 
280 
sin (2n + 1) (Qn + — 4s? sin 2s' 
Also, for simplicity we denote 
Ben’ = (2n + 1)Ban 


Then we have 


1 1 1 1 
T = 9 — 5 fo — 5 008 28 


(2n + 2)Bon—2' + 2n + 2n Lon-1' 


n=1 


. [26] 


+ (2n — 2)Len+1' + fnpcos 2nd = 0 
‘ 
z (rela = 5 sin 20 — 2n Bon—2' + Ban’ 
2 


— Len—1' — Len+1' + gn? sin 2nd = 0 


For brevity, the notations of fn, gn will not be shown here. The 


boundary conditions at the rim are thus satisfied if the coefficient 
of each term vanishes identically, that is 


and forn 2? 1 


1 
5 bm + (2n + 2)Bon—2’ + 2n Bo,’ + 2n Lon-1' 


+ (2n — 2)Lan+1’ + fa = 0 [28] 
1 
bin + Bon—2’ + Ban’ — — Leon+1’ 


+ gn =0 | 


where 6,,,,, is the Kronecker delta which is equal to unity when 
n = mor to zero when n + m. 
The set of equations may be replaced by the following set 


Bon—2! + 2n Lon—1' + (2n — 1)Len41' 


+ (2n — 1)F, + [29] 
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1 
fo + 0 


‘ . . [30] 
Gn + Len-1' + 2 Len4+1' + Lan+3’ + 4 =0 
where . 
@ \ 
FP, = ("b2s—2 A2s—2’ — Las’) 
[31] 
G, = ("W2s—2 Azs—2’ — "voy Las’) 
in which 
8(—1)"+8(2s + 1) 
"$2s-2 = 
3 {4s? — (2n — 1)?}(2n + 2s + 1) 
4 
"Yos—2 = — "t 
2 2s — 1 


8(—1)"*+* (23 — 1) 


{48 — (2n — 1)*} (Qn — 28 + 1)’ 
n 4 n+1 
2n — 28s — 1 


A formal solution of the set in Equations [29] and [30], par- 
tially by the method of successive approximations, may be as 
follows: Write, forn 2 0 


An’ = Ag’®), Ba’ = [33] 
p=0 p=0 
As a first approximation, let forn 2 1 


Solve A.,’© from 
bos A:,’© 
.. [35] 


Nie 


> "i, = — din, (n? 1) | 
s=0 


Then compute Boy — 2’ from 


"br, Ase’, > 1)..(36] 


1 


s= 0 
Subsequent approximations are as follows: For p ? 1 


k=0 
) 
> po, Ags’? = + > 
s=0 s=1 
[38] 
As,'®) oe — 2 Lon+1' f 
s=0 
"Vas 
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and 


Bon—2'® = —2n Lon— 
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sical considerations, it seems unlikely that there will be divergence 
when ) is less than unity. However, for brevity, no further in- 
vestigation will be pursued here. The convergence of the solu- 
tion will be illustrated by the numerical examples which follow. 


— (2n— 1) ("2s—2 — Lae’). . [39] NUMERICAL EXAMPLES 
et The foregoing solution will be worked out in some detail for the 
1 1 
where cases 4 = 4 and A = 2 The values of J, and J, given in 
= Bay! = 2k+1 Table 1 were first found by Howland (6, 8). Their asymp- 
2k + 2 2k + 1 totic values are 


To solve the infinite set of Equations [35] or [38], the laborious 
method of elimination of unknowns has to be used in which the 
set is first reduced to finite by taking only the first m equations 
involving the first m unknowns. If the right-hand sides of the 
sets be denoted in general by a,”), the solution may be written as 


[, agrees with the asymptotic value when k > 20, and J, be- 
comes negligible in comparison with 7, when k > 16. Then 
and "82,’ are readily computed for any given. The calcu- 
lation of "$2., "Ya, ... is straightforward, but the subsequent cal- 
culation of "y, is somewhat laborious. For brevity, their values 
are not shown here. The resulting values of A2,,’, Ben’ and L,’ are 


m—1 given in Tables 2and3. The coefficients under the column \ = 0 
An'® = ny, a,”), (n=0,1,2,...,m—1)..{41] in Table 2 are converted from Maunsell’s results which are the 
re * first 10 coefficients found by taking m = 15. They are used as 


where "y, are absolute constants independent of \ and deter- 
minate from 2, and "Yrs. 

This completes the solution of ie problem. It may be noted 
that the first approximation L,,’ = 0 is in fact corresponding to 
the limiting case \ = 0, or physically to a semi-infinite plate in 
which the opposite boundary is indefinitely apart. The first 
approximation is thus equivalent to Maunsell’s solution (15) 
except that the corresponding parametric coefficient differs from 
the other by a constant multiplier. Therefore, the subsequent 
approximations are indeed corrections of the effect of the eopeie 
boundary. 

Further, it may be noted that the foregoing solution is valid in 
so far as the Series [33] is convergent. From the preceding phy- 


TABLE 1 VALUES OF Ik AND Jé 


the first approximations in the other two cases. It appears that 
the convergence of the successive approximations is sufficiently 
rapid to warrant the applicability of the process to these cases. 


1 
For instance, when \ = ry the fourth approximation is prac- 


tically negligible. 
smaller. 

It is now rather straightforward to compute the stress at any 
point in the strip. The most important, however, is the stress 
along the rim of the notch. It can be shown readily that this 
stress is given by 


T [00], = 1 + + 


The convergence is more rapid when  X is 


+4 (Lan+1’ — Ban—2’ + H2n) cos 2n8.. . [43] 


n=1 
k Ik Jk k Ik Jk h 
1 0.76858 0.22012 11 0.99720 0.00023 — 
2 0.76784 0.08792 12 0.99846 0.00012 4 \(—1)" Ly’ 
3 0.82771 0.04336 13 0.99916 0.00006 
4 0. 88353 0.02257 14 0.99954 0.00003 
5 0.92549 0.01192 15 0.99976 0.00002 
1)"+#(2s + 1)(A Loe +2" 
7 .00329 1 .999 — 9 
0.98439 0.00171 18 0.99996 (28 + + [44] 
9 0.99095 0.00088 19 0.99999 4n? — (2s + 1)? 
10 0.99492 0.00045 20 0.99999 s=1 


TABLE 2 VALUES OF Aan’ AND Ban’ 


2 at ae 
0.65501 


—0.79247 


A= ~ A= ~ 
Ban’ 
—0.78165 


—0. 01342 —0.01382 —0 
0.00831 0.00848 0.00274 .01047 
12 .00031 —0.00538 —0.00027 —0.00547 —0.00094 .00645 
14 0.00038 0.00356 0.00043 0.00356 0.00066 .00444 
16 —0.00067 —0.00235 —0.00061 —0.00247 —0.00074 .00292 
18 0.00076 0.00146 0.00068 0.00150 0.00076 00186 
—0.00044 —0.00050 


TABLE 3 VALUES OF Ly’ The following results are obtained: 


Lan’ Lan’ 6 {| 15° 30° 45° 60° _75° 
—0.00775 —0. 04666 —0.01327 —0. 15384 

2 —0.15384 X= 3.170 2.900 2.199 1.297 0.483 0.070 0 
—0.02419 —0. 02039 —0.06953 —0_05979 A= 4 | 3.602 3.288 2.546 1.556 0.610 0.093 

—0.01144 —0. 00833 —0.03191 —0.02363 

i ee Pen —0.00302 —0.01226 —0. 00836 The results can be considered as satisfactory since the co- 

—0:00034 00158 =o 00087 of cos in Equation [43] is only 0.0018 for or 

me = .0028 for \ = '/;. Besides, the first three coefficients are much 


more predominant than the subsequent ones. Their sums are 


; 
] 
| 
« 
8 
] 
5 
2 0.33908 —0.65212 0.33200 —0. 64248 0.30040 —0.64090 
4 —0.05755 —0.04397 —0.06106 —0.03766 —0.10514 +0.02438 
7] 
Pos 
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equal to 3.197 and 3.620, respectively, while the sums of the next 
eight coefficients (algebraically) are only —0.027 and —0.018. 

The maximum stress in the strip always occurs on the rim at 
the point @ = 0 or the “crown” of the notches. The stress- 
concentration factor, or the ratio of the maximum stress at the 
minimum section to the mean stress at the same section, is now 
readily computed and is shown herewith. From physical con- 
sideration, this factor decreases with increase of \ and becomes 
unity as \ approaches unity. In other words, the distribution 
of stresses across the minimum section becomes more uniform 
when the section becomes narrower: 


| 0, 0.25, 0.5, 
Stress con. factor | 3.065, 2.378, 1.801, 1 


The value in the limiting case \ = 0 is found by the author by 
using a different method (16). Fig. 3 shows the results graphi- 


per 
LR 
4 
Bis 
OWahl and Beeuwkes 
O Frocht 


Fic. 3 THe Stress-CoNCENTRATION Factor 


cally, where the experimental values available are also plotted for 
comparison. 
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On the Use of Power Laws in Stress Analysis 
Beyond the Elastic Range 


By ALICE WINZER? ano W. PRAGER,* PROVIDENCE, R. I. 


In a recént paper A. A. Ilyushin drew attention to the 
remarkable simplicity which the theory of plastic deforma- 
tion assumes when the secant shear modulus is taken as 
a power of the octahedral shearing stress. In the present 
paper Ilyushin’s results are discussed in connection with a 
specific example and it is shown that great caution is 
indicated in the use of such power laws. 


INTRODUCTION 


‘ ‘ J HEN all loads applied to an elastic body increase slowly 

at the same relative rate, all stress components at any 

point of this body increase at the same relative rate, 80 

that the stresses remain proportional to the loads throughout the 

loading process. This follows immediately from the linearity of 
the fundamental equations of the theory of elasticity. 

In a recent paper, A. A. Ilyushin‘ drew attention to the re- 
markable fact that this proportionality between loads and 
stresses subsists for a large class of nonlinear stress-strain rela- 
tions, all of which let the secant shear modulus be proportional to 
a power of the octahedral shearing stress. The Russian author 
argued that, segmentwise at least, any nonlinear stress-strain 
relation could be represented with sufficient accuracy by such 
power laws, and therefore that the stress components should in- 
crease at approximately the same rate as all loads quite inde- 
pendently of the particular stress-strain law used in the analysis. 
Since this argument does not seem convincing, it appears worth 
while to test the Russian author’s conclusion by an example where 
the stress analysis actually can be carried out for various stress- 
strain laws. Such an example is the rotationally symmetric 
state of plane stress produced in a large disk with a small circular 
hole by radial pressure which is uniformly distributed over the 
boundary of the hole. 

To make the paper self-contained, the stress-strain relations 
of the so-called theory of plastic deformation® are discussed in 
the next section. Ilyushin’s main result is then derived in a 


' The results presented in this paper were obtained in the course 
of research conducted under Contract N7onr-358 sponsored jointly 
by the Office of Naval Research and the Bureau of Ships. 

* Research Assistant in Applied Mathematics, Brown University. 
of Applied Mechanics, Brown University. Mem. 

‘“The Theory of Small Elastic-Plastic Deformations” (Russian 
with English summary), by A. A. Ilyushin, Prikladnaia Matematika i 
Mekhanika, vol. 10, 1946, pp. 347-356. 

r * This terminology was introduced by A. A. Ilyushin in his paper 

Relation Between the Theory of Saint Venant-Lévy-Mises and the 
Theory of Small Elastic-Plastic Deformations” (Russian with Eng- 
lish summary), Prikladnaia Matematika i Mekhanika, vol. 9, 1945, 
pp. 207-218; see also ‘‘An Introduction to the MatiematicalTheory 
of Plasticity,” by W. Prager, Journal of Applied Physics, vol. 18, 1947, 
pp. 375-383. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tae American Socrery oF MecHaNIcaL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 12, 1948, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


simplified manner for the special case of plane stress with rota- 
tional symmetry. Finally, the afore-mentioned example is worked 
out for two different stress-strain laws. It is found that the 
proportionality between stresses and loads does not extend to 
stress-strain laws for which the secant shear modulus is not 
strictly proportional to a power of the octahedral shearing stress. 


Srress-STRAIN RELATIONS 


According to the convenient terminology suggested by A. A. 
Ilyushin, a “theory of plastic deformation” is characterized by a 
stress-strain law which establishes (nonlinear) relations between 
the instantaneous stresses and strains. For perfectly plastic 
materials such stress-strain relations were first discussed by H. 
Hencky,* for materials with strain-hardening by A. Nadai.’ 
In the following, only materials with strain-hardening will be 
considered. 

If the principal stresses and strains are denoted by a, a2, o: 
and «1, €2, és, respectively, Hooke’s Jaw for an incompressible elastic 
solid can be written in the form 

— G2 


= = . 


€2 €2 — €3 


where Gp denotes the shear modulus (in the elastic range) and 
at+ata=0 


on account of the assumed incompressibility of the material. 

To provide a complete specification of the relation between 
stresses and strains in an incompressible elastic body, Equation 
[1] must be supplemented by the statement that the principal 
axes of stress and strain coincide. 

Equation [1] is easily generalized to yield a typical stress-strain 
relation of the “deformation type’’® 
03 


where the ‘‘secant shear modulus” G is assumed to be a function 
of the ‘‘octahedral shearing stress” 


Vo — 62)? + — a3)? + (03 — a1)? 


or, what amounts to the same, a function of the “stress intensity” 


Here, too, the principal axes of stress and strain are supposed to 
coincide. 


¢*‘Zur Theorie plastischer Deformationen und der hierdurch im 
Material hervorgerufenen Nachspannungen,” by H. Hencky, Zeit- 
schrift fiir angewandte Mathematik und Mechanik, vol. 4, 1924, pp. 
323-334. 

7 Plasticity, a Mechanics of the Plastic State of Matter,” by A. 
Nadai, McGraw-Hill Book Co., Inc., New York, N. Y., 1931, p. 75. . 

* For more general stress-strain relations of this type see ‘‘Strain- 
Hardening Under Combined Stresses,” by W. Prager, Journal of 
Applied Physics, vol. 16, 1945, pp. 837-840, and ‘General Stress- 
Strain Laws of Elasticity and Plasticity,” by A. Gleyzal, Jour- 
NAL OF AppLieD Mecnanics, Trans. A.S.M.E., vol. 68, 1946, p. 
A-261, where compressibility is taken into account. 
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For simple tension, for instance, o. = o; = 0,/] = o, ande = 
és; = —«,/2 on account of the assumed incompressibility of the 
material. Equation [3] then reduces to 


where the “secant modulus” #H = 3G depends on] = a. 
For plane stress, o; = 0 


I = V + — [6] 


and 

In this case, Equation [3] yields 

= 2G(2e, + 


where the secant shear modulus G, is a function of the stress in- 
tensity J, defined by Equation [6]. 


PLANE Stress WitH RoTaTIONAL SYMMETRY 


In the following discussion of plane stress with rotational 
symmetry, the subscripts 1 and 2 will be taken as referring to the 
radial and circumferential directions, respectively. If u = u(r) 
denotes the radial displacement at the radius r, the radial and 
circumferential strains are given by 


= du/dr = wu’, = 


Here, as in the following, differentiation with respect to r is de- 
noted by the prime. In the absence of body forces, the stresses 
must satisfy the equilibrium condition 


Typical boundary conditions for the plane stress problem with 
rotational symmetry are obtained by considering a ring of the 
interior radius ro, and the exterior radius 7, subjected to radial 
pressures p and g, which are uniformly distributed over the cir- 
cumferences r = ro and r = 7, respectively. In this case the 
boundary conditions for the radial stress 0; = o:(r) are 


= —p, = {11} 


For an elastic ring the final stress distribution depends only 
upon p and g but not upon the precise manner in which these 
pressures have been applied to the originally stress-free ring. 
For a plastic ring, however, the manner of loading must be speci- 
fied if a well-defined problem is to be obtained. The stress analy- 
sis is greatly simplified if it is assumed that p and q increase at 
the same relative rate, i.e., that the ratio \ = g/p remains con- 
stant during the loading process. (This condition is automatic- 
ally fulfilled if g = 0, for instance.) 

In the case of an elastic ring all stresses will then increase pro- 
portionally to p. It seems worth while to investigate under what 
conditions this proportionality holds in the case of a plastic ring. 
Set 


= o2/ ERE [12] 
where s; and s; are functions of r, which do not involve the pres- 


sures p or g = Ap. The equilibrium condition, Equation [10], 
will be fulfilled for all values of p if 


= o1/P, 
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With Equations [12], the definition, Equation [6], of the stress 
intensity J can be written as 


where 


is a function of r, but independent of p. As is seen by dividing the 
first Equation [8] by the second, the ratio (2e, + e}/(e, + 2e,) 
and hence the ratio ¢,/e. must be independent of p. In view of 
Equations [9], this means that u’/u is independent of p, i.e. 


or 

[18] 


With e, = U’ and e, = U/r, the radial and circumferential straing 
are then given by 


= f(p)a(r), 


When these relations and Equations [12] and [15] are substituted 
into the stress-strain relations, Equations [8], and all terms in- 
volving p are brought to one side, it is found that the expression 
G(pJ)f(p)/p must be independent of p, where J is a function of r. 
As shown in the Appendix, this means that G must be propor- 
tionai to a power of its argument 


G(pJ) = 


= S(p)ea(r) {19} 


where c is a constant. The function f(p) is then seen to equal* 
p™*!, so that G(pJ)f(p)/p becomes independent of p. Thus 
it has been established that if the secant shear modulus @ is 
inversely proportional to the mth power of the stress intensity /, 
and if the ratio \ = q/p is kept constant during the loading of 
the ring, all stresses increase proportionally to p and all displace- 
ments and strains proportionally to p™*!, 

Example. Consider an infinite disk with a circular hole of the 
radius ro, the boundary of the hole being subjected to uniformly 
distributed radial pressure p and all stresses vanishing at in- 
finity..°. This constitutes a limiting case of the ring problem 
considered in the preceding section: ©, g—~ 0. Since 
\ = q/p = O remains constant during the loading process, all 
stress components will increase proportionally to p, provided 
that the secant shear modulus is chosen in accordance with 
Equation [20]. 

Since s, s2, and U must tend to zero as r tends to infinity, it. 
seems natural to set 


8, = a,(ro/r)%, = a,(ro/r)%, U = b(ro/r)8..... 


where a, b, a > 0, and 6 > 0 are suitable constants. Substitution. 
of these expressions into Equations [13] and [14] yields 


a = 


Similarly, substitution of Equations [18] and [21] into Equations 
[8] and use of f(p) = p™*! yields 


® Note that any multiplicative constant can be absorbed in U(r). 
in Equation [18]. 

10 This problem has recently been discussed for various stress-strain 
laws of the deformation type in “Ein rotationssymmetrischer Span- 
nungs-und Verzerrungszustand einer gelochten Scheibe bei nicht- 
linearem Spannungs-Dehnungsgesetz,’’ by E. Melan, Oesterreichisches: 
Ingenieur-Archiv, vol. 1, 1946, pp. 14-21. 


. 
art 
= 
gee Bc and the boundary conditions, Equations [11], will be satisfied if 


— 


=(m+)la—l 


1—26 
2— B [23] 
| 
ar 
b= (a,? + a,? — aya,)™/? 


According to Equation [22] 


a, 


If this is substituted into the second Equation [23], the resulting 
equation, together with the first Equation [23], and the condition 
B> 0, yields 


B=1+m/2 


B+1 


a 


For an elastic material, m = 0 and hence a = 2, 8 = 1. 


20; + 


006 007 008 


Fie. 1 Strress-Stramn DiaGRAMS 


(248-T aluminum alloy, full line; power law according to Equation [26], 
dashed curve OAB; more realistic ria straight line OA, and dashed curve 
AB.) 


The dotted line in Fig. 1 shows the stress-strain diagram in 
simple tension or compression which corresponds to the relation, 
Equation [20], with 


16 X 10% 


For comparison, the stress-strain diagram for 24S-T aluminum 
alloy is shown by a full line in Fig. 1. Beyond the elastic range, 
this stress-strain diagram does not deviate too much from the 
dotted line which corresponds to Equation [26]. 

With ¢ = (16 X 10"5)/3 and m = 2, in accordance with Equa- 
tion [26], Equations [25] yield 8 = 2, a = 1. The first Equation 
[22] shows then that a2 = 0, and the last Equation [23], together 
with the second Equation [22], gives 


To 
6 = — 
32 X 
Thus 
P, = 0, u 32x [27] 


In the last of these equations, ro and r must be expressed in 
‘Inches and p in pounds per square inch. 
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The stresses and displacements, Equations [27], would occur 
in a material which has the dotted line in Fig. 1 as stress-strain 
diagram. It is interesting to compare these stresses and dis- 
placements to those corresponding to a more realistic stress-strain 
diagram. The particular diagram used in the following consists 
of a segment OA of a straight line, corresponding to a Young’s 
modulus of Zy = 10? psi and extending to a stress of 40,000 psi, 
and of the dotted line AB of Fig. 1. In other terms, the secant 
shear modulus has the constant value 


as long as the stress intensity J does not exceed J; = 40,000 psi 
and is given by Equations [26] for larger values of the stress 
intensity. When this stress-strain law is applied to the problem 
just studied, the exterior of the circle r = ro must be divided into 
two regions. For ro Z r < R(p) the stress intensity will exceed 
the value J;, and the secant shear modulus is given by Equations 
[26]; for r > R(p), on the other hand, the stress intensity will 
not exceed J;, and the material behaves elastically with the shear 
modulus, Equation [28]. Atr = R(p) the stresses o;, 72 and the 
displacement u must remain continuous. 

If the radial stress at the as yet unknown radius R(p) is denoted 
by —n, the stresses and displacements in the elastic region r > 
R(p) are given by" 


R\* R? 


For r = R, Equation [29] yields o, = —o: = —p,, and hence 
the stress intensity 


T= Vo: + o2? — = V3 


Since] =], forr=R 


When a value of FR is assumed, Equations [29] and [31] deter- 
mine therefore the stresses and displacements in the elastic region 
r>R. 

As regards the stresses and displacements in the plastic region 
r < R, it is convenient to set? 


S: = o:/m, S: = o2:/p, p = r/R....... [32] 


If these expressions are substituted into Equations [8], and the 
resulting equations solved with respect to e, = du/dr, and es = 
u/r, the following equations are obtained 


du Pi 

Rip 3 (33] 


11 See, for instance, 8S. Timoshenko, ‘‘Theory of Elasticity,’’ Mc- 
Graw-Hill Book Co., Inc., New York, N. Y., 1934, p. 56, equation 
[40]. The constant C appearing in this equation must be set equal 
to zero because the stresses are to vanish at infinity; the constant A 
must equal —p:R? if o1 = —piforr = R. After the stresses are deter- 
mined, the displacement u is found from 

u 1 
3Ge (es ) 
(Note that, on account of the assumed incompressibility of the ma- 
terial, Poisson's ratio equals '/2 and Young’s modulus 

12 Note that Equation [12] defines s: and sz as stresses made di- 
mensionless by dividing by the pressure p at the hole, whereas Equa- 
tion [32] defines S: and S: as stresses made dimensionless by dividing 
by the compressive radial stress »: at the boundary between the 
elastic and plastic regions. 


| (24) 1 1 
| 
ps 
| | 
40,0004 
3 
) 
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where 
16 X 1015 
3p:2(S,? + — S182) 
in accordance with Equation [26]. In Equations [33] and [34], 


the quantity S; can be expressed by means of the equilibrium 
condition, Equation [10], which yields 


If, finally, the displacement u is eliminated between the two 
Equations [33], an ordinary differential equation of the second 
order is obtained for the function S; = S,(p). This equation can 
be written in the form 

= Si’ 3S,? + + 47(S,’)? 
p Si? + + 


where the primes denote differentiation with respect top. Atr = 
R, i.e., at p = 1 


Fic. Stress Si; AND CIRCUMFERENTIAL STRESS S2 IN 
InFINITE Disk WiTH Hove or Rapivus ro UNDER RADIAL PRESSURE 


(The plastic domain extends to R = 10re/9; dashed curve corresponds to 
power law, Equation [26], which gives S: = 0, full lines to more realistic law.) 


Te) li i3 i4 is 18 20 
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Fie. 3 Raprat Str 1 AND CIRCUMFERENTIAL Stress S: IN 
InviniteE Disk WiTH E OF Raprius ro UNDER RapiaL PRESSURE 
(The tic domain extends to R = 4re/3; dashed ds to 

_Power law, Equation [26], which gives S: = 0, full lines do mare seelietle. law.) 
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and S; = 1 or, according to Equation [35], d(pS,)/dp = 1, i.e. 


Equations [37] and [38] constitute the initial conditions under 
which the differential Equation [36] must be integrated for p < | 
Since analytical integration is out of the question, numerical 
integration by the Runge-Kutta method, for instance, must be 
used. For p > 1, Equations [29] give 


Typical graphs of S,; and S; versus r/ro are shown in Figs. 2 
and 3, for which R = 10ro/9 and R = 4ro/3, respectively. If the 
secant shear modulus were assumed to be given by a power law in 
accordance with Equations [20] and [26], S; would be represented 
by the dotted lines in Figs. 2 and 3, while S; = 0 in accordance with 
Equation [27]. It is seen that there exists a sharp disagreement 
between the stress distributions predicted (a) from the power 
law, Equation [26], which corresponds to the dotted stress-strain 
diagram in Fig. 1, and (b) from the more realistic stress- 
strain law corresponding to the line OAB in Fig. 1. 
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Appendix 


Proof of Equation [20]. Jt follows from the discussion im- 
mediately preceding Equation [20] that G(pJ) is the product of 
a function of p by a function of r; accordingly 


Op or 


log G(pJ) = 0 


or, what amounts to the same 


Now 
G' 


>, log Gin) {41} 


where the prime denotes differentiation with respect to the argu- 
ment z = pJ of G. Substitution of Equation [41] into [40] yields 


o/.@ 


which is equivalent to 


Equation [42] shows that 


z2— = const = —m 
G 


say, or 
dG —mdz 
43 
G (43) 


Integration of Equation [43] yields Equation [20], where c is 
constant of integration. 


| 
dp S, = —S, = [89] 
| 
G 
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Note on the Tightness of Expanded 
Tube Joints 


By G. SACHS,? CLEVELAND, OHIO 


A simple theoretical evaluation of the conditions con- 
ducive to maximum tightness of a tube joint is presented. 
The residual pressure between tube and plate, which can 
be considered as a measure of the tightness, possesses a 
maximum at certain tube dimensions. __If tube and plate 
are of the same material, the tightness increases with in- 
creasing ratio of outside to inside diameter of the tube, up 
to a ratio of 1.4. If the tube is made from a metal suffi- 
ciently stronger than that of the plate, the residual pres- 
sure becomes larger, possessing a maximum at a ratio of 
1.65 of the tube diameters. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


2a = inside diameter of tube 
2b = outside diameter of tube and diameter of hole in plate 
k = yield strength 
k, = 1.10k = average flow resistance of material subjected 
to a varying stress state 
k, = k, for plate 
k, = k, for tube 
Pg = applied internal pressure in joining 
Py» = pressure at interface between tube and plate on joining 
(p’), = elastic pressure at r = b, if a plate having a hole diam- 
eter 2a was able to withstand elastically a radial pres- 
sure Pg 
p"), = residual pressure at interface between tube and plate 
radial co-ordinate 
s, = radial stress 
s. = tangential stress 


ll 


TiGHTNEss oF TuBES ExpANDED IN TuBE SHEET 


The problem of joining a tube to a boiler plate or tube sheet 
by expanding has been repeatedly investigated, both experi- 
mentally (1, 2)% and theoretically (3, 4). Among other fac- 
tors, it is assumed that the tightness of a joint is dependent upon 
the residual pressure retained after joining at the interface be- 
tween tube and plate. A rather elaborate analysis of these re- 
sidual stresses has been made by Goodier and Schoessow (3). In 
their paper, the influence of tube dimensions and different yield 
strengths of tube and plate was investigated, among other fac- 
tors. 


‘This paper resulted from a research project conducted at the 
Case Institute of Technology (formerly Case School of Applied 
Science), Cleveland, Ohio, in co-operation with the Office of Naval 
Research, Washington, D. C. 

? Research Laboratory for Mechanical Metallurgy, Case Institute 
of Technology, Cleveland, Ohio. Mem. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tue AMERICAN SocreTy oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 12, 1948, for publication at a later date. Discussion 
received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fig. 1 Scuematic REPRESENTATION OF JOINING TUBE TO PLATE 
(a, Expansion of tube only; b, expansion of both tube and plate; c, joint.) 


In the following discussion this problem is again attacked 
analytically in a considerably simplified manner. Lucid equa- 
tions are obtained for the residual stresses, which can be adapted 
readily to conditions other than those treated here. The numeri- 
cal values resulting from these equations were found to be 
slightly different from those reported by Goodier and Schoessow 
(3). 

For the purpose of analysis, the process of joining is visualized 
as follows, Fig. 1: An internal pressure p,, is applied to the 
loosely inserted tube until it becomes entirely plastic. The tube 
then expands a small amount until it encounters the resistance 
of the plate. The expanding pressure p,, then increases gradually 
against a pressure p,, built up by the plate, until a maximum 
pressure is reached. At this maximum value either the tube or 
the plate flows continuously, if an ideal plastic metal is con- 
sidered. Finally, the pressure p,, is removed. This unloading 
changes the stresses in the assembly in a purely elastic manner. 
Therefore these unloading stresses are equal to but of opposite 
sign to those which would be created in the assembly by a pres- 
sure p,, if it would maintain its elasticity. For the calculation 
of these stresses, the assembly can be considered simply as a plate 
with a reduced hole diameter, 2a. 


CALCULATING STRESSES 


1 The radial stresses in a tube, subjected to both an internal 
and an external pressure, are obtained from the general differ- 
ential equation for tubular bodies 


ds, dr 


— 8, r 


Considering that in expansion s, is usually the largest principal 
stress and s, the smallest, the following simplified general condi- 
tion of plasticity can be used 


Substituting this condition in Equation [1] yields the differential 
equation 

ds, _ dr 

The integration of this equation for the boundary conditions, 


r = a,8s, = —p,, andr = b, s, = —p,, yields one relation be- 
tween the pressures 


3 
| 
| 
h 
t 
r 
- 
¥x 
f 
“ic 
: 
. 
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It must be noted that in the absence of axial compression (i.e., 
for a condition close to plane-stress state) the value p,/k, in this 
equation cannot exceed unity. Otherwise, the tangential stress 
would become a compression, according to Equation [2], which is 

“not in agreement with the assumption regarding the extreme 
principal stresses. 

2 An extended plate, subjected to a sufficiently high radial 
pressure in a hole, consists of an inner plastic layer and an outer 
elastic layer. The inner plastic layer is again a flat tube or disk 
subjected to both an internal and an external pressure. Conse- 
quently, the internal pressure again cannot exceed a value,‘ 
ky 1. 

3 The elastic radial stress in a plate having a hole with a 
diameter 2a, and subjected to an internal pressure p,, is gener- 
ally 


a? 
(s r? 
and forr = b, (s’), = —(p’), 
a? 4 
(p’)b = Da [5 


4 The residual pressure at the interface between tnbe and 
plate is consequently 
(p"), = Po — 
Substituting the values p, and (p’), from Equations [4] and 
[5], respectively, then yields an equation for the’ residual pres- 
sure in terms of the applied pressure 


kp ) | 


Or substituting p, from Equation [4] results in a relation between 


the residual pressure ‘and the pressure at the interface during 
inserting 


(p")e ( b 
ky k, 


5 Equation [6] is useful and can be simplified for the case 
that the tube and plate consist of the same material. Then 
k, = k, = k, and the applied pressure cannot exceed a value 


Pe = k,. Consequently, the maximum possible residual pres- 
sure becomes 
(p"), a b 
ky (8) 


This function is illustrated in Fig. 2. A maximum residual 
pressure is obtained when b/a is between 1.3 and 1.5. This pres- 


4 This again applies only for the plane-stress state. However, 
with increasing plate thickness, the stress state deviates increasingly 
from the plane-stress state. Correspondingly, much higher pressure 
appears possible if the ratio of plate thickness to hole diameter is 
large. 
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Fig. 2 DEPENDENCE OF RESIDUAL PRESSURE IN TUBE JoInTs Upon 
TusBE DIMENSIONS 
(kt = flow stress of tube; kp = flow stress of plate.) 


sure is approximately 0.15k;, or 17 per cent of the yield stress.5 

6 Larger residual pressures are obtained if the yield strength 
of the tube is sufficiently large to obtain the maximum pressure, 
Pp, = k,, at the plate hole during loading. This value of k, is 
then again determined by Equation [4] making p, = k, 


With these values, Equation [7] assumes the form 


(p”) a? 1 
1—I1n - 
a 


The values determined by Equations [9] and [10] are also shown 
in Fig. 2. A maximum residual pressure is now obtained for b/a = 


1.65, being 2» 


= 0.265, or approximately 30 per cent of the 


P 
yield strength for the plate. To achieve this purpose the tube 
must possess a yield strength approximately twice that of the 
plate. For a value of b/a = 1.4, the residual pressure can also 
be increased by approximately 50 per cent, by using a tube 
metal which is 50 per cent stronger than the plate material. 
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6 Considering that k; on the average is approximately 10 per cent 
greater than the flow stress in uniaxial tension or compression. 
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Po Po = ln - 4 
| 
WAG 


ON 


Torsion of a Rectangular Tube 


By J, M. KLITCHIEFF,! BELGRADE, YUGOSLAVIA 


Fig. 1, the axis of Z along-the center line and the axes of 

z and y parallel to the principal axes of inertia of the cross 
sections at their centroid. Then the stress components are given 
by the equations 


| ET us take the origin at the upper end of a twisted prism, 


where ¢ is a function of z and y which must satisfy thé equation 
C 
Oy? 


within the boundary of the cross section, where C denotes an 
arbitrary constant. The boundary condition is ¢ = const. 


We introduce a new function y 
@ = —1 + + const 


Then y¥ must be a plane harmonic function and the boundary 
condition becomes 


D being an arbitrary constant, which can be taken as zero over the 
outer boundary of the cross section. We take the well-known 
torsion function for the squarez = +1, y= +1 


cosh (n + '/2)ry cos (n + 
(2n + 1)% cosh (n + !/2)e 


[2] 


which is a plane harmonic function within the square and satis- 


In a previous work, the author proposed a method of finding 
the function ¢ for the cross section shown in Fig. 2 by conformal 
transformation of this region upon a circular ring. It will be 
shown later that this problem can be solved in a much simpler 


' Department of Applied Mechanics, Belgrade University. 
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cussion received after the closing date will be returned. 
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fies the boundary condition Equation [1], at the square, if we 
take D = 0. If we put the same function, Equation [2], in 
Equation [1] and take another value for D, this equation will 
represent a curve, and the boundary condition will be satisfied 
over the curve. If this curve lies within the square it may be 
considered as a boundary of a cross section for which the func- 
tion, Equation [2], holds as the torsion function. 

The biggest area for which Equation [2] holds as a torsion func- 
tion is the area of the square itself with D = 0. The smallest one 
would be the point z = 0, y = Owith 


1 1 \ 
x/2 27 cosh 3x/2 
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The curves shown in Fig. 3 correspond to D = —QO.1185; 
—0.2370; —0.3555; and —0.4740, respectively, the co-ordinates 
being calculated from Equations [1] and [2] by approximations. 

Equation [2] holds as torsion function too for a cross section 
bounded by any twof the curves, say, by the square itself (D = 
0) and by the curve D = —0.1185, Figs. 2 and 4. The stress 
components are 


8 sinh (n + '/2)ry cos (n + '/s) rx 
= — 1)* 
1? ( ) (2n + 1)? cosh 


cosh (n + !/2)ry sin (n + dies 
(2n + 1)? cosh (n + !/9)r 


The greatest shear stress at the middle of a side of the square 


is 
x? (2n + 1)? cosh (n + V/o)ar 


n=0 


The twisting couple will be M = — yX,)dA 
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(2n + cosh (n 
n=(0 


f fv cosh (n + '/2) ry sin (n + '/2)ra 
—y sinh (n + ry cos (n + wajdxdy = rda 


(2n + cosh (mn + 0 


n=0 


so we have 


1 
(n + x sin (n + wrdx — y cosh (n + ry 
” 0 
sinh (n + '/2)ry 
(n + 


where 7 denotes the ordinate of the inner boundary. Calculating 
these integrals by Simpson’s rule with eleven ordinates the author 
found C = 2.40 M, so that the greatest shear stress is 1.62 M, 
and the twist 1.20 M/y, where u denotes the rigidity modulus. 

It may be of interest to note that the usual Bredt’s formula 
applied to, our problem would give for the mean shear stress the 
value 1.48 M, and for the twist 1.54 M/u. 


cos (n + 


Mx? 
: 
Y=—C4y2— (— 1) 
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wi 
m 
: 
by 
| 
‘ 
~ 


Deflections and Moments of a Rectangular 


Plate Clamped on All Edges and 


Under Hydrostatic Pressure 


Two solutions of the problem of the clamped rectangular 
plate under hydrostatic pressure are given in this paper. 
The first solution is based on the usual procedures em- 
ployed in solving problems of bending of thin plates, and 
the second is the method developed by H. Marcus.” Since 
Marcus’ method is quite general and is applicable to plates 
with various types of edge conditions and loadings, and 
since it is apparently but little known in this country, it 
was thought desirable to present the analysis in full. 
Tables of moments given herein are for side ratios of 0.6 
to 2 at intervals of 0.2 and were computed by means of the 
Marcus method. The values of the moments computed 
in this manner for a square plate were checked using 
the analysis developed in this paper. The tabular values 
for the side ratios of 1 and 2 are also in substantial agree- 
ment with the values given by Lippa.’ 


SoLuTION By MErTuop oF SERIES 


HE solution of the problem of the hydrostatically loaded 
clamped plate is effected by combining the solution for the 
simply supported plate with the solutions for the plate bent 
by moments distributed along the edges. The values of the 
edge moments are determined from the condition that at the 
boundaries the slope of the deflection surface is equal to zero. 
Assume that a simply supported rectangular plate is loaded 
as indicated in Fig. 1. The deflection w, the load g, and the 
flexural rigidity of the plate D are related by the following 
differential equation 


Atw D 


If the plate has no lateral load and is bent along the edge y = 0 
by arbitrary edge moments 


m=1,3... 

‘ Design Engineer, Bureau of Yards and Docks, Navy Department, 
Washington, D.C. 
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and denoting the deflection in this case by ws, the differential 
equation, Equation [1], becomes 


The boundary conditions are 
O*w 
= Ofors = #b/2...... {al 
ra) 
—D fory = 0.... [d] 
oy? b 
m=1,3... 


“Taking the deflection in the form 


m=1,3.. 
in which Y,, is a function of y only, the boundary conditions [a] 
are satisfied. Substituting Equation [3] in Equation [la], Y,, 
is given by the following expression 
wy mry 


Y,, = A,, cosh + B,, sinh 


+ C,, sinh b + D,, b cosh ,o .. [4] 


From the boundary gonditions [c], A,, = 0, and from the bound- 
ary condition [d] 
b°F,, 


B,, = ..[e] 


From boundary conditions [b] we get the equations 
B,,8,, sinh 8,, + C,, sinh 8,, + D,,8,, cosh 8, = 0.... [f] 


: 
: 
. 
= 
+2 otw + 
4 
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Solving these equations and using expression [e], we find 


oF, Be 
sinh? 


C, = 


Substituting these values in Equations [4] and [3] 


may 
b b sinh? B,, 


2D xm? 
m 


Ws 


sinh + coth £,, cosh b 


In a similar manner the deflection surface we, produced by arbi- 
trary edge moments 


(Mz)xz= = E, sin 


n=1,2... 


is given by the expression 


naxx 
—————— a, tanh a, cosh — 
n?x? cosh a, a 
=1,2.. 


in which 


and the deflection surface w,, produced by arbitrary edge moments 


(M,)y=a 
is given by 
1 


~ 2D mx? sinh B, 
m=1,3.. 


ry 


m 
ws coth 8,, sinh 


The deflection surface w;, produced by the Joad is given by 


m=1,3.. 


m—1 


oF 


mx sinh 6,, La 


[12] 


— coth B,, + 2) sinh cosh cos b 
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By combining the solution of the four cases just given, the de- 
flection surface w, of the plate is 


wW = + We + We + 


The coefficients EZ,, F,,, and G,, are then determined from the 
condition that at the edges the slope is zero, or 


x= 

ow 

= 

ow 

= 0 
(= } 


From Equation [12] we find | 


oy /y=0 D 


(—1) ? [ 2 — fa 
m‘x4 Bn sinh 


m=1,3.. 


and 


8, sinh? 


— coth 
co | cos b 


To find the rotation at the edges z = + 6/2 it is expedient to 
express w, in the following form‘ « 


(—1)"+! 1 


qoa* 


w= [2 cosh a, 


cosh a, 
n=1,2.. 


— (2 + a, tanh a,) cosh sinh sin 
a a a a 


Then the slope at the edge z = b/2 is given by 


(2) qa? 


nin 
=1,2.. 
— tanh a,(1 + a, tanh | sin .. [18] 
a 


From Equation [6] we find 


dws b F,, Bn 
(= 2D La mr 8m — sinh? 

oy y=a 


« “Theory of Plates and Shells,’ by S. Timoshenko, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1940, p. 209. The expres- 
sion for w: given therein is rewritten for the co-ordinates of Fig. 1. 


B,, cosh B,, + D,, sinh B, = 0............[g] 
— 
and 
Da coth 8,, [7] 
fr 
‘ 
= 
2D 
nry 
a a a 
ten 
any 
| 
mre 
b 
— cosh == | cos —........[11] 
b b b 
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and 
Ow, b Gn 1 Marr 
= m—1 ( oy 2D mr sinh Be [Bq coth Bry cos b 
=) (—1)? F E sinh 
m=1,3.. 
ow (—1)"*? m— 


The expression in the brackets can be represented by the series 


 m*\s 


G,, h Bin marx 
in which the coefficients H, are found from the formula Oy. ~ — Bn 


[27] 
H, = —y sinh sinh 
" aJo b sinh? £,, b If we substitute the values of the slopes as given by Equations 
‘ [15], [16], [18], and [19] to [27], inclusive, in Equations [14], 
+ y coth 8,, ot “1 sin a dy and group together the terms that contain the same sin nry/a and 
those which contain the same cos mrz/b, we obtain the following 
system of equations 
2qoa2(— 1)" 
Amb? — tanh a,(1 + @, tanh a,)] + E,{tanh «, 
— — © m—1 
2 2 4b3 —— PF 
(a, tanh a, — 1) —a,] = — m(—1) 2 —*- 
a’ n*x? 
m=1,3.. 


Substituting this value of H,, in series [k] and [j], we get 


2b3 1 m=1,3.. 
m(—1) Fas nig? 


m—1 


4qob*(— 1) B,, coth B, + 1 h 
Expressions for the slope of the deflection surfaces w: and sinh B,, + Bm coth 
are derived similarly and result in the following equations 


m G,, 8d 
)+5 (8,, coth 8,, —1) = — 
= sinh? £,, sinh a 
Owe a E, 
(=) — [tanh a,(a, tanh a, — 1) — ap] 
pected n=1,2.. bat m 


and 
dw, m-1 (—1)"+1 m—1 
m=1,3.. n=1,2 m3r3 Bn sinh? £,, sinh 8,, 
1 
m?\2 a [23] (8,, coth — 1) — G,, (cots 8,,— Bm ) = : 
sinh? 3m a 
1 
(= 4b? E, E,m (— 1) b? m?* . [30] 
n=1,2.. m=1,3.. 
1 iii Equations [28], [29], and [30] give the relations for determining 
mi\? cos [24] E,, F,,,andG@,,. These equations are solved numerically by neg- 
¢ a) lecting all terms higher than a given order, which results in a 
a n 


system of simultaneous equations. If, for example, the first 


nry 
n=1,2 
- 
1 
1 b 4 m 
azn 
a 
PERT 2 
a 
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four terms of each series are taken, there results a system of 12 
simultaneous equations with 12 unknowns.® 

The bending moments at any point of the plate may. be found 
by substitution in the following equations 


M, = —D{— 


My 


Mey = —Myz = D(1 


in which v is Poisson’s ratio. 


Ox? 


Equations [28], [29], and [30] were solved for a square plate, 
b/a = 1.0, using the first 4 terms of each series and resulted in the 
following values for the coefficients 


—0.02404 goa? = —0.01585 qoa? 


0.00444 goa? F; 
0.00238 goa? F's 
—0.00012 goa? 


—0.00281 goa? 
0.00109 goa? 
—0 00052, qua? 


= —0. 
0. 


03205 qoa? 
00242 goa? 
00162 goa? 
00097 goa? 


With these values of the coefficients, the edge moments at 


the center lines of the plate are 


(M,)z=0, y=0 = —.0.01809 goa?............[U 


(M,)z=0, y=a 
(Mz)z=b/2, y=a/2 


= — 0.03382 
— 0.02642 goa? 


qoa? 


+ The method is well illustrated in the paper, ‘‘Bending Moments in 
the Walls of Rectangular Tanks,’’ by Dana Young, Proceedings of 
the A.S.C.E., vol. 69, October, 1943, p. 224. 


TABLE 1 
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MOMENTS 
———— MOMENTS 


COMPUTED By MARCUS METHOD 
COMPUTED BY METHOD OF SERIES 


Fia. 2 


MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC PRESSURE; b/a = 1.0 


(Comparison cf moments computed by method of series and by Marcus’ method. Poisson's ratio = 0. Moment = coefficient X gea*.) 


b/2 


y/a = 0.55 


M'>. 


M"x 


M"x 


O 
-00086 
00288 
200531 
00727 
-00900 
-00970 
-00926 
- 00883 
-00800 
005238 
-00190 


~00104 
00577 
~0077¢ 
200881 
00885 
-00858 
-00790 
200689 
00423 
00136 


.00871 


-.02719 
-.02811 
-.02798 
- 02660 
-.02418 
-.01596 
- .00575 
©) 


6) 
-.00202 
-.00772 
- 
-.02153 
- 02642 
- 02731 


-.02699 
-.02551 
-.02302 
- 


00920 
00874 
-00140 
.00940 


-.02811. 


+0088 5 
- 00826 
-00615 
00118 
-.00819 
-.02731 


My 


M"y 


6) 

-10 
.20 
230 
40 
+50 
-60 
«65 
70 
-20 


1.00 


-.01496 
-.00846 
- 00294 
-00163 
-00562 
-00900 
-01041 
01144 
-01185 
201130 
-00564 
- 00970 
—-03942 


-.01809 
-.00861 
-.00177 
00324 
-00648 
00917 
00977 
-01000 
00952 
-00419 
-.01005 
—.03383 


M's, M "y = moments computed by Marc 
M"y = ts computed by met 


M "2, 


us method 
hod of series 


in 


for 
Be 
wi 
“ 
\ 
\ 
: | \ me 
d*w 
th 
/ m 
G; 
sae Ey = = My do 
int 
— of 
y/é 0-1 de 
| | fa 
250 | 
-70 
01496 -.03 02583 
he 96 -.0291 6 an 
y -.013 -.01209 "01788 | =.0174 
4 | -.90230 0 
| 
| lor 


The sum of expressions [1] and [m] which is —0.05191 qoa? 
should .be equal to the value of the moment for a uniformly 
loaded square plate at the center of the edge. Boobnov® found 
for this coefficient a value of —0.0513 which differs from the fore- 
going value by about 1.2 per cent. Similarly, expression [n] 
should be equal to one half this value and is seen to differ from 
Boobnov’s value by about 3 per cent. 

A comparison of the moments computed using this method 
with the method of Marcus is shown in Table 1. The values 
are shown graphically in Fig. 2. 

It is to be noted that, in general, the values agree fairly well. 
In the case of (M,), =a the maximum moment given by Marcus’ 
method is about 16 per cent larger than the maximum moment 
computed by the method of series. However, the total areas of 
the moment curves for (M,)y=a (curves A and A’, Fig. 2) differ 
by about 9 per cent. 


SoLution By Marcus Meruop 


In the foregoing analysis, the deformations of the plate were 
determined by superposition of the deflections of the edge 
moments on those produced by the load. This was necessary 
as a particular solution of the equation 


q 

Atw’ = — 
D 

does not necessarily satisfy all the boundary conditions. The 

introduction of edge moments with arbitrary coefficients each 

satisfying the equation 


Atw” = 0 


allows the boundary conditions to be satisfied by a particular 
choice of coefficients for each of the edge moments. The deter- 
mination of these groups of coefficients requires laborious com- 
putation, and having determined the coefficients, the calculation 
of moments or deflections again involves a large amount of work. 

To eliminate the necessity of solving simultaneous equations 
and to reduce the amount of numerical work required to find the 
values of moments or deflections, Marcus utilizes functions which 
satisfy, a priori, all the boundary conditions and which, by virtue 
of the Lagrange equation, determine an equivalent load q;. The 
method takes the form of successive approximations as will be 
demonstrated. 

Using the notation as defined, let X be a function of z/c, where 
c = b/2; and let Y be a function of y/a; and K, a parameter, the 
value of which will be determined later. Then the deflection sur- 
face is given by the equation 


The load qi, producing this deflection surface is, according to 
the Lagrange equation, Equation [1] 


Y d‘x 2  X dy 
= KD <—-— — + — —>?.... [o] 
c* cta? dn? dt? a‘ dn‘ 
in which 
x 
c 


a 
Let us suppose that one of the two functions, X, for example, 


; known. The corresponding function Y can be found as fol- 
ows: 


‘Theory of Structures of Ships,” by J. G. Boobnov, vol. 2, St. 
Petersburg, 1914, p. 465. 
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Equation [0] gives for the total load x,, along a horizontal 
strip of unit width 


1 1 
Y 
= = 2KDe — 
Tr 2f ox: A‘wdt KDe dé 


1 1 
2 dy d*X 1 dtY 
dn? Jo dé? a‘ dn‘ f (PI 
Let 
1 5 
d‘z 
1 
1 
& = 
0 


_ Making these substitutions in expression [p], we obtain 


r, d*Y 


a? n, dn® 


2DK 


c* s, dtY 
a‘ n; dn‘ 


If +, is the actual load, we have 


bate = 290 [33] 
0 0 a 


Substituting this value in expression [r], we obtain the following 
differential equation for Y 


a? nz dn? a‘ nz dn‘ KDn, 
Letting 
4 
[35] 


the solution of Equation [34] is found to be 


Y = @— (Asin d\n sinh pn + B sin dn cosh wn + C cos An 
sinh un + D cos d\n cosh un)....... [36] 


(qi +2) 
& 
ce V2 & 
In a similar manner, if the function Y is known, the function 


X is found from a consideration of the real load z,, along a vertical 
element of unit width. For x, we have the expression 


1 1 
2ax x 


in which 


218 


: 
Nz 
and Let 
Ny 9 dn* 
1 d*y = 
1 
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Substituting these values in Equation [37], we obtain the 
following differential equation for X 
2a* r, 


c? n, 


n, dt 2Dn,K 


Letting 


the solution of expression [t] is found to be 
X = 1—(A’sin aé sinh Bt + B’ sin at cosh BE + 
C’ cos at sinh BE + D’ cos at cosh Bé)...... [39] 


in which 


The values of the eight constants A, B, C, D, and A’, B’, C’, 
and D’ of Equations [36] and [39] may be determined from 
the boundary conditions. Since there are only eight possible 
boundary conditions for a rectangular plate, and since the vari- 
ation in loading may be taken into account by the load expressions 
Equations [33] and [37], it may be seen that the solution is 
applicable to loadings and boundary conditions usually encoun- 
tered in plate problems. 

For the problem under discussion, the boundary conditions 
are as follows 


w= =O fore = andy =a 
or 
ox 
| [w] 
re) 
[z] 
In addition, it is evident from symmetry that 
ox 
[b’] 


With these conditions, it is seen that 


r, = 0 
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jn, 
a= = 
Nec 


and the values of the constants become 


2 sin \ sinh A — [(sin A + sinh A) (cosh \ — cos \)] 


A= 
sinh? \ — sin? \ 


sinh 


(sin \ + sinh \) — cos \ sinh A — sin \ cosh d 


sinh? \ — sin? \ 


sin a cosh a — cos a sinh a 


a sinh @ cosh a + sin @ cos a 
B’ = C’ =0 


sin a cosh a + cos a sinh a 


= 
sinh a cosh a + sin a cos a 


Also 


1 
1 1 
8s; = 7 Ydn = —s [A (sin \ cosh A — cos X sinh A) 


+ B(sin \ sinh \ — cos \ cosh A + 1) 
+ C(sin \ sinh \ + cos A cosh A — 1)] 


1 1 


and 
1 
& = Xdt = 1 — — [A'(sin cosh — cos a sinh a) 
0 2a 


+ D'(sin a cosh a + cos a sinh a)] 


1 dix 1 


If we examine Equations [36] and [39], we will note that the 
trend of the functions X and Y depends, respectively, on the 
ratios n,/s,, r,/s, and nz/s,z, rz/s8z but not on the absolute values 
of ny, Ty, Sy, and nz, rz, 8z. If the function X which defines the 
complementary function Y is replaced by a function X which 
satisfies the boundary conditions and, in this instance, the condi- 
tions of symmetry, it is found that the ratios defining Y will not 
materially change. Thus, we can choose for X a first value such 
that 


2 4 


which satisfies the conditions previously enumerated. 


1 
d'Xo 
= i de dt = 24 


Equation [32] becomes 


Since 


_ 
qua 
B= 
Ae e 1 4 
a 
mine tar 
de 


The complementary function Y; is then found by means of 
Equation [36]. With this value of Y; we can write the following 
expression for the deflection surface 


The value of the function X, is then found by means of Equation 
[39]. In this manner we have successively 


ws = 
we = 
Ws = XuYs 
We = XeYs 
= Xr 


and so on. 

In the performance of this operation, it soon becomes evident 
that the difference in the values of the consecutive functions 
and Xx; and and Y;41 become smaller and smaller, 
and that also the values of 


4 


and 
nzD 2n,D 


approach a constant value. Thus, we arrive, by successive 
approximations, to a solution of the Lagrange equation. 

The values of the bending moments are then determined from 
the final solution of the deflection surface, say 
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qoa* 

2n,.D 

by substitution in Equations [31]. Making this substitution, 
the values of the moments are given by the following equations 


ary, ) 
= E + | 


= 


v9 


on? 


On 


10 


It should be pointed out that solutions using this method are 
restricted to the form given by Equation [32], and that using a 
great number of successive approximations does not necessarily 
lead to an exact result. However, as will be indicated, the 
method gives results which are in close agreement with those 
obtained by using the classical method. 

The moments shown in Tables 2 to 9, inclusive, were com- 
puted by means of the Marcus method. While the moments as 
computed by this method are somewhat larger than those com- 
puted by the method of series, the deflections as computed by 
both methods are in close agreement. The deflections at the 
center of the plate as computed by both methods are shown in 
the following table for several side ratios and with Poisson’s 
ratio equal to 0.3; the values in the right-hand column were ob- 
tained by dividing by 2 the values given by Evans:? 


Deflection equals coefficient times goa‘/Et* (t = thickness of plate) 


b/a Marcus method Series method 
1.2 0.0097 0.0094 
1.4 0.0113 0.0113 
1.6 0.0122 0.0126 
1.8 0.0127 0.0133 


7™“Tables of Moments and Deflections for a Rectangular Plate 
Fixed on All Edges and Carrying a Uniformly Distributed Load,” 
by T. H. Evans, JourNAL or APPLIED MECHANICS, Trans. A.S.M.E., 
vol. 6, 1939, p. A-7. 


~ <>. 
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M, = — SE [40] 
2 nyo dn? ct Og 
qa’? fa 
2n c 
ge 
he 
he 
ch 
ot 
bd 
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TABLE 2 MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC PRESSURE; b/a = 0.6 


DECEMBER, 1947 


f=0 f=! n=0 n= 0.70 N=1.0 
My My M,= My My Mx My My 
0 0 | —.90193 -.90193 99942 291062 =-.00566 
00058 290012 —.90134 on -.90095 200348 ~90959 -.00523 
220 90133 ~00170 -.90074 90547 00634 -.90406 h 1 0.434504 sin 1.57959 
.30 | .00330 | .00329 | -.90762 | .6] -.00044 | -.90010 | .00042 | -.20240 1.870808 
040 90478 90484 -.01104 3 -.9001L, =.903'94 -.90877 -.90078 
-50 90620 00645 -.01431 1.9 -.92174 -.90652 
60 290792 00858 -.91329 
70 90942 91062 02174 
"85 100506 700967 6.43303 cosh, 6.43303 — 
.90 | .00242 | .00215 | -.00559 “643308 2 
95 00078 -.90158 =-.90130 
1.00 -.90566 
My My My f My = My My = My 
-.00344 90344 0 ce) 90344 =-.91387 D  _2122.0412 
10 -.90153 -.00136 -.90040 o2 -.90313 -.91746 
“20 00044, | "00011 -.90127 09247 ~.91353 Moment = coefficient  gea? 
+30 -.00003 {| .90096 -.20228 -.90146 -.20801 
90082 90268 -.90429 1.0 
175 700461 700661 ~ 100464 
80 290437 00607 -.00393 
85 00289 90415 -.90290 
230 -.00090 -.90013 -.99168 
95 -.00736 -.00763 -.90054 
1.00 -.91887 -.01887 0 
TABLE 3 MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC PRESSURE; b/a = 0.8 
= 0 n=0.60 n=] 
My My | Mx My My My My 
0 —.00248 -.00248 90939 291139 | -.90889 
~00079 -.00057 -.00202 20 -.00230 00860 01045 -.90825 
220 90264 00213 -.90673 40 -.90180 -90590 00735 =.90645 
-30 00489 00500 | -.01247 -60 | -.00198 00041 200128 | -.90387 Xio=1 — 0.412450 sin 1.80996 
.40 | .00707 | .00773 | -.01800 | .80 | -.00036] -.00912 | -.00883 | -.90128 1800005 
30 -00873 | .01003 | -.02223 | 1.00 -.02393 | -.02393 
00939 .01139 -.02393 
200919 -01147 -.02342 
075 200748 -00974 | -.01906 Yo = n + 0.224166 sin 4.97766 n 
“30 | 100598 | .00766 | -.01524 cosh 4.97700 
1,00 (9) —.90889 - 
2 0 | N= re) n= | 
My My My My = My My = My “ '™ 996.4342 D 
-.00171 -.00092 -.00202 -40 -.00601 -.02151 M. 
.00037 .00183 -.00374 | .60 | -.00360 -.01290 | 
40 200223 200435 -.00540 80 -.00119 -—.00425 
= 200435 1.00 Msg, My = moment for Poisson's 
-00666 “e ratio = 0. 
265 00758 ~01034 -.00703 
00798 201055 -.00654 
075 -00751 00975 -.00572 { 
80 00561 00740 -.00457 
285 00165 «00290 -.00319 
90 -.00507 -.00438 -.00174 
1.00 -. -.02964 


‘ 

Wee 

seks 

Satie 

ae 

? 

; 
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TABLE 4 MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC PRESSURE; b/a = 1.0 


‘fz | n=: 0 n= 0.55 

Mx Mx Mx = Mx Mx Ux Mx 
-.O0449 -.00449 00930 201243 
00086 | -.00168 | -.00261 20 | -.00419 00879 201170 
00288 00200 | ~.00871 40 | -.00332 00668 ~00900 
00531 00580 -.01605 60 ~.00204 200140 200281 
00727 -00896 | -.02197 80 | -.00069 | -.00940 | -.00892 
00900 201170 | -.02719 00 0 -202811 | ~.02811 


00930 201243 | -.02811 
00926 -01269 | -.02798 
00883 -01238 | -.02668 
00800 -01139 | -.02418 
-.01596 
~00190 -.00101 -.00575 
-.01183 | - 0 


~.01496 -.01496 —.01496 
-.00848 -.00822 -.00078 0.20 -.01396 
-.00294 -.00207 -.00261 0.40 -.01107 
-00163 -00322 00482 0.60 -.00679 
-00562 00780 —.00659 0.80 -.00230 
«00900 -01170 -.00816 1.00 
01041 -01320 -.00843 
001422 -.00839 
-01185 -.00800 
-01130 -01370 -.00726 
-00564 ~00722 -.00479 

-.00970 -.00913 =-.00172 


MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC§PRESSURE; b/a 1.2 


f=0 


n=O 


0.55 


ae 


| 
| 
-.01334 -.01302 


04629 --04629 


Mx Mx = Mx Mx Mx _Mx 
-.00624 |. O -.00624 -00753 -01183 
00072 | -.00281 } “-.00292 - 00587 -00753 -02157 
00244 00131 | -.00N74 -.00469 -00675 200998 
00447 00537 -.01785 -.00302 ~00275 00483 
00626 00884 | -.02498 -.00107 | -.00814 | -.00741 
00735 201122 | -.02933 -.03001 | -.03001 
00753 01183 -.03001 
-00740 -01192 | -.02952 
-00697 | -.02779 
-00623 -91027 | -.02485 
-00400 00557 | -.01593 
-00140 | -.00260 | -.00558 
-.01389 
> 
_My My f My = My 
-.02081 -.02081 -.02081 
0.10 -01179 -.01157 220 -.01957 
0.20 -00378 -.00305 -40 ~.01563 
0.30 -00299 -00433 -60 -.01008 
0.40 -00859 -01047 -80 -.00355 
0.50 -01288 -01509 1.00 
0.55. 201432 | 01658 
0.60 01508 .01730 
0.65 -01490 =| .01699 
0.70 -01347 201534 
0.80 -00524 
0.90 
1.00 


Xie = 1 — 0.348852 sin 2.08753 & 
sinh 2.08753 § — 0.100981 cos 
2.08753 & cosh 2.08753 & 


Xo = n + 0.290027 sin 4.17493 n 

sinh 4.17493 n — 0.275572 sin 

4.17493 n cosh 4.17493 n . 

0.036047 cos 4.17493 n si 
4.17493 n 


 (¥9)(Xi0) 
D_ 607.6510 


Moment = coefficient X gea? 


Mz, My = moment for Poisson's 
ratio = 


Mz, My = moment for Poisson’s 
ratio = 


Xio = 1 — 0.259046 sin 2.40527 
sinh 2.40527 —€ + 0.010619 cos 
2.40527 & cosh 2.40527 & 


Yo = n + 0.326854 sin 3.70534 n 

sinh 3.70534 n — 0.330939 sin 

3.70534 n cosh 3.70534 n 

0.061059 cos 3.70534 n_ cos 
3.70534 n 


— 
435.8672 D 


Moment = coefficient X goa? 


w 


Mz, My = moment for Poisson’s 
ratio = 0 


Mz, My = moment for Poisson's 
ratio = 0.3 


A-297 
0.10 ~.01103 
~+00536 
— 
0.50 
0.55 
1.00 
= — 
2 
~.03677 
0.40 -.00606 
0.50 
0.60 
0.65 5: 
0.60 
0.90 
1.00 
; 
-.01389 
| ~.01306 
-.O1C43 
- .00673 
-.00237 
0 
-03478 
-.00790 
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TABLE 6 MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC PRESSURE; b/a = 1.4 


=0 | n=0 


= 


My = My 


My. 


My 


-0O741 
-00368 
-00043 
00431 
-00753 
-00966 
-01017 
01020 
-00969 
00855 
00406 


-.00378 


-01502 


0) 
00307 
-.01023 
-.01867 
~-.02598 
-.03023 
=.03075 
03005 
-.02810 
202495 
-.Q1579 


ooo oooco 


oO 


-.C0741 
-.00732 
-.00705 
-.00658 
-.00591 
-.00501 
--00392 
-.C0269 
-.00145 
-.00061 


-00513 
00528 
00568 
-00614 
00636 
-00590 
-00415 
-00040 
-.00616 
-.01400 
-.03075 


-.01502 
-.O1484 
01334 
-.0Q1197 
-.01016 
-.00794 
~-.00545 
~.00295 
-.00123 
0 


My 


My 


0.10 
0.20 
0.30 
0.40 
0.50 
0.55 
0.60 
0.65 
0.70 
0.80 
0.90 
1.00 


01396 
00427 
+00400 
-01067 
01541 
-01680 
-01730 
-01668 
200477 
- 01563 
05006 


024,70 
-.01381 
-.00375 
+00493 
-01197 
201692 
-01834 
-01880 
-01808 
01587 
+00555 
01293 
Sa 05006 


-.04946 
~-.04763 
-.04448 
-.03991 


-.02648 


-.01817 

-.00982 

-.00410 


— 0.168653 sin 2.7459 ¢ 
+ 0.068688 cos 
.7459 cosh 2.7459 


= 
sinh 2. 
2 


Yo = n + 0.342225 sin 3.41236 n 

sinh 3.41236 n — 0.369279 sin 

3.41236 n cosh 3.41236 n + 

0.076227 cos 3.41236 sinh 
3.41236 n 


qoat Xie 


= 344.8080 D 


Moment = coefficient gga? 


Mz, My = moment for Poisson's 


ratio 0 
Ma, My = moment for Poisson's 

ratio = 0.3 


TABLE 7 MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC PRESSURE; b/a = 1.6 


| 


M> 


Mx = Mx 


0.55 


Mx 


ax 


ux 


Mx 


00030 
-00091 
-00180 
00250 


0 
-.00317 
-.01055 
-.01921 
02662 
- .0308U0 
- 03123 
C3041 
-.02581 
02504 
-.01567 
00535 

ie) 


-.00808 
- 
-.00777 
- .Q0739 
- -Q0677 
-.CO589 
- 00474 
200334 
-.CO1E6 
00056 
O 


~00293 
~00319 
00389 
~QU602 
00533 
200227 
- .00408 


«00837 
00858 
-OO91LS 
01017 
-Q0E52 
00452 


-.01546 
- 201533 
- 01490 
- 1416 
- 01298 
-.011350 
00908 
-.00641 
- .00356 


- 01492 
-.03123 


O 


nN=0 


mc f 


My My_ 


My = My 


- 02692 
-.02667 
-.02591 
- 
-.02258 
we 01965 
-.O1579 
-.O1114 
-.00620 
-.00193 


~-05154 
-.05111 
- -04966 
-.04721 
- 04327 
-.03765 
- -03025 
-.02136 
-.01187 
00369 


Xie = 1 — 0.094010 sin 3.09786§ 
sinh 3.09786 — + 0.086097 cos 
3.09786 & cosh 3.09786 £ 


Ys = n + 0.346840 sin 3.21305 

sinh 3.21305 n ——- 0.395618 sin 

3.21305 n cosh 3.21305 n + 

0.084387 cos 3.21305 n_ sinh 
3.21305 n 


qoat Xio Yo 
Moment = coefficient X qoa® 


Ma, My = moment for Poisson's 
ratio = 


Ma, My = moment for Poisson's 
ratio = 0.3 


n 
0 " 01017 
0.10 -00051 | - -01026 
0.20 | .00311 101062 
0.40 | .00433 | | 01038 
0.50 .00504  .00930 
0.55 | .00513 00682 
0.60 -00501 | 00223 
Sa 0.65 -00468 -.00517 
. 0.70 | .00416 -.01359 
0.20 | .00263 -.03075 
0.90 -00O9l | 
= 
0 0 =.02470 =.05006 
-.00092 -.02440 
a -.00307 -20 -.02350 
-.00560 -.02194 
-.00779 40 -.01969 
--00907 -.01671 = .03387 
-.00923 .60 -.01306 
-.00902 -70 -.00896 
00843 .80 -.00484 
~.00748 90 | -.00202 
00474, 1.00 0 
~.00163 
.10 -.00425 0.10 
-20 -.00043 
40 -00607 40 
| 00242 -00848 - 00283 
-80 00147 00277 1.00 -.03123 
-90 | .00050 | -.0045% 
n = f 
0 .02692 .02692 0 0 
-10 -.01516 -.01507 -.00095 
-20 - 00448 -.00421 | -.00317 
-40 01190 01265 -.00799 40 
-01682 01769 -.00924 250 
055 -01812 -01901 -.00937 -60 
-60 01843 01930 -.00912 -70 
.02019 .02092 -.00774 
-70 .01507 01567 -.00751 .90 
80 00431 00475 --00470 1.00 
-90 -.01685 -.01670 -.00161 


TABLE 8 


MOMENTS FOR CLAMPED PLATE UNDER HYDROSTATIC PRESSURE; b/a = 1.8 
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0-55 
Mx | Mx M> = Mx Mx Mx Mx Mx 
-.00840 9) -.00840 -00129 -00691 | -.01550 
0.10 00013. -.00459 | -.00325 | 0.10 | -.00836 -OO1LES C0718 | -.01543 
-20 00044  -.00093 | -.01082 | -.00821 00244 | 00795 | -.01516 
-00080 00231 | -.01966 | -.00795 -00372z -00904 | -.01467 
-40 00110 -00487 | -.02718 | -.00745 -00514 e01013 -.01375 
.00127 -00653 | -.03133 | -.00665 00621 | .01066 | -.01z2 
-00129 -00691 | -.03169 .60 | -.00550 -00615 00984 | -.01015 
-60 -00125 00692 | -.03078 -70 | -.00400 -00384 00652 | -.V00738 
-00116 -00650 | -.02860 | -.00229 | -.00217 | -.00106 | -.00422 
-70 -00110 -00583 | -.02711 90 | -.00073 | -.01353 | -.01304 | -.00135 
780 | .0006,  .00181 | -.01568 | 1.00 0 -.03169 | -.03169 
-90 -00022 | -.00501 | -.00532 
| -.01550 0) 


=O n: m= | 
My My My My = My My = My 

-.02799 -.02799 -.02799 -.05166 

0.10 -.01575 -.01571 - 00098 0.10 - .02786 -.05142 
-20 -.00455 - 00442 -.00324 *.20 -.027238 -.05053 
00503 00527 -.00590 -30 -.02649 -.04888 
-40 01257 -01290 *,00815 40 -.02483 - 04582 
-50 01753 01791 -.00940 -50 -.022)7 - «04092 
055 01875 201914 -.00951 -60 - 01833 -.03383 
-60 01891 01928 00924 -.01332 -.02459 
065 -01778 01213 -.00858 .00763 -.01407 
-70 -01576 -01610 -.00813 -90 ~-.00244 ~.00450 
-80 00399 00409 -.00470 1.00 
+90 -.01742 -.01736 -.00160 

1.00 -.05166 -.05166 0 


TABLE 


9 MOMENTS FOR CLAMPED PLATE 


UNDER HYDROSTATIC PRESSURE; 


b/a = 2.0 


Mx Mx Mx = Mx Mx Mx Mx _Mx 
0) | =.00855 -.00855 -00022 -00557 | -.01534 
10 -00002  -.00478 | -.00332 -10 | -.00854 -00051 -00586 | -.01532 
+20 -00008 | -.00129 | -.01104 -20 | -.00848 -00135 -00667 | -.01523 
30 -00014 -00172 | -.02004 -30 | -.00833 -00269 -00791 | -.01496 
40 -00019 -00407 | -.02766 -40 | -.00798 00434 -00934 | -.01432 
50 -00022 | .00558 | -.03180 -50 | -.00731 -00588 -01046 | -.01312 
55 -00022 | .00594 | -.03161 -60 | -.00621 -00652 -01041 | -.01115 
-60 | .00022 -00593 | -.03114 | -.00464 -00500 .00791 | -.00834 
-65 | .00020 | .00553 | -.02887 | .80 | -.00274 | -.00047 | .00124 | -.00491 
+70 | +00018 | .00460 | -.02540 -90 | -.00090 | -.01206 | -.01150 | -.00161 
80 | .Q00]11 .00118 | -.01573 | 1.00 -.03180 | -.03180 
+90 .00004 | -.00525 | -.00531 
1.00 | -,01534 Q 
fe) f: h: n= 
uy My f My = My | My = wy 
~.02849 -.02849 0 -.02849 -.05113 
10 -.01600 -.01599 -.00100 210 -.02845 -.05107 
+20 -.00455 -.00452 -.00331 -.02828 -.05077 
+30 00525 -00530 -.00601 30 -.02777 04986 
40 01293 01298 -.00830 -40 -.02660 -.04774 
50 -01785 -01792 -.00954 -50 -.02436 -.04373 
55 -01907 -01913 -.00948 -60 ~.02070 -.03715 
60 -01903 -01910 -.00934 -70 -.01548 -.02779 
65 -01776 -01782 -.00866 80 ~.00912 -.01637 
-70 -01495 -01500 -.00762 -90 -.00300 - .00538 
-00355 -00359 -.00472 1.00 
-90 -.01763 -.01762 -.00159 
1.00 -.05113 -.05113 


Xie = 1 — 0.040488 sin 3.45505 & 
sinh 3.45505 — + 0.079439 cos 
3.45505 cosh 3.45505 


Xs = n + 0.346358 sin 3.06379 n 
sinh 3.06379 n — 0.414823 sin 


3.06379 n cosh 3.06379 n + 
0.088430 cos 3.06379 n_ sinh 
3.06479 n 


qeat Xion Yo 


= 250.7311 D 


Moment = coefficient X gea® 
Me, My, = moment for Poisson’s 
ratio = 


Mz, My = moment for Poisson’s 
ratio = 0.3 


* Xio = 1 — 0.006947 sin 3.81475€E 


sinh 3.81475 — + 0.061893 cos 
3.81475 = cosh 3.81475 = 


Yo = n + 0.343229 sin 2.94395 n 

sinh 2.94395 n — 0.429608 sin 

294395 n cosh 2.94395 n + 

0.089928 cos 2.94395 n_ sinh 
2.94395 n 


_ goat Xio Ys 


221.7889 D 


Moment = coefficient X gea? 


Me, My = 
ratio = 


moment for Poisson’s 


Mz, My = moment for Poisson’s 
ratio = 0.3 


A-299 
SS 
. 
= 
| 
ag 
. 
h 
0 


Hay 
ag 
5 
a, 
iy 
We 


Approximate Solutions for Symmetrically 


Loaded Thick-Walled Cylinders 


By C. W. MacGREGOR? anp L. F. COFFIN, JR. CAMBRIDGE, MASS. 


Based upon an extension of the theory of a bar on an 
elastic foundation, a simple approximate solution is given 
in closed form for the analysis of the stresses and strains 
in a thick-walled cylinder loaded either internally or ex- 
ternally by an axially symmetrical system of forces. The 
analysis avoids the tedious computation of stresses in- 
herent in exact solutions of this problem by the Fourier 
series or Fourier integral methods and is in a form which 
can easily be used by designers. The approximate solu- 
tion for both semi-infinite pressure distributions and 
shorter bands of internal pressure are compared with the 
mathematically exact solutions and with experiment. 
Good agreement is found in all cases for external strains, 
while for internal strains the agreement is good except 
very close to the discontinuity in pressure. Since it is 
doubtful in practice that an abrupt discontinuity in pres- 
sure is often realized in such cases, the approximate solu- 
tion may also be useful near this discontinuity. More im- 
portant, however, is the fact that the effective stresses 
(based upon the distortion-energy theory of yielding), 
as determined both by the exact and approximate solu- 
tions, are in close agreement. 


NOMENCLATURE 
The following notation is used in this paper: 


r, R = radial position, capital with subscript refers to 

particular position 

radius corresponding to neutral axis of unit sector 
of tube 

axial position 

radial distance from neutral axis 

length of band of surfacé loading 

radial deflection at a point 

radial deflection of neutral axis 


radial, tangential, and axial strain at a point, addi-. 


tional subscript denotes position 
sector angle 


1 This paper is the result of a portion of a research program carried 
out at the Massachusetts Institute of Technology for the Bureau of 
Ordnance, Navy Department. Approval for the release of this in- 
formation has been received from the Chief of the Bureau of Ord- 
nance. Statements expressed are those of the authors and should 
in no way be construed as the opinion of the United States Navy. 

* Professor of Applied Mechanics, Department of Mechanical 
Engineering, Massachusetts Institute of Technology. Mem. A.S. 

* Assistant Professor of Mechanical Engineering, Department of 
Mechanical Engineering, Massachusetts. Institute of Technology. 
Jun. A.S.M.E. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Toe American Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 12, 1948, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


phase angle 
Poisson’s ratio 
modulus of elasticity 
= radial, tangential, and axial normal stress at point 
shearing stress at point 
loading of sector at neutral axis 
normal surface loading in psi, subscript denotes 
position 
shear surface loading in psi, subscript indicating 
position 
foundation modulus of unit sector for a unit axial 
length 
bending moment about neutral axis of unit sector 
vertical shearing force acting on unit sector 
concentrated radial force externally or internally 
applied to unit sector 
axial force applied at neutral axis of unit sector 
concentrated horizontal shearing force internally 
or externally applied to unit sector 
moment of inertia of unit sector about neutral 
axis 
= flexural rigidity of unit sector 
a? = proportionality factor between neutral-axis loading 
and shear curvature 
8 = frequency of deflection curve 
@(z), Q(z) = exponential trigonometric functions 


INTRODUCTION 


Various solutions have been reported in the literature for the 
cylindrical body under the action of axially symmetrical loadings. 
The problem of the solid cylinder under external loading has 
been treated thoroughly by several investigators.***? Barton,*® 
for example, considered an external loading in the form of bands 
of uniform pressure varying periodically and utilized the Fourier- 
series method to effect a solution. By using a periodicity of load- 
ing which was large in relation to the cylinder radius, the solu- 
tion in the region near the discontinuity in loading approached 
that of an external loading semi-infinite in extent. Later Rankin’ 
treated the same problem with a single band of external pressure 
for the boundary condition and represented this loading by 
means of a Fourier integral. 

The problem of a hollow cylinder with internal or external 
loading has not been as thoroughly treated in the literature. 
Binnie® discussed the case of a short thick tube under a band of 
uniform external pressure applying a Fourier series to approxi- 


4“On the Elastic Equilibrium of Circular Cylinders Under Cer- 
tain Practical Systems of Load,” by L. N. J. Filon, Philosophical 
Transactions of the Royal Society of London, series A, vol. 198, 1902, 
pp. 147-233. 

5 “*Theory of Elasticity,’’ by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, pp. 352-354 

¢**The Circular Cylinder With a Band of Uniform Pressure on a 
Finite Length of the Surface,’’ by M. V. Barton, JouRNAL or Ap- 
PLIED MeEcuHANnIcs, Trans. A.S.M.E., vol. 63, 1941, p. A-97. 

7 “Shrink-Fit Stresses and Deformations,’’ by A. W. Rankin, Jour- 
NAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 66, 1944, p.A-77. 

8 “Axially Symmetrical Stress in a Thick Tube,” by ‘A. M. Binnie. 
Philosophical Magazine and Journal of Science, vol. 32, 1941, p. 336. 
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mate the loading. In this solution, the convergence was quite 
slow for the case considered. The boundary conditions were in- 
completely satisfied in that radial shearing forces at the free ends 
of the tube were not zero. Evans® formulated the exact stress 
expressions for thick-walled tubes when acted on by internal and 
external pressures, constant in value and semi-infinite in extent, 
by means of the Fourier integral method. Numerical evaluation 
of stresses was not considered, other than the limiting stress values 
at the point of discontinuity in loading. The relaxation method 
has been applied by Southwell et al*® to the case selected by Bin- 
nie, and a comparison of the two methods made as well as com- 
plete stress maps computed. This method may also be con- 
sidered exact depending upon the coarseness of the grid chosen 
and the degree of relaxation carried out. 

The exact solutions for the problem of bands of internal or 
external loading symmetrically applied to a thick-walled cylinder 
are not in closed form, and the numerical evaluation of the stresses 
is quite lengthy and tedious. The objects of this paper are (a) to 
present a simple and practical solution to the stated problems, 
approximate in nature, and yet sufficiently accurate for design 
purposes; (b) to develop this solution in closed form so that a 
designer can evaluate stresses in a relatively short time; and (c) 
to compare the results of this approximate method with those 
determined by the exact solutions and by experiment. While the 
following discussion will be limited mainly to the problems of 
bands of internal or external pressures on thick-walled cylinders, 
and comparisons of results with exact solutions and experiment 
made only for bands of internal pressure, the extension of the 
method to various other cases of symmetrical loading is outlined. 


DETERMINATION OF DEFLECTION CURVE FOR RapIAL LOADS 


The differential equation for the deflection u,, of a mean radial 
location in a thick tube which is infinite in length may be ap- 
proximated by . 

M 
D 


In the formulation of this equation, the principle of the bar on an 
elastic foundation has been extended to thick tubes by the fol- 
lowing analysis. 

Referring to Fig. 1, a sector of the tube is shown having infinite 
length and an are width of unity at a mean radius. When such 
a bar is acted on by a concentrated radial force of magnitude 
P, equilibrium requires that there must be a distributed tan- 
gential force acting over the faces of the sector to resist the ap- 
plied force. The radial component q of this tangential force per 
unit axial length of the tube is found at some axial distance z 
from the applied load and is assumed to be proportional to the 
radial displacement u,, of the mean radius, at this point"! or 


where k is the proportionality constant, called the foundation 


* T.D.B.S. Report No. 36, by G. C. Evans, June 5, 1944. 

. 10 “Relaxation Methods Applied to Engineering Problems, VII 
D, Stress Distribution in Elastic Solids of Revolution,” by D. N. de 
G. Allen, L. Fox, and R. V. Southwell, Philosophical Transactions of 
the Royal Society of London, series A, vol. 239, Oct. 10, 1945, pp. 
501-537. 

11 The positive direction for the z-axis is chosen to the right and the 
positive um-axis is downward. Selecting a positive bending moment 

M as that moment which produces a deflection curve concave up- 
ward, a positive shear force V as that which tends to shear the right- 
hand portion of the sector downward with respect to the left, a posi- 


a. V : 
tive loading q as acting downward, then ia = V and ay —gq. 


From the nature of the problem, a positive um produces a loading ¢ 
directed upward or gq = —kum, as given in Equation [2]. 
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Fig. 1 


modulus. To evaluate k, q is expressed in terms of o, or 


where Ag is the sector angle subtending an arc distance on the 
mean radius, see Fig. 1. The tangential stress o, is acting on 
the two faces of the sector. This stress is asgumed to be dis- 
tributed according to Lamé (as a function of r) and is calculated 
as though the entire tube is uniformly expanded to a deforma- 
tion on the mean radius of u,,. From the Lamé solution, the 
radial deformation at any point in the tube is 


from which the radial- and tangential-stress expressions become 


1 


E 
5] 
r 


= 


1 
For the case at hand, the boundary conditions (for internal 


loading) are u = u,, atr = R,, and o, = Oatr = R,. The con- 
stants A and B are then found, from which 


Substituting o, into Equation [3], integrating, and solving for k 
from Equation [2] for internal heading 


For cases where the loading is externally applied, the boundary 
conditions now demand that o, = 0 at r = Ro. Following the 
same form of computation, the foundation modulus associated 
with an external loading becomes 


| 


k= 
2 
a—» 


th 


in 
cr 


cu 


UA 
/ al 
1S 
fi 
q=2 Ag 
| 
u= Ar+ B 
Cet 
; 
—q = ku, 
= 7 
k R.\2 E 
{1 
; 


and in this case the tangential stress in terms of w,, is 


(1 —wp)R,,2 + (1 + Ro? ( 


The sector of the tube, as shown in Fig. 1, is assumed to bend 
as a wide plate about the mean circumference. The axial stress 
is then found from the simple flexure formula 


I 


where M is the applied bending moment, 4 is the radial distance 
from the mean circumference, and J is the moment. of inertia 


for the cross section of the sector. As yet R,, and J are unde- 
termined, and these can be found from the two equilibrium con- 
ditions 
R 
dr = 0 
[11] 


thus 


Hence R,, determines the neutral axis and J is the moment of 
inertia of the sector about that axis. The flexural rigidity for this 
cross section becomes 


Equation [1] includes both the bending and shear deflection 
of the neutral axis. The contribution of the shear deflection to 
the total deflection is not clearly defined in view of the restraint 
to free warpage due to symmetry at z = 0. It is assumed, how- 
ever, that the shear curvature of the deflection curve is propor- 
tional to the loading!? g, on the tube sector. Hence this curva- 
ture is proportional to u,,, and —a? is the constant of propor- 
tionality. The value of a? will be found experimentally, a dis- 
cussion of which appears later. 

Equation [1] is differentiated twice and becomes 


4 
dz* 


du,, 
dz? 


where 


For practical cases a/8 < 2 so that the solution of Equation 
[15] for cylinders of infinite length becomes 


u, = V2 cos 0/2 E sin (v2 Bz sin 
+ D, eos (v2 Bz sin [17] 


2 “Strength of Materials,”” by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y. 1934, pp. 186-191. 
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where C; and D, depend upon the boundary conditions and 


tan@ = @#16— —1............... [18] 
a 


The problem, as illustrated in Fig. 1, is now considered, where- 
P is a concentrated band of pressure in pounds per inch of mean: 
circumference radially applied. At the origin (z = 0) the con- 
tribution of the bending moment to the slope of the deflection 
curve vanishes and hence the slope can depend only upon the 
shear component. This slope is derived from the shear curva- 
ture of Equation [1] or 


= a*(u,,)0 = —a 
dz* Jo shear — k k dz Jo 


2 


I 
when z = 0, the shearing force V = — 3 Thus 


du a? a? P du 
( dz ), shear =k ; k 2 ( dz ), [19] 


Equation [19] then serves as a boundary condition to determine 
the constants of Equation [17]. The second boundary condi- 
tion can be found by differentiating Equation [1] or 


d*u,, V 


a 


dz* D 


P 
when z = 0, setting V = — 3 and using Equation [ 19} 


Following the determination of C; and D, in Equations [19} 
and [20], the deflection of the neutral axis of the tube due to the 
concentrated band of loading P, as shown in Fig. 1, becomes 


Pg 1 — 2 cos (2) 
sin e/2 cos 6/2 7) |. -[21} 
where 
Q(z) = e7 V2 Blz| cos 6/2 . egg (v2 sin ‘\ 
Q(z) = V2 cos 0/2 . sin sin - 


The bending moment is found by substitution of Equation [21} 
in Equation [1] and becomes 


Q(z) 
44/28 cos 5 sin [23] 


Equations [21] and [23] have been developed for the loading P 
acting radially outward. For a thin band of external pressure, 
Equation [8] determines k, and the quantity P in Equations 
[21] and [23] changes sign. 

It was found convenient to consider the loading on the tube 
as semi-infinite in extent, i.e.,p = 0 when —o <z<Qandp = 
po when 0 < z < o, where p is the internal loading on the bore 
surface. 

Then if 


Ag R, r?-dr = M 
3 R,\? 
3 (2: 1 : 
‘ (8) 3L\Ro 
Ro ) d*u,, P a’ 
dz 2D 2 k 
EI 
1— 
k 


A-304 JOURNAL OF APPLIED MECHANICS 


and Equation [24] is substituted in Equations [21] and [23], these 
equations become the deflection and the bending moment pro- 
duced by a uniformly distributed loading po, acting over the small 
length dz. Integration is then performed subject to the loading 
distribution p, as just indicated. The neutral-axis deflection, 
and the bending moment per unit of circumferential length are 


m sin 6 
Ro 
Q(z) 


4—8 
Ro 
where m = 1 whenz> Oand m = —1 whenz <0. For external 
loading, Equation [24] becomes 


R 
P=mp de 


and Equations [25] and [26] are altered to give 


Ri 
mp; Q(z) 
4 B? 


when k is evaluated from Equation [8]. 


DETERMINATION OF DEFLECTION CURVE FOR SHEAR LOADS 


When an internal or external shear load acts on a thick-walled 
cylinder, an approximate solution for the resulting deflection 
curve is readily available by the method of the bar on an elastic 
foundation. Referring to Fig. 2(a), a concentrated shearing load 
Qo in pounds per inch of mean circumference (the resultant of a 
distributed shearing load acting over a narrow band) is applied 
to a sector of the tube of infinite length. This load is then re- 
solved as in Fig. 2(b), into an axial force Zp = Qo, applied at the 
neutral axis of the sector, and a bending moment Mp = Q(R,, — 
Ro), acting about the neutral axis. Equations [12] and [13] 
then apply for the determiration of the neutral-axis location 
and the moment of inertia. 

The assumption is now made that internal shearing loads pro- 
duce tangential and radial stress distributions (as a function of r 
only) identical with those produced by internal normal loads. 
Likewise external shearing forces produce tangential and radial 
distributions similar to external normal forces. Hence Equa- 
tions [6] and [7] can be applied to internal-shear problems, and 
similarly Equations [8] and [9] to external-shear problems. 
Equation [17] may now be applied, provided the assumptions 
made in the development of this equation are accepted, and 
where the constants are subject to the boundary conditions of 
this particular problem. 

The loading Zp at the neutral axis contributes nothing to the 
deflection curve. The bending moment Mo produces an anti- 
symmetrical deflection curve with respect to the plane of z = 0. 
Replacing z by |z| in Equation [17], from the condition of anti- 
symmetry C; = —C;,’, D, = D,’ = 0 where the prime terms 
refer to the deflection curve to the left of the loading. From 
symmetry, the contribution of Mo to the right side at z = 0 is 
M)/2 from which C; and C,’ are determined by Equation [1]. 
Hence 
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Fie. 2 
mMo 
= — 
| cos @ 
‘ 


where Q(z) and @(z) are defined in Equation [22] and m = 1 
when z> 0, m = —1 whenz <0. 

For a concentrated external shearing load Q,, acting to the 
left, Fig. 2(a), the neutral-axis deflection curve and the bending 
moment per unit circumferential distance on the. neutral axis are 
identical with Equations [29] and [30], where M, replaces Mo. 
Here M, = Q,(R, — R,,) and the axial force at the neutral axis 
is A= 

Now letting 


Qo = 70(2) = dz 
where 79(z) is the internal shear loading in pounds per square 
inch, the bending moment bécomes 


Mo = (31] 


Substituting this expression into Equations [29] and [30], an 
integration can be performed to obtain the deflection carried out 
and bending moment curves for any internal shear loading 
7o(z). A similar integration may be carried out to obtain 4 
solution for ary external shear loading. 

It is necessary to know, in addition to the neutral-axis deflection 
and the bending moment, the distribution of horizontal force 
applied at the neutral axis of the tube due to the shear loading a3 
a function of axial distance. This distribution depends upon the 
point of support of the tube, and the value of axial force Zo or Z: 
at any location can readily be found from a consideration of axial 
equilibrium. 
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DETERMINATION OF DEFLECTION CurvE WitTH Loans 


As another application of the approximate solution consider 
a sector of a thick cylinder semi-infinite in length and having a 
unit arc at the mean radius. This sector is acted on at one end 
(z = 0) by a bending moment Mpo and an applied radial shearing 
force Vo. This case is illustrated in Fig. 3. Boundary conditions 


Fie. 3 


require that M = Mo and V = Vowhenz = 0. The constants 
of Equation [17] may then be found using Equations [1] and 


{la]. There results 
cos 
2 Mo . V28cos0 
2 
2/26 cos 


The question immediately arises as to the value of k and the 
distribution of radial and tangential stresses as a function of the 
radius only, when there is no surface loading. Here again an 
assumption must be made, and in this case, when the deflection 
curve is predominantly positive, the value of k and the distribu- 
tion of stresses are assumed to correspond to internal normal loads. 
Likewise when the deflection curve is predominantly negative, 
the distribution corresponds to that for external normal loads. 


EVALUATION OF STRESSES AND STRAINS 


To determine the stresses and strains for the loading condi- 
tions discussed, once the neutral-axis-deflection curve and the 
bending-moment curve are known, the radial deformation for any 
value of r becomes, by virtue of previous assumptions 


UmkRo 
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for internal loading, and 


qe 


for external loading. Here u,, is obtained from Equation [25], 
[27], or [32]. The normal stresses and strains due to this radial 
deformation only may then be determined. These are 


(duu 


In addition the stresses and strains produced by the bending 
moment M must be considered. These would correspond to the 
stresses and strains found in bending a wide plate. Thus 


(1 + co,” = 0 

-_M 

€, E (r R,,) } 


where M is found from Equation [26], [28], or [33]. 

The normal stresses and strains produced by an axial force 
located at the neutral axis are of interest in the problem of shear 
loading. Assuming that the tube is supported at z = ©, and 
using Equation [36] or [37], these can be written 


2 Re 


Ro 
The combination of Equations [36], [37], and [38] allows the 
complete determination of normal stresses and strains in thick- 
walled tubes for the loading conditions outlined. The shearing 
stress r,, for these same loading conditions may also be found. 
The shearing stress 7,,” associated with bending of the cross 
section alone is first considered. 


For a sector of a thin shell of length dz and thickness dr re- 
moved fsom a thick cylinder, axial equilibrium requires that 


d(t,, ° 


Integrating from the external surface where there is no shearing 
stress to a surface of depth r, the stress on this surface is 


Considering the case of an internal loading po, semi-infinite in 
length, Equations [26] and [37] are substituted into Equation 
[40], resulting in 


ice 
a z 
/ A 
Un 
>» O(z)... .[32] 
€, = E = 0 
sin 3 sin 5 
da 
2 
dz 
‘ 
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20] gy 


6 
cos= sin = 
2 


2 


Bending, associated with external normal loading, Equation 
[28], and end loadings, Equation [33], and internal or external 
shear loading, can be treated in a similar fashion in order to ob- 
tain the shearing stress associated with such cases. 

Where internal or external shearing loads act on the tube, 
Equation [39] again applies, and the shearing-stress distribution 
as a function of the radius r can be found by integration consist- 
ent with the shear loading. The expressions resulting from these 
integrations must then be added to the shearing stress produced 
by bending (for example, Equation [41]) to obtain the total 
shearing stress at a point in the tube. 


EXPERIMENTAL DETERMINATION OF PHASE ANGLE 0 


The most convenient way to determine the relation between 
the phase angle 6 and the wall ratio is by experiment. Accord- 
ingly, an apparatus was devised whereby internal pressure would 
be maintained over a long but fixed portion of a thick-walled tube 
and gradually moved past a fixed set of strain gages mounted on 
the outside of the tube. Referring to Fig. 4, oil pressure was 
confined to a length of about 20 in. by means of plugs screwed at 
either end of a 1l-in-diam solid shaft. Oil supplied by a high- 
pressure pump was introduced at one end through a long pipe 
and the pressure was maintained constant at 4250 psi for all tests. 
Effective sealing was accomplished by the use of copper washers 
which made a sliding fit with the bore of the tube and these were 
backed by thin rubber disks. Such an arrangement kept leakage 
to a minimum and allowed the tube to be moved quite freely 
relative to the region of pressure in the tube. 

Axial and tangential strains were measured with resistance- 
wire strain gages. The tangential gage consisted of a single wire 
cemented around the circumference of the tube, while the axial 
gage was the commercial Baldwin-Southwark SR-4 type A-8 
gage. The latter was selected because of its very short gage 
length. Strains were detected by the change in resistance, as 
measured by a Wheatstone-bridge circuit. One end of the region 
of pressure was located somewhere near the gages, and strain 
readings were taken at zero and full pressure. The region was 
then shifted by a measured axial distance and the process re- 
peated, until one end of the pressure region had moved com- 
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pletely past the gages. Since the pressure region was long in 
relation to the bore diameter of the tube (1.132 in.), the strain 
configuration corresponded to that.of a semi-infinite distribution 
of internal pressure. 

Four different wall ratios were examined, namely, 2.785, 
2.333, 2.112, and 1.638 and the resulting strain distributions 
found as shown in Figs. 5, 6, 7, and 8. In these curves external 
tangential strains e, and external bending strains ¢,, + je, are 
plotted as a function of the axial distance z. 

Strains determined analytically for the same pressure and wall 
ratios were then computed from Equations [25], [26], [86], and 
[37], using the unknown phase angle @ as a parameter. The 
values of @ which gave the best fit in all cases were determined 
and plotted versus the wall ratio Ri/Ro in Fig. 9. The strains 
determined analytically for these values of @ are included in Figs. 
5, 6, 7, and 8, for comparison with those obtained experimentally. 


METHOD OF SUPERPOSITION TO OBTAIN BANDS OF PRESSURE 


The various cases treated so far refer to semi-infinite distribu- 
tions of loading. Other forms such as short bands of pressure or 
shear, combined semi-infinite loading with short bands, etc., may 
be handled by the method of superposition. Typical curves of 
external strains, plotted as a function of axial distance from the 
band center for short bands of internal pressure, are included as 
Figs. 10 to 13. These are for band lengths of 0.24 in. and 0.68 in., 
respectively, and for wall ratios of 1.638 and 2.785. Strain values 
determined both by the approximate theory and by experiment 
are included. The agreement is good in most cases. The dis- 
tributious of strains determined analytically are readily found 
by subtracting the external-strain expressions for two internal- 
pressure loadings semi-infinite in extent, when the pressure front 
of the second loading is separated from the first by the band 
length. The experimental values were obtained by forcing short 
copper plugs through the bore of the tube while measuring ex- 
ternal strains. 

In addition, variable loadings may be represented by a number 
of constant increments of pressure and can be treated by the 
superposition of the effects of each individual band. 


Discussion OF APPROXIMATE METHOD AND COMPARISON WITH 
Exact SoLutions 


The analysis outlined is admittedly approximate, but has the 
advantage of being in closed form, thereby eliminating the 
tediousness of a series solution or “relaxation.’’ One inherent 
difficulty in boundary conditions is encountered, namely, radial 
nonequilibrium at the bore for internal loadings and at the out- 
side surface for external loadings. As a result, the radial stress 
expression in Equation [36] is erroneous. However, this diffi- 
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culty may be corrected with little error by 
evaluating the radial stress at a point from the 
Lamé expression by assuming the pressure (in- 
ternal or external) at that point to be uni- 
formly distributed. Thus for internal loading 


and for external loading 
Ro 
= 


r 
Ro 


py... . [43] 


STRAIN DISTRIBUTION AT BORE | 


FOR 
THICK CYLINDERS 
QUE TO 
SEMI-INFINITE LOADING 


&. 
1.782 


—— APPROXIMATE ANALYSIS 
--- FOURIER INTEGRAL 


| 
| 


| | SEMI-INFINITE LOADING 


It will be observed from the various bend- 
ing-moment and neutral-axis expressions which 
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infinite loading distribution is suddenly applied (except Equa- 
tions [42] and [43]). The exact treatment of the problem 
shows that the axial, tangential, and radial stress as well as the 
axial and radial strains are discontinuous at the point z = 0, 
r = Rp for internal loading, semi-infinite in extent and at z = 
0, r = R, for similar external loads.!* 

Figs. 14 and 15 compare the approximate solution with the 
exact treatment as regards bore tangential and axial stresses 
and strains when a semi-infinite internal pressure is applied to 
a tube with a wall ratio of 1.782. The continuity of the approxi- 
mate method and the discontinuity of the exact treatment are 
observed, as well as the agreement at the values of z away from 
the pressure front. Such physical problems, in general, do not 
have discontinuous loadings so that in the actual case the bore 
stress and strain distributions are probably somewhere between 
the two solutions. This fact lends further weight to the ap- 
proximate treatment of the problem. 

In order to investigate this fact further, an experiment was 
performed on a thick tube for which axial- and tangential-strain 
gages were located internally and externally on the tube, and 
a short copper plug pushed into the tube as far as the edge of the 
gages. Strain readings were taken for various distances of the 
plug from the gages, and the data recorded in Fig. 16 for two 
different tests. These results seem to indicate that the bore- 
strain values follow more closely the values predicted by the 
exact solution, but unfortunately it was not possible to get the 
plug sufficiently close to the gages for this to be conclusive. 

An additional comparison can be made between the exact 
solution and the approximate treatment by employing the con- 
cept of the effective stress, defined as 


1 
oy’ = /2 V — + (¢, —¢,)*... [44] 


13 Wherever the exact solution is referred to in this paper for 
comparison with the approximate solution, the Fourier integral solu- 
tion, developed by Evans® and independently by the authors at a later 
date is indicated. A more detailed discussion of the exact solution 
will be given in a later paper. 
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Yielding will occur at a point if 
oy 2 ao... 


where oo is the yield stress of a ductile metal in simple tension. 
It is this effective stress oo’ which controls the design of thick- 
walled cylinders. Fig. 17 shows a comparison of the effective 
stresses at the bore, as computed by both approximate and exact 
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solutions for a semi-infinite distribution for a wall ratio of 1.782. 
The agreement is seen to be very good, except perhaps for regions 
very near the discontinuity in loading, where the approximate 
solution appears to be conservative. For short bands of pres- 
sure of varying lengths (the band length being expressed in 
general terms by §/), the maximum effective stresses in terms of 
the pressure were evaluated by the approximate and exact solu- 
tions and compgred in Fig. 18 for a typical thick-walled cylin- 
der. Agreement between the two effective stress curves is good 
for all except extremely short band lengths. Here the approxi- 
mate solution is conservative. 


SUMMARY AND CONCLUSIONS 


Based upon an extension of the theory of a bar on elastic 
foundation, a simple approximate solution is given in closed form 
for the analysis of the stresses and strains in a thick-walled 
cylinder loaded by an axially symmetrical system of forces either 
internally or externally applied. The approximate solution for 
both semi-infinite pressure distributions and bands of internal 
pressure is compared with the mathematically exact solution 
and with experiment. Good agreement was found in all cases 
for external strains while for internal strains the agreement 
was good except for points very near the discontinuity in pres- 
sure. Since it is doubtful in practice that an abrupt discon- 
tinuity in loading is often realized, the approximate solution may 
be useful also near the discontinuity of pressure. More import- 
ant, however, is the fact that the values of the effective stresses 
(based upon the distortion-energy theory of yielding) which 
govern the design of such tubes, are in close agreement at the bore 
when determined by the exact and approximate solutions. Very 
close to the discontinuity there is some disagreement, but here 
the approximate solution is conservative. 
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This paper describes a numerical method for solving 
directly the problem of the torsion of a bar of constant 
cross section having one or more internal longitudinal 
holes. The method involves the use of finite differences 
and can be used with either the iteration procedure due to 
* Liebmann (1),2 or the relaxation procedure attributed to 
Southwell (2). The method avoids the necessity of com- 
bining a number of separate solutions since it establishes 
the necessary conditions around the hole by a special con- 
dition which amounts in general to treating the entire 
hole as a single point in a network, and determining the 
elevation of this point (i.e., the elevation of the stress func- 
tion for torsion at the boundary of the hole) by a relation 
similar in form to that used for regular points of the net- 
work. The calculations by this method appear to converge 
at least as rapidly as for a section without a hole. 


DETAILS OF NUMERICAL SOLUTION 


HE components of shear stress on the cross section of a 
prismatic bar subjected to torsion can be expressed as 
follows 


in which ¢ is Prandtl’s stress function (3). These stresses are 
statically consistent and in addition will yield compatible strains 
when ¢ satisfies the equation 


Ox? 


dy? 


An exact analytical solution for ¢ is impractical except for a 
few simple sections. In other cases an acceptable method of 
solution is to approximate the partial-differential equation by a set 
of linear equations in terms of finite differences. If ¢ is defined 
at the nodes of a network of squares of side \ covering the section, 
the fundamental difference equation reduces to the form 


¢(2, y) = 
o(z,y +d) + o(z,y—A) + +A, y) + y) + 2GOr? 


4 


Because the shearing stress perpendicular to a boundary is 
zero, the slope of the function ¢ parallel to the boundary must 
be zero; consequently, the values of ¢ along the boundary are 
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A Numerical Solution for the Torsion 
of Hollow Sections 


By E. C. COLIN, JR.,! anp N. M. NEWMARK,? URBANA, ILL. 
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constant. For a solid section, which has only one boundary, 
the constant is taken as zero for conveniehce. The derivation of all 
equations required for a numerical solution and a detailed study 
of means of solving them by iteration can be found in a paper by 
Shortley, Weller, and Fried (4). A method for solving the same 
equations by the relaxation procedure has been given by South- 
well (2). 

The procedure which we have briefly outlined is adequate for 
determining the torsional properties of any solid prismatic mem- 
ber. When the member is hollow, however, additional condi- 
tions are required to assure that the material will remain con- 
tinuous around all holes, i.e., that the displacements normal to 
the plane of the cross sections will be single-valued. Returning 
to the stress-function idea, we note that for hollow sections there 
must be a boundary of constant elevation, different from zero, 
around each hole. If we choose the exterior boundary elevation 
to be zero, we are left with an unknown boundary value for each 
hole. 

It can be shown (5) that the condition which must be im- 
posed on the stress function to assure continuity is as follows 


e 


This means that the integral around any closed curve of the 
slope of the function perpendicular to the curve must equal 2G6 
times the area within the curve. This condition is automatically 
satisfied when the area within the curve includes only solid por- 
tions of the cross section. To obtain a unique solution for a hol- 
low cross section, it is sufficient to impose this condition upon the 
slopes of the stress function perpendicular to a set of curves, each 
of which completely encloses one of the holes in the section. 

To illustrate the use of this condition in connection with 
numerical solutions, consider the following simple example. 
If we have a hole of size 2\ X 3d in a cross section of any shape, 
the region near the hole may be represented by Fig. 1. For 
convenience, let us consider the closed curve, shown in dotted 
lines, which surrounds the hole. At the point where the line con- 
necting node 2 with the hole crosses our dotted curve we can 
represent the slope of the stress function approximately by dif- 
ferences, as follows 
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This value of the slope is an average for the distance \/2 along the 
dotted curve on each side of the intersection. A similar expres- 
sion may be written for the slope at each point of intersection of 
the dotted curve with a line of the network. 

In terms of the expressions for slope just derived, the required 
integral around the curve becomes 


where n is the number of node points on the solid portion of the 
body which are directly connected to the boundary of the hole 
by lines of the network. In this example, n = 14. The following 
equality may also be stated 


in which m is the number of node points which would lie either 
on the boundary of the hole, or within the hole if the network 
were extended to cover the hole. By substituting expressions [6] 
and [7] in Equation [4], we obtain the condition required for 
continuity in terms of finite differences, which is 


For the particular example we have been considering, this condi- 
tion becomes 

lto 14 


If we solve Equation [8] for ¢o, we obtain the result 


2Ge\2m + 4, 

n 

For any particular hole the quantities (2G@\?m) and n are both 

constants, 

It can be seen directly that Equation [3] is only a special case 
of Equation [10] in which m = land n = 4. In other words, the 
equation for the elevation at the boundary of a hole is slightly 
different from the equations for regular points of the network, 
but it is of the same form. The use of Equation [10] with the 
Liebmann procedure permits us to compute a new value of the 
boundary elevation of the hole during each cycle of iteration. 

When using the relaxation procedure, we write an equation 
for the residual load on the whole area of the hole. This equation 
is 

F, = Fr-1— [nl —2 (44) 


where F, is the residual load and F,;-; was the residual load 
before the arbitrary changes represented by A. The arbitrary 
changes should be such as to make F, approach zero. The first 
residual load is computed from the originally assumed eleva- 
tions by the formula 


F, = — (noe — 2%). [12] 


For regular points of the network, Equations [11] and [12] 
may be used with the values m = 1 andn = 

Illustrative Example. Fig. 2 shows a simple problem which 
has been solved by the proposed method. The cross section is 
square with a square hole off center along one axis of symmetry. 
The problem was solved by iteration. 
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GENERAL Discussion 


The .nethod of solution described herein appears to be mate- 
rially more rapid and simpler than the procedure of combining 
linearly a number of separate solutions, each of which is obtained 
with a different set of arbitrary elevations assumed around the 
boundaries of the interior holes. A complete discussion of the 
previous method may be found in a report by Griffith and 
Taylor (6). 

A report by F. 8. Shaw (7) on the same subject has recently been 
brought to the attention of the authors. His report describes a 
method of solution of the multiple-boundary problem by relaxa- 
tion that is the same in principle as the method used here. Al- 
though Shaw’s presentation is in some respects similar to the 
present one, it is felt that the manner of derivation and the de- 
tails of procedure given in this paper represent a simpler ap- 
proach. 

We have not attempted in this paper to present an exhaustive 
study of the possibilities of the proposed method. For this rea- 
son, no mention has been made of holes whose boundaries do not 
pass through node points, or of other similar problems. Such, 
cases may be handled in the same manner as irregular exterior 
boundaries. Our experience with the few problems which, 
we have solved by this method to date leads us to believe 
that convergence to the correct solution is materially faster 
for a hollow section than for a solid section with the same. 
number of nodes. It is particularly noticeable that the elevations. 
around the holes converge after very few cycles of correction, 
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The Mechanics and Thermodynamics of 
Steady One-Dimensional Gas Flow 


By ASCHER H. SHAPIRO! ano W. R. HAWTHORNE,? CAMBRIDGE, MASS. 


Recent developments in the fields of propulsion, flow 
machinery, and high-speed flight have emphasized the 
need for an improved understanding of the characteristics 
of compressible flow. A one-dimensional analysis for 
flow without shocks is presented which takes into account 
the simultaneous effects of area change, wall friction, 
drag of internal bodies, external heat exchange, chemical 
reaction, change of phase, injection of gases, and changes 
in molecular weight and specific heat. The method of 
selecting independent and dependent variables, and the 
organization of the working equations, leads, it is believed, 
to a better understanding of the influence of the foregoing 
effects, and also simplifies greatly the analytical treatment 
of particular problems. Examples are given first of several 
simple types of flow, including (a) area change only; (6) 
heat transfer only; (c) wall friction only; and (d) gas in- 
jection only. In addition, examples of flow with com- 
bined effects are given, including (a) simultaneous friction 
and area change; (6) simultaneous friction and heat 
transfer; and (c) simultaneous liquid injection and 
evaporation. A one-dimensional analysis for flow 
through a discontinuity is presented, allowing for 
energy, shock, drag, and gas-injection effects, and for 
changes in.gas properties. This analysis is applicable to 
such processes as: (a) the adiabatic normal shock; (6) 
combustion; (c) moisture condensation shocks; and 
(d) steady explosion waves. 


NOMENCLATURE 
The following nomenclature is used in the paper: 

= cross-sectional area 
see Equation [44c] 
speed of sound 
drag coefficient of internal bodies, based on duct cross- 

sectional area 

specific heat at constant pressure 


l T og 
Cp, aT 


hydraulic diameter 

friction coefficient of duct (r7,,/1/20V) 

impulse function (pA + pAV?) 

enthalpy change at temperature 7’ due to change in 
chemical composition (positive for exothermic reac- 
tion), per unit mass of stream 
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latent heat at temperature 7, per unit mass of evapo- 
rating liquid 
enthalpy effect due to combustion, phase change, and 
mixing, namely 
Vv? — V,?\ dw 
a, — (4, ) 


w 
E — Tes) + 


w 

ratio of specific heats (c,/c,) 

length of duct 

maximum length of duct for adiabatic, constant-area, 
constant-mass flow with friction 

Mach number 

static pressure 

isentropic stagnation pressure 

heat transfer to stream from external sources, per unit 
mass of stream 

universal gas constant 

recovery factor (Fig. 7 and Equation [30d }) 

total change in entropy of main plus injected streams, 
per unit mass of main stream 

entropy per unit mass 

temperature (absolute) 

stagnation temperature (absolute) 

stagnation temperature of injected gas 

wall temperature (Fig. 7) 

adiabatic wall temperature (Fig. 7) 

film coefficient of heat transfer 

stream velocity 

mass rate of flow of stream 

mass rate of flow of injected gas 

mass rate of flow of evaporated gas 

dw, + dw, 

molecular weight 

work delivered by stream to surroundings, per unit 
mass of stream 

distance along duct 

drag force on bodies in stream, or component of body 
force acting on stream in direction opposite to flow 

V,'/V, where V,’ is forward component of velocity 
with which dw, enters stream (see Fig. 1) 

V,'/V, where V,’ is forward component of velocity 
with which dw, enters stream 

(ygdw, + yrdwz)/(dw, + 

mass density of stream 

half-angle of divergence of duct 

shearing stress on walls of duct 

refers to conditions where M = 1 

refers to injected gas 

refers to injected fluid which changes phase 

refers to section 1 

refers to section 2 

refers to conditions relative to observer moving with 
upvarned gas 
Nots: Uviess specified otherwise, all quantities refer to main 

gas stream. 
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INTRODUCTION 


Statement of Problem. The flow of compressible fluids has 
become a phenomenon of increasing interest to engineers. Aero- 
nautical engineers have long been interested in the flow of air 
around wings and fuselages, steam-turbine engineers have been 
interested in the flow through nozzles, ducts, and buckets. In 
both these instances the problems are simplified by the assump- 
tion of constant stagnation enthalpy with no chemical changes 
or mixing of injected gases. 

Recently, particularly as a result of developments in pro- 
pulsion, such as the rocket, the ram jet, and the gas turbine, 
flow with chemical changes, mixing, and heat addition has be- 
come more important. The flow of gases through combustion 
chambers of high output occurs in all ram-jet and gas-turbine 
combustion chambers. The aircraft radiator and the nuclear 
pile are examples in which heat is added to a gas moving at high 
speed. The rocket nozzle offers an example of flow with chemical 
change; the injector and ejector of mixing and perhaps phase 
change; the moving flame front and detonation wave of sudden 
chemical change accompanied by change in density; the moisture- 
condensation shock and the evaporation of liquid sprays are 
phenomena in which there is a change in stagnation temperature 
and mass flow of gas. 

From this survey it is clear that we must have means for pre- 
dicting the simultaneous influence of many different effects on 
the properties of a high-speed stream. These effects include 
the following: 


(a) Area change. 

(b) Wall friction. 

(c) Drag of internal bodies. 

(d) External heat exchange. 

(e) Combustion, or chemical reaction. 

(f) Change of phase, e.g., evaporation or condensation of 
water or fuel. 

(g) Mixing of gases which are injected into the main stream. 

(h) Changes in molecular weight and specific heat occasioned 
by combustion, evaporation, gas injection, etc. 


Because of the complicated nature of the problem, it will be 
assumed that the flow is one-dimensional, i.e., that all properties 
are uniform over each cross section. 

Historical Background. The history of one-dimensional gas 
dynamics appears to have started with the discovery in 1839 by 
Saint Venant that isentropic acceleration of a gas stream could 
not be accomplished indefinitely through reduction in the channel 
area, and that, after the stream velocity reached the local sound 
velocity, higher speeds could be attained only by increasing the 
channel area. In the latter half of the nineteenth century this 
idea was put to use by De Laval in designing the nozzles for his 
impulse turbine. 4 

Grashof (1),* Zeuner (2), Stodola (3), and Hawthorne (17), 
investigated the effect of friction on compressible flow at constant 
area. 

The first published works concerning the effects of heating (or 
cooling) at constant area and without friction were those of 
Hawthorne and Cohen (18), Bailey (4), Sczceniowski (5), and 
Hicks (15). 

Chambre and Lin (6) presented equations showing the com- 
bined effects of heating, combustion, area change, and changes 
in molecular weight and specific heat.‘ 

Steady flow in ducts with friction and heat addition was 
studied by Hicks, Montgomery, and Wasserman (16). 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


* There appear to be a number of algebraic errors in the equations 
of Chambre and Lin. 
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Validity of One-Dimensional Approach. The assumption of 
one-dimensional flow is justified largely by the great simplifica- 
tions it makes possible. In addition, there are many important 
problems where the one-dimensional treatment introduces no 
significant errors. These may be classified as follows: 


(a) When changes in stream properties in the direction of 
flow are much larger than in the direction normal to flow. 

(b) When changes in properties in the direction normal to 
flow are the same in all planes, that is, the velocity, temperature, 
and density profiles are unchanged. 


In those cases where two- or three-dimensional effects are of 
prime importance, the one-dimensional point of view often sup- 
plies important qualitative results. 

An additional assumption is inherent in the one-dimensional 
analysis, namely, that the effect of turbulence on the computa- 
tion of the mean properties is small. 


ANALYsIs OF FLow ContTINuous CHANGES, FOR VARIA- 
BLE MOLECULAR WEIGHT AND Spectric Heat 


Assumptions. The following assumptions are made: 


(a) The flow is one-dimensional. 

(b) Changes in stream properties are continuous. 

(c) The gas is semiperfect, i.e., it obeys Boyle’s and Charles’ 
laws, and has a specific heat which varies only with temperature 
and composition. 


Physical Equations and Definitions. It will be found con- 
venient to express the physical equations and definitions in 
logarithmic differential form. 

The pressure-density-temperature relation, for example, is 
written 


Pp = pRT/W 


loge p = loge p + loge R + loge T — loge W 


av aw 


From the definition of Mach number and the expresssion for 
the sound velocity in a semiperfect gas, we get 


c? = kRT/W 


and 
M? = V2/c? = V?W/kRT 


dWo+ dwy 


p+dpP 
V +dVv 
M+dM 


Fic. 1 Conrrot Surrace ror ANALYsIs oF ConTINUOUS CHANGES 


(a, b, c show different methods of gas and liquid injection. In Fig. a, Vo’ is 
the forward component of V,.) 
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L(dk aw 
k T 


im? _ dv? dW dk 
V2 Ww k 


Using the equation of continuity, we obtain for the control 
surface of Fig. 1 


dp 


In this expression dw denotes the total increase of mass flow 
in the main stream and includes both injected gas and evaporated 
gas, ie., dw = dw, + dw,. If vapor is condensed, note that 
dw, is negative. Lt is important to note also that dA refers to 
the change in cross-sectional area occupied by the main stream, 
and does not include the cross-sectional area of the injected 
streams before mixing. It is assumed that the injected streams 
are perfectly mixed and diffused throughout the main stream 
at the downstream boundary of the control surface. 

In Appendix 1 it is shown that the energy equation may be 
written as follows 


dQ — dW, + dH = c,dT + d(V?/2) [66a] 


whence 


iQ —aW, + aH _ aT | 

Cy 1 1 
where dH denotes the net enthalpy and kinetic-energy change 
associated with chemical reaction, phase change, and mixing of 
injected gas, and is given by 


Vit) 
2 w 


V?| dw, 
Cog (T — Tog) + > 


w 


dH = dh,, — (14 + 


The momentum equation, according to the derivation in Ap- 
pendix 2, may be written 
dp kM? 4 dx dX kM? dV? 


2 Vy? 
kpAM? 


+ — y) =0.... [9] 


Next, a quantity is defined which will be called the impulse 
function. The change in this function represents the total force 
exerted by the solid boundaries on the stream. It is useful for 
evaluating the thrust of propulsion systems. Thus 


F = pA + pAV? = pA(l + kM?) 


dF dA dp 


F A 


1 + kM? M? 1+ kM? 
Application of the second law of thermodynamics is simplified 


through use of the entropy. For a semiperfect gas, we get (for 


the case of unchanged chemical composition only) in the case of 
the main stream 


. [11] 


Considering the total entropy change of the main stream plus 
injected gas and liquid, it may be shown that 
dS 


c 


w w 

Working Equations and Table of Influence Coefficients. Among 
the seven relations given by Equations [2], [4], [6], [7], [9], [11], 
[12], we find thirteen variables. Consequently, six variables may 
be chosen as independent and seven as dependent. For the inde- 
pendent variables we select those whose values are most easily 
controlled in a practical problem, and each of the dependent 
variables is then expressed in terms of the independent ones. 
For example, after algebraic combination and manipulation, we 


2(1 + kM?) (1 +— 
1 M? 


1+kM?dW~ dk 


The coefficients of the independent variables are called ‘‘in- 
fluence” coefficients and prove to be functions of k and M only. 
In Table 1 is a complete list of influence coefficients. 

General Characteristics of Flow Patterns. Leaving for subse- 
quent discussion the application of Table 1 to specific problems 
the following general conclusions may be reached by inspecting 
the forms of the influence coefficients: 

The influence coefficients for M, V, 7, p, and p have, with 
the exception of those pertaining to dk/k, the term (1 — Mz?) in 
the denominator. Thus the values of M, V, 7, p, and p change 
at an infinite rate near M = 1. Moreover, the signs of the influ- 
ence coefficients change at M = 1, thus indicating that the ef- 
fects of the independent variables (excluding dk/k) are of opposite 
sign in subsonic and supersonic flow (except for the effect of heat- 
ing on 7, where the influence coefficient changes sign at M= 
1//k, as well as at M = 1). 

Because of the change in sign of the influence coefficients at 
M = 1, it is evident that some sort of readjustment in the flow 
may sometimes be necessary if the independent variables are 
continuously altered in one direction. This readjustment may 
be in the form of choking or of shock waves. 

The flow in a convergent nozzle is a familiar example of choking. 
The following interpretation of this phenomenon may clarify 
the concepts of thermal and frictional choking to be discussed 
later. 

Observe from Equation [13] that for area change alone near 
M = 1, we may write approximately 


(k + 1)M? dA 


dM? = — 
1—M? A 


Now imagine that following the section where M = 1, a section 
of decreasing area is added on, i.e., dA <0. If we suppose the 
mass flow unchanged by this addition, the sign of the approxi- 


ds dal k—tdp 
| Cy 1 k p 
and 
aT 
or 
get 
2{ 1+ —— M? 
dM? 2 dA 4 1 + kM? dQ —dW,+ dH 
M? 1 — M? A 1 — M? 
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TABLE 1 TABLE OF INFLUENCE COEFFICIENTS; VARIABLE SPECIFIC HEAT AND MOLECULAR WEIGHT 
dA dg— aw. + 4H | __ 2, dw aw dk 
A cpT kpAM? w Ww k 
aM? 2 (a + 1 + kM? kM? (a mM?) 2(1 + km) (1 + 1 + kM? 
av 1 1 kM? 1+kmM? 
de 1 — kM? — + _kMt—1 1 
aT (k — 1— kM? 1) M8 (k—1)MX1 + kM?) (k — 1)M? 
T M? 2(1 — M®) 1— M? M? 
dp M: .1)M? 1 
dp kM? kM? + (k — 2k? (1 + <>" kM? 
Mt i— mi 211 — T— Mt 
aF 1 kM? 
ds/c 0 1 (k — 1)M? 
(Note 2) (k — 0 0 
Norges: (1) Each influence coefficient represents the partial derivative of the variable in the left-hand column with respect to the variable in the top 


row; for example 


k—1 
aw 2 a4 
M? 


1 + kM? dQ — dWs + dH 


cet 


(3) See Note (2) under Table 2 on following page. 


(2) For unaltered chemical composition only, and referring to entropy change of 


mainstream. See Equation [126] for total entropy change. 


mate expression just given shows that there can be no change 
of Mach number corresponding to the area reduction; for if M 
were to become subsonic, it would immediately tend toward 
unity; and if M were to become supersonic, it would again tend 
immediately toward unity. Thus the supposition of unchanged 
mass flow leads to the absurdity of an unlimited decrease in area 
with no change in Mach number. It is observed experimentally 
that this difficulty is resolved by a reduction in mass flow propor- 
tional to the reduction in throat area. Similar considerations 
applied to the remaining terms of Equation [13] show that 
choking effects may be attendant on heat effects, frictional 
effects, mixing, and chemical change. 

The individual influence of each independent variable is readily 
found from Table 1. 

For example, an increase in area tends to reduce M in subsonic 
flow and to increase it in supersonic flow. 

Heating or combustion tends to increase M at subsonic speeds, 
and to decrease M at supersonic speeds. 

The effect of friction, or drag of internal bodies, acts to in- 
crease M at subsonic speeds, and to decrease M at supersonic 
speeds. Note that the friction term, fdz, and internal-drag term, 
dX, are always positive, while the other independent variables 
may be either positive or negative. 

An increase in mass flow (with y < 1 for the added flow) tends 
to increase M at subsonic speeds and to decrease M at super- 
sonic speeds. 

When the molecular weight is increased, the Mach number 
tends to drop for subsonic flow and to rise for supersonic flow 

Finally, an increase in the isentropic exponent k always tends to 
reduce M, for either subsonic or supersonic speeds. 

Considering the simple case where there is no combustion, no 
W,, and no gas injection, we find from Table 1 that 


The second law formulation of Clausius (8) is 
dQ 
ds — — > 
T= 0 


from which it follows that both fdz and dX are always positive, 
i.e., negative friction or negative drag would constitute violations 
of the second law of thermodynamics. 

Considering the case when there is no chemical change, no 
friction, no drag, no W,, and no liquid injection, we find from 
Equation [125] 


dQ + dH 


T 


d dw 


As in the preceding paragraph the second law of thermodynamics 
requires that 


dQ 
> 
dS 0 


Examination of this requirement for gas injection shows that 
it is satisfied under all conditions. 

For gas withdrawal, if the foregoing equation for dS is valid, 
then the second law requirement can only be satisfied if the with- 
drawn gas crosses the boundary of the control surface with exactly 
the same properties and direction of motion as the main stream. 
In other words, the withdrawal must not include an unmixing 
process, and, in addition, y must be unity. Obviously, gas may 
be withdrawn at other values of y, but in these instances the gas 
will cross the boundary at other than the control-surface pres 
sure, and the equation for dS will have to be modified to take into 
account the added term discussed in the footnote to Equation 
[67], Appendix 2. 

From this discussion it is to be noted that for gas withdrawal 
the influence coefficients in Tables 1 and 2 are applicable only 
for the condition y = 1. 
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ANALysIs oF FLow With Continuous CHANGES, FOR CONSTANT 
MoLecuLaR WEIGHT AND Speciric Heat 


There are many problems where the changes in molecular 
weight and specific heat may be ignored, and the computations 
considerably simplified thereby. 

Assumptions. The assumptions are the same as in the pre- 
ceding section, except that dW = dc, = dk = 0. 

Physical Equations and Definitions. In addition to the equa- 
tions uf the preceding section, which of course remain valid, we 
define two quantities which are found to be convenient. 

The stagnation temperature (sometimes called total tempera- 
ture) is the temperature which the stream would assume if it 
were brought to rest adiabatically. It is given by the expression 


This equation is used in place of Equation [7] and heat 
effects are then measured in terms of changes in the stagnation 
temperature, according to the energy equation 
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TABLE 2 TABLE OF INFLUENCE COEFFICIENTS; CONSTANT SPECIFIC HEAT AND MOLECULAR WEIGHT 


dQ—dW, + dH = [16} 


Another important variable, particularly for internal-flow 
problems, is the isentropic stagnation pressure (sometimes called 
total pressure) which is defined as the pressure that the stream 
would assume if it were brought to rest isentropically. It is 
related to the local static pressure and Mach number through the 
formula 


ds 
To po 

Working Equations and Table of Influence Coefficients. As in 
the preceding section, the equations are put into canonical form. 


The influence coefficients are given in Table 2. 
The most important working equation is 


dA aTe 
To 


dz aX dw | 


dw 
w | 


w 


km) (1 m mt) 
i—™? 


2(1 + km) (1 + 


av 1+ 1+ kM® 

V 1— 2(1 — M?) 1— M?* 

k—1 

aT (k — 1)M? a— km (1 += — + 


p 1— M? 2(1 — M?) 1—M? 
dp kM? kM? : mM?) + — 1)M?] 2kM? (a > M*) 
1—M? 2(1 — M?) 


kM? 
2 


— kM? 


F 1+ kM? 2(1 + kM?*) 
d 


example 


Note: Each influence coefficient represents the partial derivative of the variable in the left-hand column with respect to the variable in the top row; for 


1— To 


A 


dz dx dw 
1— M* ( D kpAM? 
k—1 
2a + 3 M*) 
1— M? w 


(2) Tables of numerical values of the influence coefficients appear in the Design Data Section of vol. 14, no. 4, December, 1947, issue of the JouRNAL 
od Apptigp Mecuanics in the paper entitled ‘‘Tables for the Numerical Solution of Problems in the Mechanics and Thermodynamics of Steady, One- 
imensional Gas Flow Without Discontinuities,” by G. M. Edelman and A. H. Shapiro. 


k 
po = p| 1 + —— M? | 
or 
kM? 
To) = 7 + = T | dpo 2 dM? [18] 
k 1 M? 
or 2 
k—1 mM? The change of entropy, in terms of and pp, is then 
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1— M? 
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dX 


k—1 
= 


General Characteristics of Flow Patterns. In addition to the 
general conclusions of the preceding section, certain important 
results relating to the stagnation pressure may be observed, as 
follows: 

Changes in area have no effect on stagnation pressure. 

An increase in stagnation temperature always tends toward a 
reduction in po, be the speed subseaie or supersonic. Thus the 
stagnation-pressure loss in combustion chambers can never be 
entirely eliminated. 

Friction and drag always act to reduce po, for both subsonic 
and supersonic flow. 

Gas injection tends to decrease po if y < 1, i.e., if the gas is 
injected with a forward velocity less than that of the main 
stream; while the stagnation pressure tends to be increased when 
gas is injected with a forward velocity greater than that of the 
main stream. 
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APPLICATIONS AND EXAMPLES 


General Method of Solution. If, in any particular case, the 
values of the independent variables in Table 1 are known, then, 
for any given set of initial conditions (M,, pi, 71, etc.), the condi- 
tions at all other sections of the channel may be found through 
analytical or numerical integration of Equation [13] and equa- 
tions similar to [13] for dp, dT, etc. In fact, Equation [13] alone 
suffices, for, if the values of M and of each independent variable 
are known the values of p, 7’, etc., may be found from integral 
relations given in the following paragraphs. 

Variable Specific Heat and Molecular Weight. Yor the case of 
variable specific heat and molecular weight, the integral rela- 
tions are obtained from Equations [1], [3], [5], [7], and may be 
summarized as follows® 


ky — 1° 
AH = cnt ( 2 
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5 It is assumed that for a small interval of temperature we may 


write 
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Suppose that in a particular problem, the values of Mi, p,, 
T;, A, ete., are known at a section 1, and that the values of 
Az, Q— W, + AH)i-2, — We, ke, etc., are known for 
a section 2, a small distance downstream of section 1. Then, 
from Equation [3], the value of M: is found through numerical 
integration, using the method of isoclines. Next, Equation [20} 
is solved for T2, Equation [21] for p:, and Equations [22] and 
|23] for Vz and ,», respectively. The procedure is then repeated 
for astep between section 2 and section 3, and so on. 

Constant Specific Heat and Molecular Weight. For the case of 
constant specific heat, we obtain in addition to Equations [22 
and [23], the following integral relations 


Q— W, + AH = ¢,(Tm — Tn) 


These formulas are used in the same way as Equations [20} 
and [21]. 

Approximate Solution Near M = 1. Many of the. influence 
coefficients approach infinity near M = 1, thus complicating the 
numerical integration. It is usually possible, however, to inte- 
grate Equation [13] or [19] analytically, with some degree of 
approximation, between a section where M is nearly unity and 
a section where M is exactly unity. For example, considering 
only the second term of Equation [19] 


1 — M? 
M2 


dTo 
To 


dM? = (1 + +" 


dT» 


(k +1)? 
To 


Integrating approximately between M = M, 79 = 79, and M 
= 1, Ty = To*, we get 


(1 — (k+ 
To 


Specific illustrations of both analytical and numerical pro- 
cedures are given in the‘*examples which follow. 

Simple Types of Flow. A simple type of flow is defined here 
as one in which all but one of the independent differentials in 
Table 2 are zero. Thus simple area change refers to a process 
in which the area changes without frictional, stagnation-tempera- 
ture, or gas-injection effects. Similarly, simple To-change 
refers to a process in which the stagnation-temperature changes 
(due to external heat exchange or to combustion) without area 
change, friction, or gas injection. In each of the simple types o/ 
flow the specific heat and molecular weight are constant. - 

Analytical relations may easily be obtained for the several 
simple types of flow. For example, consider a simple area change. 
Using the first influence coefficient in Table 2, we obtain 


(1 — M?) dM? 
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k-1 
2(1 + 
A* M k+1 


The integration is carried out between the sections where M = 
1,A = A*andM =M,A =A. The asterisk then indicates 
the critical value of A, or the value where the Mach number is 
unity. Equation [27] is the well-known formula giving the 
ratio of local area to throat area as a function of the local Mach 
number for an isentropic process. 

Referring again to simple area change, we obtain from the first 
column of Table 2 ° 

aV/V (dV /V)/(dA/A) 1 


dM?/M? (dM2/M?)/(dA/A) (: k—1 
2 


Upon integration between M = 1, V = V* andM=M,V = 
V, we get 


V 


where V* is the velocity where M = 1. This same equation 
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Fig. 2 TEMPERATURE-ENTROPY DIAGRAM 
(Curves of simple area change, simple friction, and simple Te-change.) 


might have been obtained from the integral relations of Equa- 
tions [25], [26], [22], [23]. 

By continuing this procedure, we obtain not only a set of 
equations for the case of simple area change, but also a similar 
set for the other types of simple flow. These formulas are sum- 
marized in Table 3. Note that the case of simple gas injection 
with y = 1 is essentially identical with the case of isentropic 
area change; that this must be so is evident if we consider that 
this type of gas injection is reversible, involves no change in stag- 
nation temperature, and has as its principal effect an alteration 
in the mass flow per unit area. 

Fig. 2 shows on a temperature-entropy diagram the courses of 
states, beginning with state d, corresponding to simple area 
change, simple 7 o-change, and simple friction, respectively. 

The isentropic through d represents simple area change. In 
going from d to c the area is decreased and M approaches 1. At 
c the Mach number is unity. Point a represents the jsentropic 
stagnation condition for all points on the line ad. 

The Fanno line represents the possible series of states having a 
constant flow per unit area and a constant stagnation tempera- 
ture. Two Fanno lines are shown, both having the same stagna- 
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tion temperature, but with the line passing through c having a 
larger flow per unit area than the one passing through f.  Fric- 
tional and drag effects alone are accountable for motion along 
the Fanno line, and, since we are dealing with an adiabatic proc- 
ess, the entropy can only ipcrease; consequently, the motion 
along the Fanno line must be to the right. At point f there exists 
a condition where the stream may undergo a slight pressure 
change without heat exchange, change in area, or change in en- 
tropy; these will be recognized as the conditions under which an 
infinitesimal sound wave is propagated, so that at f the Mach 
number is unity. This is also evident by noting that the slope 
of the tangent to the Fanno line is 

dh dT 

ds "ds 


From the appropriate column of Table 2 


=) kM? 
ds Fanno 


1 — 
which becomes infinitely large when M = 1. Above f the flow 
is subsonic, while below f the flow is supersonic. Thus for simple 
friction, a subsonic stream can approach M = 1, but can never 
become supersonic. Similarly, a supersonic stream can never 
become subsonic through continuous changes. 

The Rayleigh line shows the series of possible states having a 
constant impulse F and a constant flow per unit area. Motion 
along the Rayleigh line is caused by changes in the stagnation 
temperature. The slope of the Rayleigh line, c,d7'/ds, is found 
to be, from Table 2 


? ds / Rayleigh 


At point h, where the slope is infinite, M = 1. At point g, 
where the slope is zero, M = 1/+/k. Note that at point h, as 
at point f, there exist the conditions for the sound velocity, 
namely, an infinitesimal pressure change without variation of the 


1 — kM? 
1— M? 


area, entropy, and stagnation temperature. The upper branch . 


of the Rayleigh line corresponds to subsonic speeds and the lower 
branch to supersonic speeds. Increases in stagnation tempera- 
ture must, from the energy equation, produce increases in en- 
tropy and vice versa. Note that in going from g to h, heating 
results in a drop in stream temperature. Neither heating alone 
nor cooling alone can continuously alter the flow from subsonic 
to supersonic speeds, or the reverse. In the case of heating, M 
always approaches unity. 

The Fanno and Rayleigh lines for the same flow per unit area 
intersect at two points, d and e. Point e has the same stagna- 
tion temperature, same flow per unit area, and same impulse as 
point d, and therefore may be reached from d through a normal 
shock. Since point e may be reached reversibly from d along the 
Rayleigh line, and since the net area under the Rayleigh curve 
in passing from d to e must be zero, it follows that e has a greater 
entropy than d. Consequently, the discontinuity from subsonic 
to supersonic speeds is not physically possible without violating 
the second law of thermodynamics. 

In interpreting the formulas of Table 3 and the charts of 
Figs. 3(a), 4(a), 5(a), and 6, it must be remembered that the 
conditions where M = 1 (asterisk conditions) are different for 
the several types of flow. For example, referring to Fig. 2, 
points c, f, and h represent, respectively, the asterisk conditions 
for simple area change, simple friction, and simple To-change. 
The quantities marked with asterisks are best regarded as refer- 
ence values which remain constant in any one type of simple flow. 
Figs. 3, 4, 5, and 6 are representations of the formulas of Table 
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CHANGE 


1 
A 

P/P® 


MACH NU MBER 
(a) 


Fie. 3) CHANGE, k = 1.4 


(a, Generalized chart: Numbers at upper and right-hand edges indicate 
values where M = 0 and = respectively. Chart shows M: versus 
M; for constant values of A2/ Ai.) 


(b) 
Fig. 4 Simpie 7>CHance, k = 1.4 


(a, Generalized chart. Numbers at upper and right-hand edges indicate 
values where M = 0 and = o,respectively. Chart 6 shows M: versus 
M; for constant values of 7'3/7'.) 


3 which will be found useful for both numerical and illustrative 
purposes. 

(a) Simple Area Change. 
p/p*, V/V*, ete., all against M. 
chart is that of A/A*. 

In using the chart, we begin with certain initial values of Mi, 
pi, T\, ete., and a known area ratio. For the known value of Mi, 
we find the corresponding values from the chart of (4/A*)), 
(p/p*):, (T/T*);, ete. Then using the known area ratio, (42/A;), 
we set 


Fig. 3(a) shows the curves of A/A*, 
The important curve on this 


and solve for the value of (A/A*)2 From the chart we then find 
the corresponding value of M2, and from the latter, the values 
of (p/p*)s, (T/T*)s, etc. Finally, we solve for po, 7:2, with 
the equations 


etc., 


Ps (p/p*))’ (T/T*),’ 


In Fig. 3(6) are illustrative curves showing the way in which, 
for a fixed value of A2/Aj, the value of Mz depends on Mi. Since 
for each initial M; and each A;/A, there are two possible values 
of M; to be found from Fig. 3(a), a distinction is made in Fig. 
3(b) between those values of Mz which are reached through a 
monotonic change of area and those which are reached through 
a throat. 

(b) Simple Ty-Change. Fig. 4(a) which applies to simple 7o- 
change, is interpreted in the same way as Fig. 3(a), and is useful 
for approximate calculations in such processes as combustion, 
Where the effects of stagnation-temperature change far outweigh 


those of area change, friction, and changes in specific heat or 
molecular weight. 

The important curve in Fig. 4(a) is the one labeled To/To*. 
If the stagnation temperature is increased, perhaps through radia- 
tion or exothermic chemical reaction, the Mach number is in- 
creased when M < 1 and is decreased when M> 1. Thus in- 
creasing the stagnation temperature always tends to make M 
approach unity, as was seen from Fig. 2. 

From the change in 7, one may find from Fig. 3(a) the 
change in M; and, from the latter, the changes in p, 7’, V, ete. 
The direction of the changes in p, 7’, V, ete., will of course check 
with the signs of the influence coefficients in the second column 
of Table 2. It is clearly evident from Fig. 4(a) that, in simple 
To-change, the stagnation pressure can be increased only by re- 
ducing the stagnation temperature. Later it will be shown how 
this characteristic might be employed for the pumping of a high- 
speed stream. 

The value of 7'/7* reaches a maximum at M = 1/+/k, and 
this maximum corresponds to point g in Fig. 2. 

For fixed initial values of M and 79, Fig. 4(a) shows, as did Fig. 
2, that there is a maximum possible rise in stagnation tempera- 
ture. What will happen if one attempts to increase the rise in 
7 above this limiting value? It has been suggested (5) for 
the case where 7 is increased by heating the stream with heat- 
exchange surface, that the surface coefficient of heat transfer 
approaches zero as M approaches unity. For the case where 
To is increased by combustion, it has been further suggested (6) 
that the flame would go out if the amount of fuel burned produces 
more than the limiting increase in 7». Both these conclusions, 
while appearing to fit Fig. 4(a), are physically implausible, be- 
cause the mechanisms of heat transfer and of combustion are in 
nowise connected with the phenomena under discussion here. 
An alternative explanation is that the flow is choked when To is 
increased above its limiting value, i.e., the flow rate is reduced and, 
consequently, the initial value of M is diminished until the spe- 
cified increase in 7) yields at the exit a stream which is exactly 
sonic. This description of the state of affairs is not only more 
plausible physically, but it is in accord with experience. The 
significance of this, together with an example of the use of Fig. 
4(a), is best given as follows: 

Let us suppose that a ram-jet combustion chamber of uniform 
cross-sectional area is at first operating cold with an air velocity 
of about 500 fps, corresponding to M ~ 0.5 and with Ty = 500 
R. Suppose also that it is desired to burn enough fuel to raise 
the stagnation temperature to 2000 R, corresponding to a four- 
fold increase in 7. From Fig. 4(a), however, we see that, with 
an initial M of 0.5, the value of To (or of To/To*) may be in- 
creased by only about 45 per cent. Thus when combustion 
begins, the flow is choked until the leaving M is unity. We there- 
fore set Mz = 1, and write 


(To/To*)2/(To/To*):1 = = 4 


Since (79/To*)2 = 1, it follows that (To/To*): = 0.25, and, from 
Fig. 4(a), M; = 0.246, so that the maximum air speed at inlet is 
about 250 fps. Also, from Fig. 4(a), (po/po*),; = 1.219 and 
Poe/Po = (po/po*)2/(po/po*): = 1/1.219 = 0.82. Similarly, 
po/pr: = 0.45; V2/Vi = = 7.5; and T2/T; = 3.4. 

These results are of practical interest, as the stagnation tem- 
peratures just given are in the range of interest for aircraft pro- 
pulsion and for gas turbines. We see that the entering air ve- 
locity is limited to about 250 fps, so that this represents an addi- 
tional restriction on the capacity of high-output combustors. 


6 It is assumed that the back pressure (the pressure in the exhaust 
space into which the duct discharges) is kept so low that it has no 
effect on flow rate, i.e., a decrease, or a limited increase, of back pres- 
sure does not make its effect felt on the flow in the duct. 
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Also, with this speed, a loss in stagnation pressure of at least 
18 per cent is inevitable if the combustor is of constant cross- 
sectional area. 

From Fig. 4(a) we see that for each value of 79/7 * there are 
two values of Ms. These correspond to the Mach numbers fore 
and aft of a normal shock, since the conditions for the shock 
include only constancy of area, of stagnation temperature, and of 
impulse. 

If M, > 1, both values of M: corresponding to a given value of 
T/T are real; one value of M2 is reached without a shock and 
one is reached by a combination of a normal shock and either 
heat exchange or chemical reaction. If M; < 1 only one of the 
two values of Mz found in Fig. 4(a) for a prescribed T/T is 
real; the value of Mz which is greater than unity then corresponds 
to a negative shock and involves a violation of the second law 
of thermodynamics. 

These ideas are illustrated in Fig. 4(b) where there are plotted 


diameters of duct, and at the same time the stagnation pressure 
is reduced by. 60 per cent. 

Choking may be caused by simple friction, just as it may by 
simple area change or simple To-change. If, with a given sub- 
sonic M, and a given inlet pressure, the duct is so long that M, = 
1, any further increase in duct length will cause a reduction in 
mass flow. The amount of adjustment in flow rate will be such 
that the value of 4fLimax/D corresponding to the new will 
correspond exactly to the adjusted length of duct, or, in other 
words, the leaving velocity will be exactly sonic. 

When the initial M; is greater than unity, an increase in the 
duct length over and above the value corresponding to (4fLias 
/D), will not at first produce choking. Instead, a normal shock wil! 

_ appear in the tube, so that part of the flow will be subsonic, but 
with the flow upstream of the shock unaltered. In Fig. 5(a) the 
end conditions for the normal shock are found by taking the two 


illustrative curves (derived entirely from Fig. 4(a)) of Me versus 24 
M, for fixed values of T 92/7. The several portions of each curve GAS MIXING,y=O 
are labeled as to whether they represent flow without shocks, AN -245 
flow with real shocks, or flow with imaginary (negative) shocks. a 
One of the curves for T/T = 1 is for the trivial case where the ed Bs | As .G 7 
stream undergoes no change, and the other gives the solution of | 
the normal-shock equations. | 

(c) Simple Friction. Fig. 5(a) is interpreted in the same way y evr] -O29 
as Fig. 3(a), except for the curve of 4fLmax/D. On this curve p/p*’” 1-0 
Lmax is the length of duct between the point where M = M and wv" | 
the point where M = 1 (it has been previously shown that the adie cape (7 
sonic velocity represents the limiting condition). The final MACH NUMBER ; 
M, corresponding to a given M, and given L/D is found with the Fic. 6 Gas Mrxina; k = 1.4, y = 0 
help of the relation (Numbers at top and right-hand edges indicate values for M = Qand M = « 


Tespectively.) 
ay 4fLmax/D 4fL L ij 
D L = (Aflomax/D)s — (4flomax/D)s intersections of a horizontal line with the F/F* curve.? For 4 i= 
const.nt value of the friction coefficient f, it may be shown from (7 
Fig. 5(a) or analytically, that when a normal shock occurs the 
value of Lmax/D is increased. Thus with an initially supersonic 
flow, an increase in duct length ultimately leads to a normal 
shock whose position is such that M = 1 at the end of the duct. 
The shock moves upstream as the duct length is increased. With 
sufficiently great length, the shock moves into the nozzle which 
produces the supersonic stream. Ultimately the shock move} | 

‘_M 0 0.25 0.5 0.75 11.5 2 3 © past the throat of the nozzle, the entire flow becomes subsonic, / 
Lmax/D © 8650 110 12 0 14 81,52 82 and subsequent increases in length act to choke the flow.’ Fig. 


In using Fig. 5(a)*it must be remembered that when M < 1, 
the value of M can only increase; while for M > 1, the value of 
M can only decrease. 

For each initial Mach number there is a maximum length- 
diameter ratio of duct which may be used. This is often a serious 
restriction, as indicated by the following table, based on f = 
0.0025: 


7 The normal-shock requirements, namely, that the values of 4, 
To, and F be constant, are thus satisfied. 

8 It is assumed for the foregoing argument that the back pressure [ 
on the duct is so low as to have no effect on the flow in the duct. 


At high Mach numbers the wall friction is very costly with 
respect to stagnation-pressure loss. For example, with M; = 
3.0 and f = 0.0025, the Mach number is reduced to 2.0 in 21 
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5(c), which is derived from Fig. 5(a), illustrates the foregoing ideas. 

In Fig. 5(b) are illustrative curves of Mz versus M;, for fixed 
values of 4fL/D. When a shock occurs somewhere in a given 
length, the end state depends upon the location of the shock. 
For the example shown, the results are given for the two éx- 
treme locations of the shock. 

(d) Simple Gas Injection. The solution for the case of simple 
ras injection depends upon the forward velocity with which the 
gas is injected, i.e., upon the value of y. When y = 1, the 
curves in Fig. 3(a), properly interpreted, may be used for gas in- 
jection or withdrawal. When y = 0, Fig. 6 shows the types of 
flow variations to be expected for gas injection. For reasons 
given previously, Fig. 6 cannot be used for gas withdrawal. 

Combined Friction and Area Change. As a simple instance 
where combined effects occur, let us examine the problem of de- 
signing a long insulated duct for constant Mach number along 
its length. Changes in specific heat will be ignored. 

From the first line of influence coefficients in Table 2, setting 
dM, dT, dX, and dw equal to zero, we get 


GA kM? yp 


‘A . [29a] 
Now 
dA/A =2dD/D.... [295] 
so that 
dD/2 kM? 
= = | [29e] 
dc y 


where o is the half angle of divergence. For a constant friction 
coefficient, ¢ is constant, and the duct is conical. As a concrete 
example, let us take f = 0.0025, k = 1.4, and M = 2; then 
¢ = 0.4deg. Note that the duct must diverge for both subsonic 
and supersonic flow. 

From the second line of influence coefficients in Table 2 we 
get, using Equation [29a] 

A 2 ~D 

Thus the velocity is constant. 
impulse are found to be constant. 


For the pressure change, we find from Table 2 and Equation 
{29a] that 


Similarly, the temperature and 


dp dA 


so that = 


In like manner, we obtain 


Po 2  taneoD “ D 
TEMPERATURE [x 
—_+ 
p 
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or 


Poe A, 


Po. Az 


and, since the area must always increase, the stagnation pressure 
is always diminished. 

The foregoing results for V, T, F, p, and po might just as well 
have been found from Equations | 22} to [26]. 

Combined Friction and Heat Transfer. The mechanism of fric- 
tion is so closely associated with that of heat transfer that the 
latter cannot be considered without at the same time considering 
the former. In this example we shall confine our attention to 
flow in a constant-area duct having walls at a constant tempera- 
ture 7’, and will neglect changes in specific heat. 

Equation [20] may be written in the form 

wdQ = pVc,dT) = UrD(T,, — . . [30a] 

In this expression the temperature difference for heat transfer 
is taken to be the difference between the actual wall temperature 
T,,, and the temperature T’,,,, which the wall would assume for the 
same flow conditions but with zero heat flux. This definition 
seems to give consistent results as regards (a) independence of 
heat-transfer coefficient with respect to temperature differential, 
and (b) obtaining the same heat-transfer coefficients for in- 
compressible flow and for compressible flow up to Mach number 
unity (9). The relation between the various temperatures is 
shown schematically in Fig. 7(a). 
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REYNOLDS ANALOGY 
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It appears that for subsonic flow the Reynolds analogy (10) 
gives a fair correlation between heat-transfer coefficient (using 
the temperature differential just defined) and wall-friction co- 
efficient (9, 11). The Reynolds analogy may be written 


Combination of Equations [30a] and [300] yields 
dT» dx 
To ) 2 poo [30c] 


Next, we introduce the definition of the recovery factor (see 
Fig. 7a) 


Too —T 


[30d] 
which gives, after combination with Equations [3] and [14] 
k—1 
2 
— = | 
2 
Substituting Equation [30e] into [30c], we obtain 
dT. T 2 d. 
4 
2 
Equation [19] combined with Equation [30f] then yields 
K—1 
M? (: + dr 
2= 
dM 2 D x 
k—1 
t (1 —r) M? 
1 + —- —1+ + 2kM?) . .[30g] 
k—1 


Using numerical integration, these equations may be em- 
ployed for constructing flow patterns. The integration is carried 
out in stepwise fashion, using the following approximations 


Te — Ta 
(a) T. (Ta + Tu)/2 


(b) The coefficients of fdr/D in Equations [30f] and [30g] 
are taken at Miz = + M2) /2. 

To illustrate, let us assume that at a section 1 of the duct we 
have the known values Mi, pi, To, 71, etc., and that f, 7',, D, and 
r are known at each section of the duct. For a section 2 at a 
distance z2 — 2; downstream from section 1, we carry out the 
following computations: (a) estimate M2; (6) find Miz = (Mi + 
(c) calculate 2(T — To)/(Toe + Tm) from Equation 
[30]; (d) find M,.? from Equation [30g] and compare with the 
assumed value of Me; (e) repeat the previous steps with an 
improved value of M: found from step (d). After convergence is 
obtained, the process is repeated to find the Mach number at a 
section 3. Satisfactory convergence is usually obtained with one 
or two tries. Having the values of M and 7» at each section, 
Equations [22] to [26] are used for computing other properties. 

The results of such computations® for four different values of 


* Carried out by students in the Mechanical Engineering Depart- 
ment at Massachusetts Institute of Technology and organized by 
W. A. Loeb. 
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T,,., and for Tq = 1000, M; = 0.5, p: = 10, f = 0.005, and r = 
1, are shown in Fig. 7(b). For the case where 7’, = 1000, the 
flow is adiabatic and the results may be compared with Fig. 
5(a). The agreement between the approximate numerical and 
the exact analytical solutions is quite good even when as few as 
five intervals between M = 0.5 and M = 1.0 are used for the 
numerical method. 

Pumping of Gas Through Cooling. The fundamental problem 
in the pumping of a gas, as for instance in driving a wind tunnel, 
is to raise the stagnation pressure, po. It appears from Table 2 
that this might be accomplished through cooling (reduction in 
To) without using mechanical equipment.'° Two simple methods 
of cooling present themselves: (a) heat exchangers and (b) in- 
jection and evaporation of a volatile liquid. 

(a) Cooling With Heat Exchangers. As pointed out in the pre- 
ceding section, heat exchange is always associated with fric- 
tion. Experimental data indicate that the most favorable ratio 


MACH NUMBER 


Fic. 8 ComBinep FrIcTION AND HEAT TRANSFER; k = 1.4 


(Tw/To versus M, showing curves of dpo = 0,dM = 0, and Q = 0, for re- 

covery factors of zeroand unity. The positive side of each line is shown by 

the vertical shading. The cross-hatched region represents impossible wall 
temperatures.) 


of heat-transfer rate to pumping power is obtained when form 
drag is absent, i.e., when all the drag is due to skin friction. 
Therefore the Reynolds analogy may be used, and the equations 
of the preceding section are consequently applicable. In addi- 
tion, we obtain from Table 2 


Po D 


Introducing Equation [30], and rearranging, we get 


k—1 
(i—r) 
dpo dx | T,, 2 
MID T + 


1 
| 


Thus the condition that a stagnation-pressure increase be ob- 


tained is that ; 
— 2 
[31d 
To 2+ (k — 1)M? 
For gases, the recovery factor is between 0 and 1. In this 


range the stagnation pressure may increase only if the absolute 
wall temperature is negative, as shown in Fig. 8. Thus because 
of the losses due to friction, it is impossible to raise the stagnatiot 
pressure by means of heat exchangers. 


10 A pumping device which operates on this principle needs auxil- 
iary starting apparatus, e.g., a rocket used as an ejector. 
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As a matter of interest, Fig. 8 shows also the ranges in which 
M increases and decreases, respectively, as found by analysis of 
Equation [30g]; and the ranges in which the heat transfer is 
positive and negative, respectively, as determined by the sign 
of (T,, — Tue). Note that above M ~ 0.7 the Mach number 
always approaches unity, no matter how great the attempts to 
cool the stream (compare with Figs. 2 and 4a). 

(b) Cooling by Means of Evaporation. Let us suppose that 
liquid evaporates into the main stream at the rate dw. To sim- 
plify the computation, changes in specific heat and molecular 
weight will be ignored. Also, since it is probably impracticable 
to inject the liquid with a speed comparable to that of a high- 
speed gas stream, we will set y = 0. 

From Table 2 we get 
dpo kM? (F 


lw 
Po 


To w 


The energy relation, Equation [16], if we assume the specific 
heat of the evaporated liquid to be constant, may, be written 
approximately in the form 


dw 
- = ¢,dTo....... [32b] 
w 


dQ + dH = —(h, — h,) 


where h, and h,, respectively, are the enthalpies of the vapor 
(at 7’) and the injected liquid (at 7’,). 

Introducing Equation [32b] into [32a] and rearranging, we 
obtain 


9 
) 


Thus in order to obtain a rise in stagnation pressure, it is neces- 
sary that 


[32d] 


Now (h, — h,) is of the order of magnitude of the latent heat, 
hy. The most desirable type of fluid for this purpose is ¢here- 
fore one with a large latent heat. Water immediately comes to 
mind because, aside from its many practical advantages, it is al- 
most unsurpassed with respect to latent heat. To obtain an 
idea of order of magnitude, we take a latent heat of 1000 Btu per 
lb for water, c, & 0.25 Btu/(Ib F) for air, c, & 0.5 Btu/(Ib F) 
for water vapor, and 7’, © 500 R. We then get the following 
approximate values of (h, —h,)/c,To: 


Injection of water Injection of water 


To (deg R) into air into steam 
500 8 4 
1000 5 2.5 
2000 3.5 1.75 
3000 3.0 1.50 
4000 2.75 1.37 


Comparing these figures with the criterion of Equation [32d], 
it is evident that evaporation of water in air holds considerable 
promise as a pumping scheme. 

This scheme is now being investigated for the operation of 
large supersonic wind tunnels because of the prodigious re- 
quirements of such tunnels in the way of rotating machinery and 
power. The actual amount of stagnation-pressure rise obtaina- 
ble depends upon the initial magnitudes of 7, T’, p, and M, on 
the relation. between the saturation pressure and saturation tem- 
perature of the water vapor (which determines how much vapor 
may be absorbed by the air) and on the way in which the process 
1s controlled, i.e., whether at constant Mach number, constant 
temperature, constant cross-sectional area, etc. Using Table 


2 and Equations [32], analytical relations between M, 7’, p, To, Po, 
etc., may be derived for these various cases. 

As an example, the case of evaporation at constant area will be 
considered. The following equations are approximate in that 
h, — h, is assumed constant during the process 


Te 2c,7'o1 ( 
= 
Tn 


To h, hy 
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(Atmospheric air passes in series through a supersonic nozzle, supersonic test 

section, diffuser, subsonic heating section, supersonic nozzle, constant-area 

supersonic section where water is evaporated, and back to the atmosphere 

through a diffuser. It is assumed that po = 14.7 psia, k = 1.4, and that 

there is negligible humidity at section 1. The curves, which are approximate, 

show the maximum value of po2:/po, corresponding to saturation at section 2, 
as a function of M; and To.) 


Pi + kM.2 (p/p*)m: 
echange 
k—1 
1 M; 
Ta (T/T*)mM imple 


Aw Te 
— = 1+— = (1— —*}}.... 


The expressions on the extreme right of Equations [33a] to 
[33d] refer to quantities which are plotted in Figs. 3(a) 
and 4(a), as may be verified by comparing Equations [33] with 
Table 3. For example, referring to Equation [33a] and to 
Table 3, we note that 
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2(k + 1)M?2 (1 rs 
(1 + kM2)? 


( To ) 
To* simple 


To-change 


The computations are greatly simplified by taking advantage of 
the relations between Equations [33a] to [33d] and the charts 
in Figs. 3 to 6. 

If, at a section 1, the values of 7), pi, To, por, and M; are 
known, we proceed as follows: (a) Select a value of Tj; (6) 
from Equation [33a] compute M2; (c) calculate po, po, and T2 
from Equations [33b], [33c], and [33d]; (d) find the amount of 
water evaporated Aw, from Equation [33e]; (e) repeat this proc- 
ess for other values of 7. From the amount of water vapor per 
unit mass of air, the partial pressure of the water vapor may be 
computed; when the latter approaches the saturation pressure, 
no further evaporation is possible. 

Fig. 9 shows a possible wind-tunnel arrangement and approxi- 
mate results for the pressure rise obtainable with evaporation at 
constant area. With maximum temperatures of only 2000 F, 
the stagnation pressure may be increased about twofold. In 
practice, the effects of variations in molecular weight and specific 
heat make the pressure rise much smaller than indicated here. 


ANALYSIS OF A DISCONTINUITY 


In many problems, because of the boundary conditions, dis- 
continuities in the flow represent the only way in which solutions 
may be obtained.!! For the present purpose, we will define a 
discontinuity as a finite change which occurs without variation 
of cross-sectional area, and without external heat or work ef- 
fects. 

Analysis of 


a Stationary Discontinuity. Considering the 
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steady flow through the control surface in Fig. 10, the following 


equations may be written 


Semiperfect gas: 
Continuity: 
Sound velocity: 
¢: W, T, 
= 7, [36] 
Mach number: 
[37] 


11 Consideration is not given here to the possibility of other than 
one-dimensional changes or to longitudinal viscosity and heat- 
conduction effects. 
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Momentum: 
(pi — p2)A = — wiVi — — wi)y Vi + cpApiVi?/2 
where ¢p is the drag coefficient of the wall or of internal bodies 


between sections 1 and 2, based on the cross-sectional area of the 
duct and on the dynamic head at section 1; and 


Wolo + 
W, + W, 


kpM?, the 


where y, = V,’/Vi, ete. (see Fig. 10). 
Remembering that w = pVA and that pV? = 
momentum equation is reformed as follows 


a 2 


Pr 


Energy: In applying the steady-flow energy relation, we 
equate the increase of enthalpy flux to the decrease of kinetic- 
energy flux, thus 


Wehy wy hy w,h, = 


If tables of properties relating the enthalpy to the tempera- 
ture, pressure, and chemical composition were available, Equa- 
tions [34] to [39] would furnish all the information necessary 
However, a tedious trial-and-error 
computation is then required. It seems advantageous to seek 
a simplification, at the cost, if necessary, of some slight decrease 
in accuracy. Such a simplification is achieved by assuming 
that the specific heat c,, is independent of temperature, and 
depends only upon chemical composition. The errors caused by 
neglecting the variation of c, with temperature may then be 
partially eliminated by choosing specific heats for each species 
at a mean temperature for the process. Using this simplifica- 
tion, the enthalpy change in Equation [39] is evaluated by imag- 
ining that the injected gas and liquid are first brought to 7’, 
that the change in chemical composition and in phase occur 
at 7, and that the mixture with properties of section 2 is raised 
in temperature from 7’, to T;. We then obtain 


— Ty) + weeps (T: — TL) — + wz 


V2 


— Wr =0 
This may be reduced to the form 
Ty — Tr = 1) 7, + 
Cpi W Cpr Cpr 
wy (hy) W, Cc Cy 
Cn W, Cri Wi Cp 
[40] 
where 
k-1 
To = T + V?/2ec, = T oo 
V2 
T 09 = 
V 
Tt = T, + 
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(hyg)r,; = latent heat for liquid-vapor change at 7); 


(Ah,,)7, = change in enthalpy in going from products to 
reactants at the temperature 7, per unit mass of mixture at sec- 
tion 1 (positive for exothermic reaction). 

The temperature 7 is the stagnation temperature of the gas 
stream, and is the temperature reached through an adiabatic 
deceleration to zero speed without change in chemical composition 
or specific heat. Energy effects are then measured in terms of 
the stagnation temperature 79, and are evaluated with the help of 
Equation [40]. The stagnation temperature is related to the 
stream temperatures and Mach numbers as follows 


ky — 1 
1+ Me 
Ten 


41 
To Ti k,—1 ” 
1 + 
2 
Stagnation pressure: 
ko 1 
(1425! 
Po [42] 
Po. 
ky 1 
Impulse: 
(401 


Fy (I + k,M,?) 


After combination and rearrangement of Equations [34], 
{35}, [86], [87], [38], [41], [42], [43], the following working 
equations obtained 


We 
kiM.2 


Tx kM? 1 + 
2 We (wi\? 
l + 9 M2 
or 


Tw (To/To*) Wi ky ke + 1 
where 
WwW, 2 
B= — 
1 + kiM? 
and 


ke -] 
2(k2 + 1)M2? (: + M2) 
(To/To*) = —— , ete, 
0 )Ma, ke a 
By comparison with Table 3 it is evident that (To/To*) Ms, ks 
may be found from a curve similar to the 7/To* curve in Fig. 
4(a), but having the appropriate value of k. 
Similarly, we get 


Pz _ (P/P*) + 1 
Pi (p/p*) ky ke + 1 


Ts _ (T/T * (ks + Ws 
(T/T*)m, ki ky key 1 W, We 


pr (p/p™) de, ke Ki ke + 1 (") 1 


Pl (p/p*) Mi, ky ke ky + 1 


V2 (V, V") Me, ke ky ki +1 
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(c c*) Mi, ky ky ke 1 We 


Pz _ kx (ke + 


(po/Po*)m:, ky (Ai + 


R/ 


ers. CHANGE IN To 
\\ PP 
— k=14 A 
-— k=10 
° 


MACH NUMBER 


Fic. 11 CuRvVES FOR 7 9-CHANGE 


(Effect of kis shown. Curves for k = 1.4 are identical with those of Fig. 4a. 
Charts like this are for use with Equations [40] and [44] through [51], 
inclusive.) 


FRONT STAT lIONARY) V, NT 


UNBURNED ;@ BURNED 


 UNBURNED ® BURNED | 
(a) 


V, +—,FRONT 


V, FRONT 


)UNBURNED 1@ BURNED © UNBURNED BURNED 
AT REST) | (AT REST) | 

(b) (d) 


Fig. 12 ExpLtoston Waves 


(a, Observer at rest with respect to flamefront. Inb,c, and d, observer is at 
rest with respect to unburned gas and flame front moves to left with velocity 
Vi. 6, Slow burning; Vi <i; V2 <2; V2 > Vi; burned gas flows away 
from front, and pressure drops during burning. c, Deflagration; Vi < 1; 
V2 > cz; V2 > Vi; burned gas flows away from front, and pressure drops 
during burning. d, Detonation; Vi V2 V2 < Vi; burned gas 
flows toward front, and pressure rises during burning.) 
. 


Each of the quantities, such as (p/p*)ms, ke, 
ete., refers to the formulas in Table 3 under the heading ‘“‘Simple 
To-change.”” Thus if Fig. 4(a) is extended so that.there are 
families of curves for different k values, the numerical solutions 
to Equation [44] through [51] are much simplified. 

Fig. 11, which is similar to Fig. 4(a), shows the curves for simple 
To-change with values of k of 1.4 and of 1. For small changes in 
k, such as occur in the combustion of hydrocarbons with air, 
Fig. 11 indicates the change in k to be of secondary importance, 
except possibly at very high supersonic speeds. The effect on 
p/p* at low Mach numbers should, however, be noted. 

Analysis of a Discontinuity Moving at Constant Speed. Prob- 
lems in which a discontinuity, such as a flame front or pressure 
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wave, is moving with uniform rate through a fluid initially at 
rest may be handled by using the methods of the preceding sec- 
tion. The equations of that section are applicable if the ob- 
server moves with the discontinuity and if the quantities in 
Equations [44] to [51] refer to quantities relative to the moving 
observer. However, it is convenient to have expressions in 
terms of quantities relative to an observer at rest. This involves 
changes in only those quantities which contain a velocity term, 
e.g., Mach number, impulse, stagnation temperature, pressure, 
and enthalpy. Note that the static pressure, stream tempera- 
ture, and sound velocity are the same for either observer. Also, 
the discontinuity moves with the velocity V; relative to the ob- 
server at rest. To clarify this, Fig. 12(@) shows the steady flow 
through a flame-front discontinuity which is fixed relative to 
the observer; in Figs. 12(b), (c), and (d), which will be explained 
more fully later, the observer is at rest relative to the unburned 
gas, and the front moves to the left with a constant speed V, rela- 
tive to the unburned gas. 

Using M’, 7’, po’, and F’ to denote quantities relative to the 
observer at rest with respect to the gas toward which the dis- 
continuity moves, the following relations indicate the changes 
which must be made before Equations [44] to [51] may be used 


M, = V2 C2} M,’ = = M, [53] 
C2 C2 
Tn = r.(1 +2 
ke 1 
= T, | [55 
2 
ky 1 ki-1 
Pou = Pr 1+ M,2 [56] 
ky —1 
Po = +— ; 
| 


tn Equation [53] the ratio c:/c, is found from Equation [49] 
and Table 3. Note that the change in stagnation temperature 
is dependent upon the observer’s motion, as indicated by the 
following expressions 


V.2 V;2 
= Te — Ta = T: — 
V2 — V;)? 
ATs’ = Tee’ — Ta’ = 7, + 
2cpe 
When cp: = Cp, these yield 
Vi(V; — V. 
AT)’ = Vi(Vi — Va) 
P 


The steady-flow energy relation, Equation [40], may be used 
only with 7’ and Tn. 


APPLICATIONS AND EXAMPLEs OF DisconTINUOUS FLOW 


Stationary Discontinuities. As examples of the problems to 
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which the discontinuity analysis of the preceding section may be 
applied are the following: 

Adiabatic Normal Shock. Fquations [40] and [44] to [51] are 
used, with Te = To, W2/Wi = 1, w/w, = 1, and k2/k,; = 1. 

Combustion. In using Equations [40] and [44] to [51], knovwl- 
edge of the final chemical composition is necessary.42 With 
data on the final composition, T@ may be found from Equation 
[40] and then, for given values of Mi, p:, 71, ete., the values of 
Mz, pe, 7'2, etc., may be computed from Equations [44] to {51}. 
Note from Fig. 4(a) that there are usually two solutions to the 
equations. When the initial Mach number is subsonic, the solu- 
tion with M, > 1 is usually not realizable because it would violate 
the second law of thermodynamics. When the initial Mach 
number is supersonic, both solutions are possible; the solution 
with Mz < 1 may then be thought of as the combination of a 
thermal discontinuity and an adiabatic normal shock. 

Moisture-Condensation Shock. One of the principal problems 
in the design of supersonic wind tunnels concerns the formation 
of moisture-condensation shocks when the water vapor, which 
remains in vapor form long after the air is saturated, precipitates 
rather suddenly. During the condensation there is a change 
both in the mass flow and stagnation temperature of the gas 
stream. Equation [40] may be employed for computing the 
final stagnation temperature. In applying Equations 44) 
through [51], y may be taken as unity and w, — wz represents the 
amount of water condensed. 

The strength of the shock depends upon the amount of pre- 
cipitation. An estimate of this may be made by assuming that 
equilibrium conditions with a certain average size of droplets 
subsist after the shock, i.e., that the air is saturated with water 
vapor after the shock.'* 

The condensation of water vapor may, however, give rise to 
a phenomenon similar to thermal choking. If we assume that 
equilibrium exists between vapor and liquid after the shock, 
then for certain combinations of temperature, pressure, and 
humidity, thermal choking will define an upper limit to the size 
of droplets formed. In other words, if larger droplets are as- 
sumed to be in equilibrium with the vapor, no numerical solu- 
tions can be obtained to the flow equations. An alternative 
possibility is that equilibrium is not established after the shock, 
that only a fraction of the water vapor is condensed, and that 
the Mach number downstream of the shock remains at unity until 
the expanding flow reduces the pressure to the point where equilib- 
rium is reached, whereupon the Mach number once again in- 
creases, 

These speculations are of interest, but without further experi- 
mental data it is impossible to predict the exact course of events 
when thermal choking plays a part. 

Similar considerations apply to the flow of supersaturated 
steam through turbine nozzles. Yellott (12) mentions tests 
on steam nozzles where, in at least one case, the computations 
(based upon a certain radius of droplets after condensation 


yielded only imaginary answers for the final condition. This 
was probably a case of thermal choking. 
Steadily Moving Discontinuities (Explosion Waves). As an 


example of a steadily moving discontinuity, consider a plaue 
flame front moving into an inflammable gas initially at rest. 

To simplify the qualitative discussion, changes in specific heat 
and molecular weight will be ignored and drag and gas-injection 
effects will be omitted. Equations [52] to [57] are then simpli- 
fied by setting ki = ke. 

Any particular reaction will have associated with it a par 


12 Prediction of the final composition requires additional considera 
tions, such as reaction rate, intermediate reactions, etc. 

13 The effect of surface tensions on the latent heat and on the vapor 
pressure-temperature equilibrium curve must be taken into account. 
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Curve of (7'/T'o)* versus M for simple T’o-change with k = 1.4; see lig. 12. 
-rocess s-t is one of slow combustion. Process s-u is one of deflagration. 
Process v-u, v-t, or v-w, is one of detonation.] 


ticular change in stagnation temperature, 7’ Tu, the value 
of which from Equation [40], is given approximately by the 
enthalpy of combustion at constant p and 7’, divided by the spe- 
cific heat at constant pressure. Using Equation [54], the follow- 
ing relation, based upon k,; = ke, gives the ratio of stagnation- 
temperature rise to initial temperature in terms of the end Mach 


numbers 
| Te 
To. 


The relation between To/7 1, Mi and Mz: is found from Equation 

(44] or from Fig. 13. « 

Note that the parameter A7/7 is more useful than 72/70 
for the steadily moving discontinuity because it depends only upon 
the particular chemical reaction and the temperature of the un- 
burned gas and not upon the flame speed M;. Curves of Mz 
versus M; at constant values of AT7'o/7; are presented in Fig. 
14(a). 

Three different types of explosion waves may be identified. 
These are illustrated in Figs. 12, 13, and I14(a). The relative 
magnitudes of the pressures and velocities fore and aft of the 
wave are found either from Equations [38] and [53], or from in- 
spection of Figs. 4(a) and 14(a). 

(a) Slow Burning. The speed of the flame front is subsonic 
relative to the unburned gas. The burned gas flows away from 
the front. The pressure drops as the flame front passes the 
observer. 

(b) Deflagration. The speed of the flame front is subsonic rela- 
tive to the unburned gas. The burned gas flows away from the 
front. The pressure drops as the flame front passes the observer. 
Although these effects are qualitatively the same as in slow burn- 
ing, the magnitudes of the changes in velocity and pressure are 
very much greater than for slow burning. Deflagration might 
be thought of crudely as the combination of a thermal shock 
and a negative (i.e., expansion) adiabatic shock. Because of 
the latter circumstance, it is probable that deflagration violates 
the second law of thermodynamics. 

(c) Detonation. The speed of the flame front is supersonic rela- 
tive to the unburned gas. The burned gas flows toward the 
front. The pressure rises as the flame front passes the observer. 
Relative to the front, the flow behind the shock, i.e., in region 2, 
may be either subsonic or supersonic, 

For a given value of AT9/T7; corresponding to a given chemical 
reaction, the equations of continuity, momentum, and energy, 
according to Fig. 14(a), can be satisfied by an infinite number of 
values of M; to each of which are related, in general, two possible 
values of M2; except that in a certain range of values of Mi, on 
either side of the value M; = 1, no steady-state solution is pos- 
sible. In order to predict the values of M; and M2: which will 
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(b) 
Fig. 14 Expitoston Waves; k = 1.4 
(a, Chart showing M2 versus M; for fixed values of AT0/7;, with curves o 


constant p:/p:. The several branches for each ATe/7T: may be compared 
with the representations of Figs.12and13. 6, Chart showing M: and po’/ps 
versus ATo/T7; for the limiting case where M: = 1.) 


occur in a given instance, consideration must be given to the 
kinetics of chemical reaction and to the boundary conditions 
in space and time. Also, it should be noted that for steady motion 
of the flame front the flame speed (kinetically speaking) must be 
identical with the velocity of the discontinuity. 

When a flame is initiated in a quiet inflammable mixture the 
flame velocity is at first quite low. Then, as a result of pressure 
waves initiated during the combustion process and reflected from 
near-by boundaries, the temperature of the unburned gas just 
ahead of the flame front may attain values large enough to in- 
crease the flame speed very markedly (14). After the speed 
of the flame reaches the limiting value for slow combustion shown 
in Fig. 14(a), pressure waves, by means of the temperature rise 
accompanying them, can cause a further increase in the speed of 
the chemical reactions in the flame, but no increase in the steady 
speed of the discontinuity can be found which will satisfy the 
conditions of continuity, momentum, and energy. A transient 
condition then sets in and oscillations in flame speed are observed 
experimentally (14). 

It seems probable that the mechanism by which the flame 
passes into the detonation type of combustion is by means of a 
sufficiently large oscillation or pressure wave which raises the 
temperature in the unburned gas to the point where the flame 
speed is equal to or greater than the minimum value for detona- 
tion. As soon as this occurs it is possible to satisfy the conditions 
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of continuity, energy, and momentum for a steadily moving 
discontinuity. 

Although any point on the appropriate curve for A7 9/7 in the 
detonation region will satisfy the physical conditions, the results 
of experiments show that only at a point such as w, Figs. 13 and 
14(a), where M; = 1, are steady conditions attained. If condi- 
tions corresponding to the point ¢ are established, then, since 
Mz is less than 1, a rarefaction wave formed in the burned gas 
can overtake the flame front and cause a decrease in M; toward 
point w. Conversely, a pressure wave can cause an increase in 
M;,. The flame front is thus continually exposed to the effects 
of pressure and rarefaction waves, and, with suitable boundary 
conditions, it is possible for point w to be reached, at which 
condition M2 is unity; then the flame front can no longer be in- 
fluenced by expansion waves or by infinitesimal compression waves. 

In considering the possibility that a steady condition, corre- 
sponding to point u (Figs. 13 and 14(a)), might be attained, most 
writers (14) have argued that it is a less probable state than that 
corresponding to point, t, because point t has a greater entropy 
but the same stagnation temperature as point u. The difficulty 
in this argument is that it would appear to make any supersonic 
flow improbable in view of the fact that there is al ways a corre- 
sponding subsonic state of higher entropy and the same stagna- 
tion temperature. A convincing conclusion cannot rest on ther- 
modynamic reasons alone, but must rely upon the consideration 
of the physical and chemical mechanisms which cause detona- 
tion. In this respect it might be noted that whereas point ¢ repre- 
sents a solution which includes a compression shock, for point 
u, on the other hand, no shock is involved. As the mechanism 
for raising the flame speed to the large values associated with 
detonation appears to be a pressure shock slightly preceding the 
point of ignition, it is questionable whether a steady condition 
corresponding to point u can be attained. 

In virtually all reported experiments on detonation, it appears 
that the boundary conditions and chemical kinetics were such as 
to lead to point w (M2 = 1) as the steady-state condition (14). 

Considering now the case where M: = 1, Fig. 14(b) shows the 
maximum M, for slow burning and the minimum M, for detona- 
tion, both as functions of AT o/T;._ Using the approximation that 
kz = k, the relation between these quantities is found from 
Equations [44] and [58] to be 


(1 — M,?)? 

Ti +1)M2 
The rise in temiperature associated with an adiabatic pressure 

shock (A7 = 0) is of interest in detonation phenomena 
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An estimate of the damage produced by a steady-state detona- 
tion wave" is provided by the value of po2’/p, found from Equa- 


tions [45] and [57] ‘ 


1 + kM? k—1/Mit—1 
pe) [i+ ( y] 
Pi /Me=1 k+1 2 1 + kM;? 


This ratio is also plotted versus M; in Fig. 14(6). 


14]¢ should be remembered that in most explosions the reaction 
soon ceases for want of fuel, so that the wave strength, shown in Fig. 
14(b), is of very short duration. 
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In the usual hydrocarbon explosion, 7'; is about 520 R, AT7')/7, 
is about 6, and the speed of sound is about 1000 fps. From Fig. 
14(b) it may be seen that the flame-front speed is then about 
5500 fps, and the stagnation pressure rises to about 25 atm. 
Also, from Equation [59b] the temperature after an adiabatic 
shock traveling at 5500 fps is about 3000 F; thus, as indicated 
previously, there is considerable preheating effect available for 
increasing the flame speed to values necessary for detonation. 

The temperatures in an atomic explosion are said to be meas- 
ured in millions of degrees. Assuming for such an explosion that 
AT)/T; = 104, Fig. 14(6) indicates a wave speed of the order of 
magnitude of 200,000 fps, and a stagnation pressure of the order 
of magnitude of 40,000 atm! 
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Appendix 1 5 


DERIVATION OF ENERGY EQUATION 


In applying the steady-flow energy equation to the flow throug! ; 
the control surfaces of Figs. 1(a), (6), and (ce), the liquid strea” 
whether it be in the form of filaments or droplets, is consider’ ~ 
to be external to the system. Only the liquid crossing the co” ~ 
trol-surface boundary and evaporating within the control su" 7 
face is taken into account in evaluating the flux of enthalpy 7 
Changes in temperature of the liquid traveling along with the 9 
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stream are then taken to be the result of external heat exchange 
to or from the main stream. Therefore the liquid crossing the 
boundary is saturated and at the temperature of the gas stream, 
and, as it passes out of the control surface in the form of vapor 
mixed with the main stream, it is at the temperature of the latter. 

The energy equation of steady flow relates the external work 
effect and the external heat exchange to the increase in the 
flux of enthalpy, kinetic energy, and potential energy passing 
through the control surface; thus 


w(dQ — dW,) = wlh + dh) + (hy)p dw, + dw, — wh 


(hg) rgdw, — (hy) rpdwy, + (w + dw, + dw ( +d 


V,2 
— dw, + (w + dw, + dw,) (2 + dz) 


wz — 2,dw, — 2,dw,......[61] 


In this expression, dQ is the net heat added to the stream from 
sources external to the main gaseous stream, per unit mass of gas 
entering the control surface. Likewise, dW, is the net external 
work delivered to outside bodies per unit mass of gas entering 
the control boundary. The external work includes such things 
as shaft work, electrical work, and shear work on moving bodies 
adjacent to the control-surface boundaries. The elevation z, is 
taken at the height where h, and V, are measured; similarly 
for zz. The symbols (h,)7 and (h,)7, denote, respectively, the 
enthalpies of the injected gas dw, at the temperature 7’, and at 
the temperature 7’, at which dw, crosses the control surface. The 
symbol (h,) 7 denotes the enthalpy of the evaporated liquid at the 
temperature 7’, and (h,)r,;, denotes the enthalpy of the evaporat- 
ing liquid as it crosses the control surface at the temperature 7’. 

Equation [61] may be reduced as follows 


y3 
dQ —dW, = dh+d : + dz 
dw, 
+i + + 1— 


y2- 

2 

Now the enthalpy change of the main gas stream, dh, is the sum 

of the changes due to chemical reaction and to temperature 
change; thus 


where dh,, is the enthalpy increase at the temperature 7’ and 
pressure p for a change from products to reactants, and is pcsitive 
for exothermic reactions. It is often called the heat of reaction, 
or heat of combustion at constant pressure and temperature. 
In evaluating dh,,, one considers of course only the chemical 
changes which actually occur, but computes dh,, per unit mass 
of total gas stream. 


We may also write 


V,2 
— | re +> ve = (hy) — hop = Cpg(T — Tg). [64a] 


Cp = AT / [64] 


where h,, is the stagnation enthalpy of the injected gas stream, 
and T,,, is its stagnation.temperature. 
A 


(Ay) — (Az) rx = 
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where hy, is the latent heat of evaporation of the injected liquid 
at the temperature 7’. 

Inserting Equations [63], [64a], and [65] into [62], and re- 
arranging, the energy equation is finally put into the form 


dQ — dW, + dH = ¢,dT + d(V2/2) + dz..... [ 66a} 


dw, 


dH = dh,, — — T..) + V2/2 + (2 —2,)] —? 
w 


ho 
— E + (z— .. . [665] 
2 


Except for meteorological problems, the differences in eleva- 
tion can usually be ignored and are omitted in the remainder of 
the paper. 


Appendix 2 


DERIVATION OF MOMENTUM EQuaTION 


For steady-flow problems, Newton’s second law of motion is 
most conveniently applied by equating the net force acting on a 
control surface to the increase of momentum flux of the streams 
flowing through the control surface. 

Consider forces in the direction of flow acting on the control 
surface in Fig. l(a). Assuming that the injected gas and liquid 
streams are at the control-surface pressure as they cross the 
boundary and that the angle of divergence of the walls is small, 
the momentum equation yields 


pA + pdA — (p + dp) (A + dA) —1,dA,, — dX 
= (w + dw, + dw,) (V + dV) — V,’dw, — V,'dw, — wV 


In the foregoing expression r7,, represents the frictional shear- 
ing stress acting on the wall area dA,,; dX is the sum of (a) the 
drag of bodies immersed in the stream within the control-surface 
boundaries, and (b) the component of body or gravity forces 
acting on the fluid within the control surface in the direction 
opposite to that of the velocity vector; V,’ is the forward com- 
ponent of the velocity V, with which the injected gas dw, crosses 
the control surface, and similarly for V;’. 

The wall shearing stress is related to the coefficient of friction 
f, though the definition 


Also, we define the quantities 
From the definition of the hydraulic diameter D, we obtain 


After substituting Equations [68], [69], and [70] into Equation 
[67], and noting that pV? = kpM?, we obtain, following rearrange- 
ment 


kM? 


p 2 V? 2 


dp kM? dV? 


dx dX 
5 


+ (1 —y) 0....(71] 


15 Tf the injected gas stream is not at the control-surface pressure 
as it crosses the boundary, the term (pg — p)dA,’ should be added 
to the left-hand side of Equation [67], where pg is the pressure of the 
injected stream at the boundary and dA,’ is the projected area of the 
control surface occupied by the injected gas stream. 
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where dw dw dw, 

a a These same equations apply for the methods of injection in Vig, ‘ 
(72b] 1(b and c), provided is always taken as the cross-sectional area 

of the main gas stream. 


< 
I 
< 
4 


‘ 
| H 
gon 
| 
y 
‘ 
é 
| 
wi 


The Permanent Strain in a Uniform Bar 
Due to Longitudinal Impact 


By M. P. WHITE,! anp LEVAN GRIFFIS? 


A method is presented for predicting the final strained 
state of a long uniform bar or wire of ductile material 
that is subjected toa longitudinal impact of finite duration 
during which the impact stress is constant and exceeds the 
yield strength. It is shown that for a long specimen this 
corresponds to giving the point of impact a constant veloc- 
ity during the impact interval. (After this interval the 
stress at the end of the member is zero, but not its particle 
velocity.) It is also shown that the final unit strains are 
greatest immediately adjacent to the impact point and 
are constant over a finite length of specimen. Following 
this region of constant residual strain is a region, also of 
finite length, in which the permanent strain decreases 
steadily with distance from the end of the specimen. 
At the end of this there is another zone of constant per- 
manent strain, which is followed by one of decreasing 
permanent strain, and so on. It is shown that there is a 
definite relation between the stress history at a point of a 
specimen and the velocity of that point—this relation is 
given. It is demonstrated that in tensile impact a critical 
velocity of impact can be defined, corresponding to the 
ultimate strength of the material. At impact velocities 
greater than this critical velocity, rupture occurs quickly 
and close to the point of impact so that the remainder of 
the specimen does not receive large deformations. Thus 
the energy required to break a specimen in tension is less 
at supercritical than at subcritical impact velocities. 


Tue PRoBLEM 


HIS report gives a theoretical analysis of the behavior of a 

long uniform bar or wire made of a ductile material and 

subjected to a longitudinal impact at one end. The impact 
is such that a constant force acts or a constant velocity is im- 
posed upon the end of the member during the time of impact. 
Before and after impact the applied force is zero. The force can 
be either tensile or compressive; in the latter case buckling is as- 
sumed to be prevented. The material of the specimen is plastic . 
or ductile so that the stress-strain relation during unstressing dif- 
fers from that during stressing. Furthermore, it is assumed that 
the stress-strain relation during stressing is nowhere concave up- 
ward. Hence the analysis does not apply rigorously to a material 
with a well-defined yield point, such as mild steel. The unstress- 
ing relation is assumed to be linear. 

' Scientific Consultant, U. S. War Department; formerly Assist- 
ant Professor of Civil Engineering, Illinois Institute of Technology, 
Chicago, Il. 

* Chairman, Department of Mechanics, Illinois Institute of Tech- 
nology, Chicago, IIl. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
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Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


This analysis covers both the way in which plastic strain and the 
corresponding stress are propagated along the specimen and 
the distribution of permanent strains which result. It is found 
that the permanent strain is a maximum in the neighborhood of 
the impact point, remaining constant for a finite distance, and 
that it then decreases steadily for a certain distance. There fol- 
lows a second region of constant strain, a second region of de- 
creasing strain, a third region of constant strain, etc., as illus- 
trated in Fig. 13. This rather surprising result was predicted 
theoretically before being observed experimentally. 

In addition to predicting the distribution of permanent 
strain, the analysis leads to a definition of the “critical velocity” 
of tensile impact, a characteristic of the material. At impact 
velocities above this critical velocity, rupture occurs in the vicin- 
ity of the impact end, and the remainder of the specimen receives 
little or no deformation. At lower impact velocities the entire 
specimen is strained (at least up to the point in very long speci- 
mens where the deformations die out naturally). Thus the 
amount of energy required for rupture of a tensile specimen is 
less for velocities above than for those below the critical velocity. 

The particular case discussed in the present report is one of 
several which have been treated analytically, as will be seen in the 
following section on the history of the problem. 

History of the Investigation. In 1930, L. H. Donnell 
mentioned briefly the behavior of stress waves in a material 
with a nonlinear stress-strain relation, and showed that for a nor- 
mal plastic material a stress wave would suffer a continual change 
of shape with progress (1).? In so far as the authors are aware, no 
other attention was paid to the theoretical solution of the prob- 
lem until the latter part of 1941, when no less than three inde- 
pendent investigations of the propagation of stress-strain waves 
in nonlinear media were made. In an N.D.R.C. report, Th. von 
K4rman describes the progress of the front or increasing portion 
of a stress wave along a uniform wire having a concave downward 
stress-strain relation (2). He also defines the critical velocity 
previously mentioned and shows its relation to the stress-strain 
curve of the material. At about the same time Prof. G. I. Taylor 
of the Cavendish Laboratory, Cambridge University, England, 
treated a similar problem in connection with wave propagation 
from an explosion in earth. 

Without knowing of these studies, the present authors also in- 
vestigated the propagation of stress and strain in a ductile wire or 
bar, giving the relation between critical velocity and the stress- 
strain curve, and also attempting to predict the final state of 
strain through analysis of the behavior of the unstressing wave 
produced by the release of the impact force. Certain errors in 
this analysis were pointed out by H. F. Bohnenblust and H. P. 
Robertson of Princeton University. These were corrected and 
the whole study described in an N.D.R.C. report (3). This report 
forms the basis of the present paper. 

The effect of the reflection of stress-strain waves at a fixed end 
of a specimen of finite length was next analyzed. Again the prob- 
lem was treated independently by different groups. An N.D.R.C. 


3? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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report by von Karman, Bohnenblust, and Hyers gives an excel- 
lent and complete mathematical treatment of the problem (4). 
This problem was also treated by one of the present authors using 
a physical instead of a mathematical approach (5). 

Other reports by one or both of the present authors deal with 
the following problems: The behavior of stress-strain waves in 
materials whose stress-strain relations are concave upward and 
with always positive slope (therefore not including materials 
with definite yield points); the mode of deformation and the 
forces caused by compressive impact especia!ly at very high veloci- 
ties; the additional plastic deformation occurring in a tensile im- 
pact specimen after rupture (6). J 

Transverse impact on plastic wires (lacking bending stiffness) 
has been discussed by Prof. G. I. Taylor, and transverse impact 
on plastic beams by H. F. Bohnenblust (7). 


ANALYSIS 


Assumptions. The specimen is assumed to be uniform and 
long enough so that reflections at the far end need not be consid- 
ered. The engineering stress-strain relation for increasing stress 
is assumed to be everywhere linear or concave downward, as in 


Fig. 1. (The engineering stress is the total force at a cross section 
Es do | 
| 
| 
| 
| 
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Fic. 1 Srress-Strain RELATION 


divided by the original cross-sectional area; the engineering 
strain is the change in length of an element divided by its origi- 
nal length. Only for large strains do the differences between the 
engineering stress and strain and the so-called true stress and na- 
tural strain become significant.) The stress-strain relation for a 
stress of decreasing magnitude is assumed to be linear and parallel 
to the initial part of the curve for increasing stress. The impact 
is assumed to be such that during a finite interval a constant 
force is applied to the specimen at the point of impact. Before 
and after impact the force at this point is zero. It will be shown 
that for a long specimen this corresponds to a constant velocity 
imposed during impact. 


NOMENCLATURE 
The following nomenclature will be used (see also Fig. 1): 


original distance of point on specimen from point of im- 
pact 
o = engineering stress 
6 = unit engineering strain corresponding to 0, shown by 
stress-strain diagram (Fig. 1) 
€ = permanent, or residual, unit engineering strain caused by 
co; = maximum stress at point of impact during impact 
elastic-limit stress 
E = [= de/dé}, slope of stress-strain curve at point (c, 6) 
Ey = initial slope and unloading slope of stress-strain curve 
p = mass per unit volume, or density of specimen 
= [= V E/p], velocity of the stress wave, function of o. It 
is measured in co-ordinate system z previously defined 
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% = [= V Eo p], velocity of stress wave corresponding to 
slope E,; it is maximum wave velocity (also in z-co- 
ordinate system). 

c, = velocity of stress wave corresponding to stress 0); it is 
minimum wave velocity 

V = particle velocity at point of bar; not to be confused with 
wave velocity 

e = total permanent deformation in entire bar 

l, = length of first region of bar in which unit strain is constant 

l, = length of second such region, and so forth 

t = any time after beginning of impact 

7 = duration of impact 


Other symbols are defined where they appear. 


Progress of Stress-Strain Wave. In a uniform bar whose ma- 
terial is described by Hooke’s law, any longitudinal impact force 
applied to the bar at one end gives rise to a stress wave in the bar 
of the same pattern as the external force. This wave travels 
along the bar without change of shape and with a constant speed 
c, given by the relation 


where F is the constant slope of the stress-strain curve for the 
material of the bar, and p is the density. This speed, equal-to the 
velocity of sound in the material, is the rate ¢ at which a wave 
moves along the bar and must not be confused with the velocity 
of an element of the bar while the wave is passing. 

For this case, the relation between the unit stress ¢ or strain 4 
at any point and the velocity V of that point is well known; it is 
V = oc/E = cé. This expression is particularly useful in the 
case of impact, since it gives the relation at any instant between 
the impact velocity and the impact stress or strain. 

For a material with a stress-strain relation such as that shown 
in Fig. 1, the situation is similar but less simple. The stress front 
in the specimen can be thought of as a large number of smal! 
stress increments superimposed one upon the other. Each incre- 
ment, or wavelet, travels along the specimen with a speed deter- 
mined by its position in the stress-strain relation. Since the speed 
of a particular wavelet which is superimposed on a stress o is 
given by Equation [1], if Z is the slope of the stress-strain relation 
at the point ¢, it can be seen that any wavelet travels more slowly 
than the one just below it, and faster than the one above. This 
results in a steady lengthening of a wave as it progresses, as 
shown in Fig. 2. 


Fic. 2 Stress FRONTSIN Bar AT ti AND t2 DuE TO CONSTANT 
Impact Force; StTrRess-STRAIN CuRVE OF 1 


The Effect of Plasticity. So far in this discussion there has 
been no mention of plasticity. The change of shape and the 
progress of a wave front depend only upon the shape of the load- 
ing portion of the stress-strain diagram. Whether the material is 
plastic or elastic‘ has no effect on the wave front. The difference 
in the behavior of elastic and plastic materials which have simi- 
lar loading curves will be in unloading, that is, the difference will 
first appear in the back of the wave, not in the wave front. 


4 An “elastic” material is one in which a loading and unloading 
cycle leaves no permanent strain. The stress-strain relation need not 
be linear. 
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In many materials the unloading curve is approximately 
straight and of slope equal to the initial slope of the loading curve, 
asin Fig. 1. In this case the back of the wave will at first travel 
without change of shape and at a constant velocity equal to that 
of the lowest part of the wave front. 
wave front moves with a smaller velocity, there will tend to be a 
continual cutting off of the upper parts of the wave front by the 
back of the wave. 


Since the remainder of the 


It is important to notice that in this case the 
maximum value of the stress o,, will be constant for a definite 
distance along the bar, and that beyond this region the maximum 
value of the stress will diminish. Since the residual strain at any 
point 
that point, there will be a region in the rod in which the unit 


will depend upon the maximum stress occurring at 


residual strain is constant. Just beyond this region the perman- 


ent strain will diminish, as shown in Fig. 3. 


| 


Unit stress of strain 


Point of a 


impact Bor 


Pic. 3) Maximum UNIT STRESS OR STRAIN IN AN INFINITE BAR 

Relation Between Stress History and Particle Velocity at a Point. 
There is a definite relation between the particle velocity of a point 
in a specimen and the stress history of that point;5 this relation 
may be found as follows: 

Consider an element Az of a specimen (that is, an element 
whose original length was Ac) and of mass pA Az, where A repre- 
sents original cross-sectional area. A stress increment Ao moves 
Ar 


along the element Ar. This passage requires a time At = ; 
€ 

during which time the unbalanced force on the element is A Ac. 
Note that c, the velocity of Ao, is expressed in terms of the z- 
Since impulse equals change of momentum, the 


stress increment causes a change of particle velocity 


co-ordinates. 


Ao 
pc 


The choice of algebraic signs is such that a compressive stress in- 
crement gives a particle velocity change in the direction of 
propagation of the stress, a tensile increment the reverse. Thus 
for a unidirectional, nondecreasing wave front, the relation be- 
tween particle velocity V; and maximum stress o, or strain 5; is 


Vi = (1/p) l/c = Sf cas [2] 
0 


0 

The integration of Equation [2] can be performed graphically 
or arithmetically by remembering that ¢ = VE/o, where F is the 
varying slope of the stress-strain curve. If this is done for several 
values of the upper limit of the integral, a curve showing the rela- 
tion between V; and either o; or 4; can be plotted for the given ma- 
terial. Equation [2] gives the velocity of a point of a bar due to 
the passage of a single nondecreasing stress wave front. Note, 
that for a given material V; depends only upon the magnitude 
of the maximum stress, not upon the shape of the wave front. 

Equation [2] can be extended to give the velocity of a point ina 


* The point in question may be the end of the specimen, in which 


po a relation between impact stress and impact velocity is ob- 
ined. 
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bar after partial or total removal of stress. To do this, the inte- 
gration must be carried out along the loading line of the stress- 
strain diagram as far as the maximum stress attained, and then 
down the straight unloading line to the final stress. For an ele- 
ment that has been stressed first to o; and then to a lower value 
the final velocity will be 


If o- is made equal to zero, Equation [3] will give the residual 
velocity of an element after complete removal of stress, namely 


Similar reasoning can be used when two waves meet or when 
reflection occurs at a fixed or free end. 
The ultimate strength of a 
material in tension is defined as the maximum ordinate of the en- 
gineering stress-strain relation. Since there is a definite relation 
between particle velocity and stress, Equation [2], there is an im- 
pact velocity, called the critical velocity, just sufficient to produce 
a stress equal to the ultimate strength. Thus in a very long speci- 
men, any impact velocity below this critical velocity may cause 
deformation but will not cause failure until reflection at the far 
end has taken place. 


Critical Velocity of Tensile Impact. 


The amount of energy absorbed at this 
lower velocity through the plastic deformation of the specimen 
will depend upon its length. At velocities above the critical velo- 
city, failure would be expected to occur in the neighborhood of the 
point of impact. Since deformations would be confined to this 
portion of the specimen, the energy required for rupture would be 
much smaller than for subcritical velocities. The critical tensile 
velocities of materials differ considerably, and are normally of the 
order of 100-400 fps. 


RESIDUAL STRAIN IN Bar Due To Constant Impact 
Stress or Finite Duration 


The case in which the impact stress remains constant during 
the time of impact will be discussed in detail. Experimentally, 
this case can be realized easily by means of a mass which moves 
with a given velocity and makes contact with the specimen dur- 
ing a definite interval. It is assumed that the bar is long enough 
so that reflections at the far end will have no material effect. 

As discussed previously in this report, the stress wave front 
will proceed along the bar, changing its shape in the process, 
while the back of the wave endeavors to overtake it. Fig. 4, 


Cet 
Fic. 4 SuPERIMPOSED Stress PaTTEeRNS 
taken from Fig. 2, shows, superimposed, the stress patterns at 
successive instants during the early stages of the progress of the 
wave. From Fig. 4 it appears that the back of the wave over- 
takes the upper portion of the front at the instant t = coT’/cx — 1), 
and at a point whose distance from the point of impact is 


At this point in the bar the maximum stresses begin to decrease 
as the back of the wave cuts off more and more of the front. This 
situation is indicated in Fig. 3 
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Effect of Residual Velocity. The unstressed material behind the 
wave is assumed to have gone through a complete stress cycle, 
from zero stress to o;, then back to zero. However, as shown by 
Equation [4], this material has been left with a residual velocity 
V,, due to the difference in the loading and unloading curves of 
the stress-strain relation. Throughout the region l,, the residual 
velocity is constant. This causes no immediate difficulty. Fol- 
lowing the region ],, the residual velocities of adjacent points tend 
to be different, but because of the continuity of the bar, this is not 
a possible condition. Therefore in effect, there are infinitely 
many infinitesimal impacts in the bar ahead of the region h, 
and these give rise to a secondary stress wave just behind the pri- 
mary wave, as shown in Fig. 5. This secondary wave is an elastic 
wave, generated in the interior of the bar, which has two fronts, 
one coinciding with the back of the primary wave and moving 
with it at the rate co, the other moving with the same speed back 
toward the point of original impact. As more and more of the 
primary wave front is reduced, the intensity of the secondary 


wave increases. 
‘ 
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Fig. 5 OriciIn AND DEVELOPMENT OF First SECONDARY STRESS 
WAVE ¥ 


Primary 
wave front 
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Fic.6 Maximum Rise or First Seconpary WAVE Front, AFTER 
FurtTHEer Cuttine OFF OF PRIMARY WAVE Front CrAses 


This process continues until (a) the intensity of the primary 
front is reduced to the elastic limit of the unstrained material, at 
which point no further reduction occurs; or (b) the intensity of 
the secondary wave becomes equal to the reduced intensity of the 
primary front. In case (b) the wave back has disappeared and is 
replaced by the secondary wave, as indicated in Fig. 6. At this 
time there are two wave fronts. The original front continues to 
move through the unstrained material ahead of it, while the sec- 
ondary front returns toward the point of original impact. Thus 
for a time there is no further reduction of the primary wave 
front and the maximum stress remains constant. This state con- 
tinues until the secondary wave front has had time to reach the 
impact end of the bar, to be reflected there, and to return as a 
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wave of opposite sign, after which it begins the cutting-off proc- 
ess again. This cycle is repeated again and again until the stress 
in the wave front is finally reduced to the unstrained elastic limit, 
which corresponds to case (a). 

By following the process just outlined, the stress envelope show- 
ing the distribution of maximum stresses along the bar can be con- 
structed. Then, by use of the stress-strain relation, the corre- 
sponding strain distribution is found. For case (a) this will re- 
semble Fig. 3, continued to zero strain, while for case (6), in which 
there are multiple internal reflections, the stress and strain enve- 
lopes will appear as in Fig. 13. 

The Secondary Stress Wave. For a particle which has been sub- 
jected to a stress o; and then unloaded to a stress o,, the residual 
velocity is given by Equation {3], that is 


Co(o1 — ae) 1 ( do Oc 
Ey p c Co 
0 
since ¢o? = Eo/p. Consider two adjacent elements of the bar 


which have been subjected to stresses ¢ and ¢ + Ago before they 
are unloaded to the same final stress. Their residual velocities 
will differ by the amount 


AV 


ll 
|b 
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the one which has been subjected to the higher stress having the 
greater residual velocity. Owing to this velocity differential, in 
effect a secondary impact stress is produced as previously men- 
tioned. Note that the back of the primary wave, which is the 
point of origin of the secondary wave, as well as the secondary 
wave front itself, travels with the velocity co. Hence the second- 
ary stresses accumulate at the back of the primary wave. In the 
case of impact of two elastic bodies moving with relative velocity 
AV, the resulting increment AS of impact stress is 


AS = '/,E,AV/co = 1/2[(co/c) — 1] Ao........ [6] 
or, written in differential form 
dS = '/2[(co/c) — 1}doe 


For a reduction of the primary stress from o; to o, integration 
yields 


This equation gives the intensity of the secondary stress at a 
point directly behind the primary wave. 

It has been stated that the cutting off of the wave front ceases 
at the point where the secondary wave stress equals the primary 
wave stress a2 (see Fig. 6). This corresponds to making S = o = 
o2 in Equation [7]. Therefore o2, the stress at the end of cutoff, 
is determined by the relation 


which can be written in the form 


For a particular value of the impact stress o,, Equation [9] canbe 
solved by trial to give oz. If o exceeds the unstrained elastic 
limit, then it will be the stress that corresponds to the second- 
level portion of the stress envelope shown in Fig. 13(a). Next, this 
value and the corresponding value of V2 are put in the right 
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hand side of an equation of the same form as Equation [9] , namely 


to find the value of o3, the stress corresponding to the third level 
portion of the stress envelope. These calculations are repeated 
until the elastic-limit stress is reached. 

Consider the secondary wave produced by the cutting-off ac- 
tion of a vertical wave back. The lines a-a’ in Fig. 5 show the 
front and back of a stress wave at a time shortly after reduction 
of the front begins at 1. Since the secondary wave starts when 
the back is in position 1, it can be seen that the secondary wave 
front will have reached the symmetric point a’ at the instant for 
which the figure is drawn. Also, at this instant, the maximum or- 
dinate S of the secondary wave will be given by Equation [7]. 
The shape of the secondary wave front can be obtained by calcu- 
lating S for several positions of the wave back. However, this is 
not necessary in most cases. If the drop from o to a2 is small com- 
pared to o;, then the S-front will be approximately a mirror image 
of the line from o; to a2. In fact, the use of linear wave fronts will 
be sufficiently accurate generally. The end of the first region of 
wave-front reduction is easily located by means of the relation 
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(a) Secondary wave completely developed 


3 
Primary wavefront 


(6) Secondary wave after reflection at free end 


Fic. 7 Proaress or First Seconpary Stress WAVE As Ir Forms 
Seconp Reaion or Constant UNIT STRAIN 


Fig. 7(a) shows the stress wave at the instant it reaches the value 
o.. The two wave fronts separate, leaving a region of constant 
stress o2 between the fronts. The secondary front will be reflected 
at the free end and will then return as a reversed wave, canceling 
the stresses which have been left behind it. This effect is indi- 
cated in Fig. 7(6), which also shows the displacement of the pri- 
mary wave front at the same instant. The distance lL, at the end 
of which the new inclined wave back overtakes the front, is 
found by considering the wave speeds c, and co, and the relative 
distances covered in equal times. Then 


Next consider the cutting-off process in the case of a sloping 
wave back. Here, reasoning similar to that for the vertical back 
can be used if the situation be summarized by the statement that 
a decrease Ao in the stress envelope will result in an increase AS 
in the secondary wave. However, the present situation is com- 
plicated by the slope of the wave back. The front of the secondary 
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wove front 
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Fic. 8 OnrtcGin or Seconp SEcoNDARY WAVE FRONT 


Primary 
Secondary , wave front 


wave front 


Primary 
wave back 


Og ote De ~ 


Fie. 9 Maximum Rise or Seconp Seconpary Stress Wave 


wave, moving oppositely to the back of the primary wave, will be 
superposed on the latter, thus increasing the total stress in this 
region. 

Fig. 8 shows part of the wave back at two instants a and 2, 
where 2 marks the start of wave-front reduction. The heavy 
broken line in Fig. 8 shows the secondary wave front superposed 
on the primary wave back, each moving as indicated by its arrow. 
Because of the presence of this secondary wave, the wave-front 
reduction Ao is less than would be caused by the wave back 
alone. However, the relation between Ag and AS, Fig. 8, is 
given by Equation [6], as before. 

The reduction of wave-front stress will continue, owing to the 
motion of the secondary wave with respect to the back of the 
primary wave, as if two wedges were sliding on each other. How- 
ever, the reduction of the wave front will cease at the instant when 
the relative motion of the superposed primary and secondary 
stress waves can result in no further reduction in their sum. 
This will occur when the primary wave back is in the position 
shown in Fig. 9, in which the foot of the wave is directly below 
point 3. 

The secondary wave front, assumed to be linear, is also shown 
in Fig. 9. The reduction in primary wave-front stress is (0: — o3), 
while the secondary wave has an intensity o3. These values 
satisfy Equation [9a]. If az is the distance needed for reduction 
of the primary wave front, and 5, is the length of the wave back 
before cutoff begins, then the length of the secondary wave is 
(be + 2az), as indicated in Fig. 9. 

This cycle is repeated until the wave-front stress is reduced to 
the elastic limit of the unstrained material. After each cycle the 
slope of the secondary front will be diminished. Also, the length 
of each succeeding region of constant maximum stress will be- 
come greater. 

In the Appendix is outlined the complete calculation of the 
stresses and strains produced in a long copper rod, due to an im- 
pact of magnitude 32,500 psi, lasting for 1/600 sec. 

Effect of Time of Impact. The length h, which is given by 
Equation [5], is directly proportional to the time of duration of 
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impact 7’. It can be shown that the same is also true of the 
lengths aq, b, a2, and so forth. Hence in a long bar the various 
lengths and the total elongation witl be directly proportional to 
the duration of impact. Therefore a calculation based upon one 
impact time can be used for any other, by multiplying all lengths 
by the ratio of the impact times. Thus reducing the duration of 
impact will tend to concentrate the strains near the impact zone. 

Internal Reflections. In the case of elastic impact, a wave 
which is reflected at the far end of a bar returns to the point of 
impact in the time 


T) = 2 X length/c 


In the present case the situation is quite different. Owing to in- 
ternal reflections at the plastic wave front, waves return to the 
point of impact at much shorter intervals. After the end of im- 
pact, the first reflected wave returns after an interval 7; which is 
approximately equal to 2c7'/co. The next wave returns after a 
somewhat greater interval, and so on. These reflected waves will 
not necessarily be of low intensity; for the copper bar discussed 
in the Appendix, the stress in the first reflected wave is 27,000 
psi, compared to the initial stress of 32,500 psi and the stress in the 
second reflected wave is 22,500 psi. 
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Appendix 


Errect or Impact at 200 Fps, Lastine ror 1/600 
Sec, on a Lone Bar or ANNEALED COPPER 


Preliminary Calculations. Fig. 10 shows the static stress-strain 
curve for annealed copper. The first step in the analysis is the de- 
termination of the variation of the wave velocity ¢c with unit 
stress. This is done by scaling slopes from the stress-strain curve. 
From Fig. 11, which shows this relation, the shape and progress 
of a wave front can be found. The second important calculation 
is the determination of the relation between particle velocity V 
and stress or strain, using Equation [2]. This relation is shown 
in Fig. 12. 

Impact Stress and Strain. From Fig. 12 it appears that an im- 
pact velocity of 200 fps corresponds to a unit strain of 0.16 and a 
unit stress of 32,500 psi. 

Progress of Stress Wave and Resulting Residual Strain. From 
Fig. 11 the velocity of the unloading wave is found to be 129,000 
ips, while the velocity c,, corresponding to the impact stress, is 
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LonG Bar or ANNEALED Copper Arter IMPACT 
11,200 ips. From Equation [5] the back of the wave overtakes 
the front after traversing a distance 


= con T'/(co — = 20.45 in. 


and at a time 20.45/11,200 = 0.001825 sec after impact. 

The method of the section, ‘‘Residual Strain in Long Bar Due to 
Constant Impact . .,” is used to construct the stress envelope 
First, values of the unloading step stresses o2, 03, and so on, are 
determined from Equation [9] until the elastic limit of 3500 psi is 
reached. Next, the distances a, l:, a2, and so on, are calculated 
in the order named. These distances, with the values of ¢ already 
determined, define the envelope of maximum stresses shown in 
Fig. 138(a). From this curve the corresponding permanent strain 
distribution shown in Fig. 13(6) is obtained. The total change of 
length in the bar is numerically equal to the area under this 
curve; it amounts to 9.59 in. Note that this is nearly 2'/. times 
the end displacement during impact, which amounts to 4 in. 

Conservation of Energy. As a check on the results obtained in 
the preceding section, a calculation of work and energy was 
made. The work done by the impact force must equal the energy 
required for the plastic deformation plus whatever wave energy 
remains at the end of the period of plastic strain. The external 
work per unit area of cross section is equal to the constant impact 
stress, multiplied by the distance moved during impact. The 
clastic-wave energy is determined by the elastic-limit stress, and 
by the time at which the intensity of the wave front is reduced to 
the elastic limit. In the present case this energy is small. The 
work of deformation corresponding to a given permanent strain 
can be determined from the area under the stress-strain curve, 
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Fig. 15 Srress-Srrain DiaGram For 248-T DuraAtuMIN 
bounded by the corresponding unloading liné. Fig. 14 is a graph 
of deformation energy as a function of residual strain. The total 
deformation energy for the entire bar is obtained from this rela- 
tion and the strain pattern in Fig. 13(6). The following results 
are obtained: 


Work of external force 
Deformation energy 
Elastic-wave energy 


140,000 in-lb per sq in. 
135,000 in-lb per sq in. 
2,000 in-Ib per-sq in. 


Critical Velocity. The limiting velocity of a material is defined 
in the section, ‘‘Critical Velocity of Tensile Impact,” as that veloc- 
ity of impact which corresponds to the ultimate strength of the 
material. From Fig. 12 this is seen to be 4800 ips, or 400 fps, for 
the sample of annealed copper. Similar calculations for 24S-T 
duralumin, whose stress-strain diagram is shown in Fig. 15, give 
a limiting velocity equal to 330 fps. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal includes a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data have been prepared by a subcommittee of this 
Division—S. Timoshenko, R. E. Peterson, J. Ormondroyd, 
J. N. Goodier, J. H. Keenan, and J. M. Lessells. 


Tables for Numerical Solution of Problems 


in the Mechanics and Thermodynamics of 


Steady One-Dimensional Gas Flow 
Without Discontinuities 


By G. M. EDELMAN! ano ASCHER H. SHAPIRO,? CAMBRIDGE, MASS. 


Elsewhere in this issue are presented’ analytical pro- 
cedures for handling complicated problems involving the 
simultaneous effects of area change, wall friction, drag of 
internal bodies, external heat exchange, chemical reac- 
tions, change of phase, mixing of injected gases, and 
changes in molecular weight and specific heat. Tables 
of functions are given herewith to facilitate the numerical 
solution of such problems for regions of flow where the 
stream properties change continuously. 


Desicn EQUATIONS 


The nomenclature and equation numbers referred to in the 
text which follows are identical with those in the paper’ to which 
reference has already been made. 

In the case of variable specific heat and molecular weight the 
principal working equation is a modified form of Equation [13], 
namely 


dA dQ — dW, + dH dx 
dM A + Fe + ( f D 
dX dw dw dW dk 


In the case of constant specific heat and molecular weight, the 
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cepted until January 12, 1948. Discussion received after the clos- 
ing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


principal working equation is a modified form of Equation [19], 
namely 


dA dT. d. 
aM! = + + (ay 4 = 


Ts (1/2) kpAM? 


where 
am: (1 + 
2 
1 — M? 
ama (1 +o 
1— M? 
M2? (1 + kM?) 
k—1 
M2? (1 + kM?) (: + 
F. 2 
Fr, =— = 
2 1— M? 


The influence coefficients F4, Fa, F;, and Fr, are given 
functions of M in Tables 1 to 6 of this paper for values of k from 
1.0 to 1.67. Note that the influence coefficients defined by 
Equation [iii] are greater by the ratio M? than the correspond- 
ing coefficients defined in the companion paper.* 

Additional working equations and the method of employing 
Equations [i] and [ii] are given in that paper. 


EXAMPLE 


Consider the case of combined friction and heat transfer in 4 
duct of constant area, discussed in Section 6.4 of the companion 
paper.’ For simplicity, the Reynolds analogy will be used, the 
recovery factor will be taken as unity, variations in specific heat 
will be ignored, and the wall temperature will be assumed con- 
stant. 
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TABLE | TABLE OF INFLUENCE COEFFICIENTS FOR TABLE 2. TABLE OF INFLUENCE COEFFICIENTS FOR 
_k = 1.0 EXACTLY k = 11 EXACTLY 
F 
M F F M F 
A £ A Fe 
F/2 
205 - 500 00g,0625 200,251 200,251 205 200,500 204 ,0690 2002,51 
i 10 = ,.02,02 035101 -01,020 01,020 010 = 02,02 203,11 201,022 
015 = 04,60 04,518 02, 354 02, 354 404,61 203,570 02,362 
- 08,33 -001,67 204,327 04,327 = .08,35 001,84 204, 353 
; 004,17 .07,08 07,08 025 = 13,38 .004,60 207,15 
- 219,78 2008 ,90 210,78 210,78 019,87 209,84 210,92 
35 = 027,9 201,710 215,67 216,67 035 = 228,1 201,893 
40 = 438,21 203,05 +22,1 22,1 40 2384 03,37 22,6 
205,14 2 30,5 230,5 045 = o51,3 205,71 o31,4 
= ,66,7 -083,3 50 67,5 -09,28 43,0 
355 = 28,67 113,12 15,65 35,65 - 28,80 114,65 35,87 
60 = 1,1,25 20,3 07,65 07,65 60 = 1,1,45 07,99 
265 «164,63 03,09 1.0,41 1,0,41 065 1.4,% 3,47 1.0,94 
+70 1,9,22 oh, 1.4,32 1.4,32 270 = 1.9,69 +5,31 145,15 
= 34,556 1.1, 38 26,916 2.,916 220 = 34,669 1.5292 3.5126 
085 1, ,881 he 485 he 485 085) 505395 26,144 44842 
= 48.526 345453 97.716 290 48,872 305952 8.382 
4 095 -1,8.513 8.5354 1,7.610 1,7.610 095 -1,9.348 92,604 1,9.274 
1,00 - oo 1.00 - 
1,05 251.5 -11.,,859 =2,2.615 =2,2.615 1,05 2,2.698 13.,764 -2,5.113 -2,3.801 
1.10 1,1.524 6.,972 -1,2.734 -1,2.734 1.10 =:1,2,221 8.,133 =1,4.244 -1,3.431 
1,15 8.5202 = 54,423 94,524 1.15 = 64,360 = 10.,732 = 10.,066 
1,20 6.,545 = 4.7513 - 72,985 - 72,985 1.20 74,017 = 55,57 = 92,066 = 
1,25 505,56 =4.3,40 - 71,18 = 7,1,18 1.25 81,42 = 
1,30 48,99 = 41,39 65,89 = .6,5,89 1.30 
16399 = 440,38 642,54 6.2, 54 
1640 4.002 = 60,43 6,043 7.0575 = 6 
1,45 308,16 =4.01,0 = 5.917 = 5.9517 1.45 = = 6.9,82 6 
1.9 3.60 fe) e 4005 0 5.8 50 5.8 50 1.50 4.00,5 4.95,6 = 6.9,59 6.2,55 
1.55 3.42,6 = 4.11,6 = 5.82,9 = 5.82,9 1655 = = 6.997,0 <= 6.24,0 
1.7 3.05,8 = 4.41,9 = 5.94,8 1.70 3250,0 5056,3 6,39,0 
1.75 2.97,0 4.54 7 e 6.03 2 6,03 2 1.75 3.42,4 5.76,8 = 7.48,0 6.48,7 
1.80 2.8953 = 4.686 = 6.13,3 6.13,3 1.80 3036) 56990 = 606052 
1.85 2.82,6 = 4.83,5 6.24,8 6,24,8 1.85 = 7.884 = 6.7352 
3 1.95 2.714 = 5.159 651,6 = 6,51,6 1.95 36230 = 6.756 7203,2 
a 
2,00 2.66,7 @ 5,33,3 = 6.66.7 2.00 3.20,0 - 7.04,0 - &,64,0 7.20,0 
3 2.05 2.625 5.51,5 = 6.82,8 6,82,8 2.05 301756 = 8.92,9 7.579 
2.10 2.587 5.70,3 = 6,997 «64.9957 2.10 30157 7.6557 = 7256,7 
4 2.15 2.552 = 5.89,9 - 7.17,5 - 7.17,5 2.15 3.142 - 7.98,8 = 9.56,0 <- 7.76,4 
2.20 2.521 = 6.10,0 7,36,1 7.3651 2.20 3.131 8.33,4 = 9.900 7.97,1 
; 2.30 25466 6.523 = 7.7556 = 2.30 3.119 10.63,3° 8.40,9 
4 2.35 2.442 = 7696,5 7096, 5 2435 = 11.02,5 = 8.6359 
2.40 2.420 - 6.97,0 - 8,18,0 2.40 3.117 - 9.87,5 11.43,4 8,°7,7 
j 2045 2.400 = 7.20.2 = 8.40,2 = 8,40,2 2645 32120 = 10.30,0 11.86,0 = 912,3 
2.50 2,381 . - 8.631 = 8,63,1 2.50 30125 12430,5 = 
2.55 2,363 7.6854 8,86,6 - 8,86,6 2.55 3.132 11.20,1 -12.76,7 9.63,4 
2.60 7.939 = = 910,7 2.60 11.67,7 = 9.90,0 
2.65 2.332 8,18,9 9.35,5 - 9.35,5 2.65 3.151 12.17,0 -13.7%4,6 = 10.17,3 
fi 2.70 2,318 8.44,9 - 9,60,8 - 9,60,8 2.70 3.163 12.68,1 -=14.26,3 10.45,3 
4 2.75 2.305 - 8.71,5 - 9,86,7 - 9,86,7 2.75 3.176 - 13.21,1 =14.79,9 10.73,9 
2.80 2.292 - 8,98,6 10,13,2 = 10,13,2 2.20 3.191 - 13.760 = 15.35,5 = 11,03,1 
2.85 2.281 = 9,26,3 10,40,3 - 10,40,3 2.85 3.207 - 14.32,7 = 15.93,1 = 11.33,0 
P 2.90 2.270 = 9.54,5 10,68,0 - 10,68,0 2.90 3.224 -U.91,4 = 16.52,7 11.63,4 
2.95 2.260 9.83,2 10,%,2 = 10.%,2 2.95 3.243 15.52,2 =17.14,3 = 11.94,5 
3.00 2.250 -10,12,5 = 11.25,0 - 11,25,0 3.00 3.263 -16.14,9 <-17.78,1 12.26,3 
3.5 2.178 -13.339 14.428 14.428 3.50 3.512 23.660 = 25.416 15.762 
3 4.0 2.133 -17,067 = 18,133 = 18,133 4.00 3.840 - 33.792 - 35.712 - 19.840 
5.0 2,083 -26,042 = 27,083 27.083 5.0 4.688 64.453 66.797 29.688 
6.0 2.057 -=37,029 «= 38,057. = 38,057 6,0 5.760 =114.048 =116,928 41.760 
7.0 2.042 -50,021 = 51.042 = 51.042 7.0 7.044 -189.829 -193,350 56.044 
8,0 2,032 65,016 - 66,032 66,032 8.0 8.533 =300.373 $304,639 = 72.533 
9.0 2.025 -82,013 = 83,025 = 83,025 9.0 10.226 455.579 460.693 91.226 
10,0 2.020 101,01 -102,020 -102,020 10.0 12,121 666.666 ~672.727 112,121 
2,000 @ - co - oo - - @& 
Nore: For values of M from 0 to 3.00 all digits to the left of the comma are valid for linear interpolation. Where no comma is indicated in this region 
all digits are significant for linear interpolation. 


e 
| 
| 
| 
‘ 
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TABLE 3 TABLE OF INFLUENCE COEFFICIENTS FOR TABLE 4 TABLE OF INFLUENCE COEFFICIENTS FOR i 
k = 12 EXACTLY k = 1.3 EXACTLY. ’ 
Fy 
F F A 
4 00 500 9 00813 251 00 251 
WW .02,02 207,120 £01,023 301,022 = 02,02 203,131 01,025 201,023 | 
AS .04,61 003,640 202,37 202, 37 = .04, 205,676 202, 38 202, 37 
.08,37 ~002,01 204, 204, 220 = ,08,38 2002,18 204,40 204,38 
1 2005,03 207,21 207,17 025 = 13,46 2005,47 207,28 207,21 
“010, "11,06 "10706 330 = 21105 
228,3 2020,8 216,21 216,01 028,54 202,26 216,48 216,18 
40 2037,2 22351 02,7 = 2390 204,06 02346 
= 210,35 04353 250 06,92 +11,24 04558 j 
36,09 35,91 55 = 09,07 017,83 6,32 6,04 
60 - 1,1,6 02,52 28,35 28,06 1,1,86 6,70 28,26 
65 = 1.5,25 23,87 1.1,49 1.1,03 65 = 1,5,56 4527 1.2,05 1.1,33 
= 2.C,16 1.6,00 1.5,26 270 2,0,63 06557 1.6,88 1.5,73 
% 
- 2.7,16 29,17 2.2,75 2.1, 54 247,88 1.0,20 224,14 2.2,26 
= 3., 783 1,453 3. 80 34,897 1,622 3.5570 349257 : 
= 5,,583 2.420 4.861 085 = 5.,772 2.,710 505% 509049 
290 49.217 99088 8.407 290 = ,9,562 950035 99-816 98.752 
#2406184 1,0.929 2,1.021 1,9.281 095 =2,1,019 1,2.330 242.840 2,0.116 
1. 2,3.884 =. 152,799 2,7. -2,4.98€ 1.05  2,5,070 - 1,7. 3,0. = 2,6,172 
- 9.379 = 1,5.838 14.,128 1.10 1,3,615 = 1,0.708 1,7.516 1,4.825 
1.15 9.286 = 74,369 - 12.,014 = 10.,608 1.15 09829 = 449 - 13.,363 11,,151 
1.20 72,488 6,470 10.,214 - 8,928 1.20 745959 = 745450 11.,430 = 93,99 
1,2 6. 6,0,22 - 92,34 729,86 1,25 6.8,58 = 6.9,65 = 10.,3% = 844,20 
1.35 562,39 = 547429 - 83,49 - 7,0,62 1.35 506,43 = 6,6,85 = 945,07 66 
1.45 = 508523 - 81,31 6,7,18 1.45 5.0,17 = 6,8,56 - 943,65 - 741,19 
1,50 = 81,59 = 646,60 1.50 408,15 740,42 ~ = 720,65 4 
1,60 hel2,2 6,33,2 - 8.39,3 = 6,68,2 1.60 he5hy2 745558 - 98,30 7,10,2 
1.65 4.02,2 - 6,56,9 - 8,58,0 6.7454 1.65 - 7,87,8 - 10,1,04 17,.17,5 
1.7 3.87,9 17,12,8 - 9,06,8 6.94,2 1.75 10.79,4 - 7.39,6 
1.85 3.79,3 = 7.788 9.684 <= 721,5 1.85 4027,6 = 945153 - 11.651 <= 7.69, 2 
1.90 3.76,5 = 8.15,5 = 10.03,7 7.37,5 1.90 he25,4 = 10,00,6 12,13,8 
1.95 3.7455 = 8.54,5- = 10,41,8 <= 7,54,8 1.95 4o25,1 = 1045343 12,66,3 = 8,06,4 
2.00 3.73,3 = 8.96,0 = 10.82,7 7.73,3 2,00 4426,7 = 11,093 13:22,7 <= 8.26,7 
2,05 = 9.349 11,263 = 7.93,0 2.05 = = 8.481 iq 
2.10 3.72,7 9.86,2 11.72,6 8,13,7 2.10 4.29,’ = 12,31,9 1..46,8 
2.15 3.732 - 10,35,0 12,21,7 8.35,5 2.15 4.322 12.98,5 15.14,6 8.94,5 
2.20 3.741 10,86,4 12,73,4 - 8,58,1 2.20 4.351 - 13.688 15,86,4 9.19, q 
2.2 3.754 = 11.40,3 = 13.280 8,81,7 2.25 4.385 = 14.42,9 16,62,2 
2.35 3.791 = 12,562 14.45,7 2.35 4.465 = 16,02,9 18,26,1 <- 9.%,8 
2.40 3.81, 13,18,2 - 15,08,9 9.574 2.40 4.511 - 16,89,0 - 19,14,5 = 10,27,1 
2.45 3.840 13,83,1 15.75,1 9.84,3 2.45 4.560 17.79,4 - 20.07,4 - 10,56,3 
2.50 3.869 - 14.50,9 = 16.44,4 10,11,9 2.50 4.613 = 18.7,41 21.0,47 = 10,86,3 
2.55 3.900 15,.21,7 - 17,16,7 - 10.40,3 2.55 4.669 - 19.7,33 22.0,68 12,17,1 
2.60 3.934 - 15.95,6 17,92,3 10,69,4 2.60 4.727 == 20,7,72 231,35 11.48,7 
2.65 3.97 16,72,7 = 18.71,2 - 10.99,2 2.65 4.789 = = 
2.70 4.008 17.53,0 19,53,4 11.29,7 2.70 4.853 22.9,9% 254,21 12.13 
2.75 4.048 = = _—*218,36,7 = 20,390 = 2.75 919 = 266,41 = 12448, 2 
2.80 4.090 - 19,23,8 = 21,.28,3 - 11.93,0 2.80 4.988 25.4520 - 27.914 12.82,2 
2.85 4.13, = 20.14,4 - - 12,25,6 2.85 5.060 26,7,13 29.2,43 13.18,2 
2.90 4.179 = 21.08,7 = 23.17,6 = 12,58,9 2.90 5.133 - 28,0,62 = 30.6,28 = 13.54,3 
2.95 4.226 = 22,06,7 = 24.18,0 - 12,92,9 2.95 5.209 =* 294,67 32,0,72 = 13,91,2 
3.00 4275 23.08,5 = 25422,3 = 13,27,5 3.00 5.288 14,28, 8 
3.50 48460 = 35,425 = 38,038 = 17,096 3.5 6.179 49.204 52.2% 18,429 
4.00 50547 530248 = 56,021 = 21,547 4.0 7.253 = 75.435 79.062 = 23,253 4 
4.50 6.364 - 77,326 80,508 26,614 8.495 = 111.809 116,056 28.745 
5.00 7.292 = 109,375 - 113,021 32,292 5.0 9.89% = 160,808 165.756 = 34,896 
6.00 9.463 = 204.397 = 209,129 45.463 6.0 13.166 308,077 31.660 = 49.16 
7,00 12.046 354.146 = 360,169 61.046 7.0 17.048 = 542,974 551.498 66,048 
8,00 15.035 577.339 584.857 79.035 8.0 21.536 895.91, 906.685 85,536 
9.00 18.428 895,376 904.790 99.428 9.0 26.629 -=1402.01 1415.32 = 
10,00 22.222 -1333,33 1344.44 -122,222 10.0 32.323. =2101,01 2117.17 132.323 
oo - - - o o - - o oe 
Nore: For values of M from 0 to 3.00 all digits to the left of the comma are valid for linear interpolation. Where no comma is indicated in this region 
all digits are significant for linear interpolation. 
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AD 


Nore: 


EDELMAN, SHAPIRO—TABLES FOR SOLUTION OF PROBLEMS, ONE-DIMENSIONAL GAS FLOW 


=0.700,00 
0.73964 
0.781, 31 
0,825,14 
-0.871,27 


~0.919,86 
0.971,07 
-1,025,07 
=1,082,08 


-1.142,31 


-1.206,0 
1.27354 
-1.34,49 
-1.42,07 
-1,50,12 


“1.52, 68 
-1.67,80 
-1.77,53 
-1.87,93 
-1.99,06 


-2.10,99 
=2.23,80 


-5,7.822 


frABLE 5 TABLE OF INFLUENCE COEFFICIENTS FOR &k = 1.4 EXACTLY 
Fy PQ 
2 > 
F, Fe uw 
Fy 

0 0 0 22500 «7500 
=0,0002,0 0.00000 0,0001,0 0,0001,0 2601 

~0,0008,0  0,00000 0,0004,0 0,0004,0 252 
~0,0018,0 0,00000 0,0009,0  0,0009,0 2809 
 0,00000 0,0016,0 0,0016,1 27084, 
-0,0050,1  0,00001  0,0025,1  0,0025,2 3025 6975 
-0,0072,3 0.00002  0,0036,3 0,0036,3 56 3136 26864 
~0,0098,6  0,00003 9,0049,6  0,0049,6 3249 26751 
0,0129,0  0,00006  0,0065,1  0,0065,0 258 3364 26636 
-0,0163,6 0.00009 0,0082,7 0,0082,6 3481 26519 
—0,0202,4 0.00014 0,0102,6  0,0102,4 3600 26400 
-0,0245,5 9.00021  0,0124,9  0,0124,6 3721 26279 
~0,0293,0 0,00030 0,0149,4 0,0149,0 262 26156 
0.034,49 0.00041 0.0176,5 0,0175,9 
0,040,146  0,00055  0,0206,2 0,0205,4 4096 25904 
=0.046,24 0,00073 0.0238,5 0.0237,4 04225 05715 
0,00095 0,.0273,5 0,0272,1 04356 
,059,86  0,0012,1 0.0311,4  0,0309,6 267 89 25511 
0,047,400  0,0015,3 6.0352,3 0,0350,0 268 25376 
0.075,44 0,0019,1 0,0396,3 0.0393,4 ‘ 4761 25239 
084,00  0,0023,5 0.0443,5 0.0440,0 00 «5100 
.093,08  0,0028,7 0,0494,1  0,0489,8 50K 4959 
102,71  0,0034,8 0,0548,3 0.05435] 4816 
112,89  0,0041,8 0,0606,2 0,059%9,9 5329 4671 
123,65  0,0049,8 0,0668,1  0,0660,5 52h 
135,00  0,0059,0 0,0734,1  0,0725,0 075 5625 4375 
.146,9% 0,0069,5 0.0804,3  0.0793,6 5776 22h, 
159,55  0,0081,4 0.087,92 0,0866,6 5929 4071 
172,80  0,0094,8 0,095,289  0,094,41 23916 
0.186,73  0.0109,9 0,104,36 0,102,63 23759 
~0.201,36  0,0126,8 0,113,36 0,111,36 280 
0.216,72 0,0145,8 0,122,9%  0,120,62 6561 ©3439 
0,232,83 0,0166,9 0,133,100 0,130,44 282 0.6724 3276 
=0.249,73  0,0190,4 ° 0.143,90 0,140,84 68.89 3111 
-0,267,45 0.0216,4 0.155,37 0.151,86 27056 
=0.286,03  0,0245,3 0.167,5 0.163, 54 6.7225 22775 
0,305,51  0.0277,2 0,180,47 8 273% 22604 
<0,325,92  0.0312,3 0.194,19 0,189,02 87 7569 02431 
<0,347,29  0.0351,0 0,208,75 0,202,89 22256 
-0.369,68  0.0393,6 0.224,20 0,217,58 7921 2079 
0.393,14  0.0449,3  9.240,60 0.233, 14 8100 21900 
417,72  0.049,15 0,258,01  0.249,62 8281 21719 
0.443,48  0.054,76 0.276,50  0,267,08 21536 
=0.470,47  0,060,89 0,296,13 0,286,56 8649 1351 
0.498,75 0.067,59 0.316,9 0.305515 0% 8836 1164 
-0.528,40 0,074,90 0.339,10 0.325,90 095 
0.559,50  0,082,87 0.362,62 0,347,90 69216 
592,12 0.091,56 0,387,62 0.371,22 294,09 20591 
626,34 101,02 0.414,19 395,% 20396 


0199 -11,7.811 


0.122, 50 
0.13467 
0.147,89 
0.162,25 
0.177,84 


0.194,78 
0.213,17 
0.344513 
0.354,80 
0.278, 34 


0,303,921 
0.331,69 
0. 361,88 
0.3%, 71 
0.430542 


ee 


8 


~ 


E 


ee 
~ 


33 


8 


2,4.918 
3,8.873 
8,0,827 


3 


. 

685 


KRESS 


8883 


RESRS 


ee 


YVYNNN 
kB & 


YE 


1,39.732 


A-347 


w 


SRIF 


YRNNN 


BRS 


ERRS 


3 


14. 51538 
16. ,9815 


20.5952 

26.,922 
3,6.892 
56.861 
1,16.831 


For values of M from 0 to 3.00 all digits to the left of the comma are valid for linear interpolation, Where no comma is indicated in this region 
] 


all digits are significant for linear interpolation. 


F, 

| 1.0000 0.472,50  0.450,00 
q .0l 0001 999 0.504,49  0.479,54 

4 .04 0016 0,613,48  0,579,68 

0025. 975 0.654,71  0.617,36 

106 -,0036 9964, 0 0.657,46 
07 20049 M51 0 0.700,17 

‘ .0064, 29936 0.745, 68 

| | .9900 0.846,00 ; 
| eli 20121 29879 0.901, 33 

4 ©9856 0.960,48 

14.01% +9304 1,09,160 

| 

15 40225 0,469,321 1.16,43 

18 20324 29676 0,60,230 1.41,69 
119.0361 £9639 0,66, 340 

222 29516 ° 

025-0625 09375 
9271 
2078L 29216 
9039 

: TS 5.95939 

236 412% 28704 6.6, 363 

-39 1521 284,79 923,080 
ia 41.1681 12.,125 10.4,023 

4h 1936, 19.,982 

45 42025 7975 23.,806  2L.,734 

4 22209 7791 4532834 

ion 


32338 


EGRES 


OBIT 


RR 


BEE SRYRA SRYRS 


NV 
3 


-8,7.267 
45.215 
-3,1.3 


JOURNAL OF APPLIED MECHANICS 


-1,48,373 
576.426 
= 552.480 


242,413 - 4,0.535 


= 20.,263 


=.13.0,03 


= 12,1,228 
11.4,133 
- 10.8, 318 


. 
- 


NS 


7.73594 
72752,5 
- 7.773,6 


- 7.798 
= 7.826,9 
- 7.858,9 
7.8%,1 
yh 


7.973,8 
- 8,018,0 
8,065,0 
- 8,114,6 
2,166,8 


: For values of M from 0 to 3.00 all digits to the left 


= 25.5275 


- 17,0,00 


SRBYY BYBSN 


RE 


33.5391 
28.647 


22.762 
20.8, 20 


19.2,79 
18,0, 30 


16,1, 28 
15.4,09 


-14.7,26 


665 


-10,683 
10.705 
-10.731 
~10,761 


TABLE 5 (Continued) 


Fa 
Fy 

1.50 2.2500 ~-1,2500 
-1,23.231 1.51 2.2801 -1,2801 
6,3.263 1.52 2.3104 1.3104 
3029 1.53 2.3409 =1,3409 
33.» 326 1.54 2.3716 1.3716 
27.5358 1.55 2.4025 =1.4025 
23.5391 1.56 2.4336 1.4336 
20. 566 1.57 2.4649 =1,4649 
18,456 1.58 2.4964 -1.4964 
16, 823 1.59 2.5281 1.5281 
15.5523 2.5600 -1,5600 
14.4,65 1.61 2.5921 -1,5921 
13.5590 1.62 2.6244 1.6244 
12.8,55 1.63 2.6569 =1,6569 
12.2,30 1.64 2. -1,68% 
=11.6,934 1.65 2.7225 1.7225 
-11.2,283 1.66 2.7556 1.7556 
-10,8,223 1.67 2.7889 =1,7889 
10.46, 56 1.68 2,822, -1,8224 
-10.15,04 1.69 2.8561 -1,8561 
- 9.87,06 1.70 2.8900 
- 9,62,11 1.71 2.9241 2.9241 
- 9.39,78 1.72 2.9584 -1.9584 
- 9.19,73 1.73 2.9929 -1.9929 
= 9.01, 69 1.74 3.0276 =2,0276 
= 8.25,42 1.75 3.0625 -2,0625 
8,70,71 1.76 3.9976 
8.57,39 1.77 3.1329 =2,1329 
- 3.45,32 1.78 3.1684 
8,34,37 1.79 3.2041 =2,2041 
= 8,24,43 1.80 3.2400 =2,2400 
8,15,40 1.81 3.2761 -2,2761 
8,07,21 1.82 3.3124 =2,3124 
- 7.99,78 1.83 3.389 =2,3489 
= 7.9304 1.84 3.3856 2.3856 
7,86,94 1.85 3.4225 =2,4225 
7.81,43 1.86 3.4596 =2,4596 
= 7,76,46 1.87 3.4969 2.4969 
-7.1,9 1.88 3.5344 =2.5344 
- 7.67,98 1.89 3.5721 
7.644,0 1.90 3.6100 -2,6100 
= 1.91 3.6481 =2,6481 

7.584,2 1.92 3. -2, 
7.559,7 1.93 3.7249 =2,7249 
7.538,5 1.94 3.7636 =2,7636 
7.520,4 1.95 3.8025 =2,8025 
7,505,1 1.96 3.8416 -2,8416 

= 7.492,6 1.97 3.8809 2, 
7,482,7 1.98 3.9204 -—2,9204 
= 7.475,2 1.99 3.9601 2.9601 


of the comma are valid for linear interpolation. 


all digits are significant for linear interpolation. 


88 
ce 


3 


F228 
ADB 


VONww 


“ee 
Daw 


8 


PEERS 
28s 


Vin ENO 


9 
Ragas 


~10,059, 
10,161, 


~10.266 
10.372 
710.479 
~10.588 
-10,699 


710,812 
-10,927 
“11.044 
“11,162 
-11,282 


“11,403 
“1.526 
“11,651 
-11.778 
“11.97 


12,038 
-12,170 
712,304 
712.440 


-12.716 
712,357 
13,000 
“13.145 
13,292 


DECEMBER, 1947 


F/2 


10,832 
-10.872 
710.916 
~10.963 
“1.013 


-11,066 
“11.122 
“11,191 
911.243 
11.307 


11.374 
“11.443 
11.515 
11.590 
“11.567 


11,746 
-11,827 


712.559 


12.763 
-12.976 
23.985 


-13.1% 
13,310 
723.425 
13.542 


Where no comma is indicated in this region 


4 
3 


q 
20404 6,2,222 5015557 - 7.466,1 
1.1025 = .1025 26.,256 - 5.072,2 = 
1.1821 - .18%1 15.,634 - - 7,509,9 
1.2100 = 4,3,12 ~ 8,892,7 ~ 7,522,5 
1.2321 .2321 13.2,33 - - 3.9N,2 7.53554 
1.2769 = .2769 11.5,78 = 10,3,489 = = 9.134,1 7,568,2 
1.2996 = .299% 10.9,30 9.9,437- - 9.218,4 7.585,9 
03456 9.8,927 = 9,30,87 -14.2,50 9.392,5 7.624,8 
03689 944,534 = 9,05,85 =13.7,85 94482,3 = 7.545,0 
8.43,05 -—9,80 -12.71,3 9.762,7 =12.175 - 7.715, 
4641 8.15,70 = -12.43,8 - 9,859,3 268 7,741,0 
25129 7468,44 ~11.98,0 2 12.460 = 7.794,3 
25376 7247,93 5,01 -11.79,0 - 7,982, 3 
05625 7429,17 = -11,62,1 ~ 
1.6641 ,6441 6.67,% = -11.12,1 = 7.97456 
1.6900 = .6900 6.55,43 = -11,03,1 = 8,007,4 
1.7424 = .742L 6,32,97 = -10.88,5 = 8,075,2 
= 7689 6.22,89 = -10,82,7 »3 8,110,2 
08225 68225 04,69 - -10.73,8 4.75947 “13.783 = 8, 182,2 
8496 .8496 5.9%6,47 = ‘-10.70,5 4.7596 @,219,2 j 
28769 = .8769 5,88, 7 -10.67,9 4.7599 
9321 = .9321 5.747,7 -10.64,7 4.7619 = 8,334,0 
29600 = .9600 5,684,0 -10,64,0 4.7635 8.37345 
= .9881 5,624, -10.63,9 4.7655 “e352 8.613,7 
5,514, 8 310.652 4.7707 “1.825 = 8419557 
1.45 -1,1025 5.417,9 4.77% “15.105 = 8.579,9 
1.46 71.1316 5.373,5 4.7812 15,248 = 8,622,2 i 
1.47 -1,1609 5.331,7 4.7854 15,392 &,466,3 
1.49 71.2201 5.25541 4.7948 915,689 = 8,.755,9 } 
4 
4 


EDELMAN SHAPIRO—TABLES FOR SOLUTION OF PROBLEMS, ONE-DIMENSIONAL GAS FLOW — A-349 


TABLE 5 (Continued) 


F 
2 1-7 F F 2 
2,00 4.0000 -3,0000 4.8000 -13.440 -15.340 - 8,300,0 2.50 6.2500 =5.2500 5.357L -23.438 =26,116 -11,607 
2,01 4.0401 =3,0402 4.8055 13.590 15.993 = 8,345,6 2.51 6.3001 =5,3001 5.3728 =23.695 26,361 -11,673 
2.02 4.0804 3.0804 4.8113 13.742 16.148 - 8,991,7 2.52 6.3504 =5,350% 5.3887) =23..955 26.649 -11.739 
2.03 4.1209 =3,1209 4.8174 -13,89%6 16,305 - 8,938,3 2.53 6.4009 =5,4009 5.4047 24,217 26.919 -11,806 
2.04 4.1616 3.1615 4.8238 -14.052 -16.464 = 8,985,4 2.54 6.4516 -5.4516 54209 -24.481 27,192 -11,873 
2.05 4.2025 =3,2025 4.8305 -14.210 16,625 - 9,032,9 2.55 6.5025 =5.5025 5.4372 -24.748  -27.467 -11.940 
2.06 462436 =3,2436 4.8374  <-14.369 16,788 = 9,081,0 2.56 6.5536 5.5536 5.4536 -25,018 27.745 -12,007 
2.07 he2849 =3,2849 4.8446 14.530 -16,953 - 9,129,5 2.57 6.6049 =5,6049 5.4702 25.291 28,026 -12,075 
2.08 463264 3.3264 4.8521 <-14.694 17.120 - 9.173,5 2.58 6.6564 -5.6564 5.4869 -25.566  -28,309 -12.143 
2.09 4.3681 -3,3681 4.8598 <-14,860 -17,290 - 9.227,9 2.59 6.7081 7081 5.5037 25.844 28.595 12,212 
2.10 4.4100 =3,4100 4.8678 15,027 17,461 9.2778 2.60 6.7600 =5,7600 5.5207 -26,124 -28,88% ~12,281 
2.1. 4.4521 3.4521 4.8761 -15,196 = 17,634 - 9.3282 2.61 6.2121 -5,8121 525378 -26,407 -29,176 -12,350 
2012 4.4964 3.4944 4.8846 -15,367 -17,810 - 9.3790 2.62 6.8644 -5.8644 5.5550 -26,692 =29.470 -12,419 
2.13 4.5369 -=3,5369 4.8933 -15.540 -17,987 9.4302 2.63 6.9169 5.572, -26,980  =29,767 -12.489 
2.14 46579% 4.9023 -15.715 -18,166 - 9.4819 2.644 6.9696 -5,9696 5.5899 =27,271 =30..067 -12.580 
2.15 426225 -3,6225 4.9115 -15,992 -18,348 = 9.5340 2.65 7.0225 =6,0225 5.6075 -27.565 = 30. 369 -12.630 
2.16 4.6656 36656 4.9210 -16,072 18,532 - 9.5865 2.66 7.0756 6.0756 5.6253 -27,862 = 30.674 -12.701 
2.17 4.7089 =3,7089 4.9307 16,253 -18,718 9.6395 2.67 7.1289 =6,1289 5.6432 -28,161 -30.982 -12.772 
2.18 467524 3.7524 4.9406 16,426 18,906 - 9,6930 2.68 7.1824 6.1824 5.6612 =28.462 -31,293 -12,843 
2.19 47961 =3,7961 4.9507 14,621 -19,0% 9.7468 2.69 7.2361 -6,2361 5.6793 -28,767 =31.607 -12.915 
2.20 4.8400 =3,8400 4.9610 -16,808  -19,288 - 9.3010 2.70 7.2900 =6,2900 5.6975 -29.075 <=31.924 -12,987 
2.21 4.8841 -3,8841 4.975 16.997 -19.483 9,8556 2.71 7.3441 6.3441 5.7159 -29,385 =32..244 -13,060 
2.22 4.9284 =3,,9284 4.9822 -17,188 19,679 - 9.9107 2.72 7.3984 6.3984 5.7342 29,698 -32,566 -13.133 
2.23 4.9729 =3,.9729 4.9932 -17,382 -19,878 9.9662 2.73 764529 6.4529 5.7530 <-30.014 -32.891 -13.206 
2.24 500176 =,0176 5.0044 17,578  -20.079 -10.0220 2.74 7.5076 6.5076 -30.333 33.219 -13.279 
# 
2625 5.0625 =4,0625 5.9158 <-17.775 +-20,282 -10,078 2.75 7.5625 5.7907 -30.655 -33.550 -13.353 
2.26 5.1076 =4,1076 5.027, <-17.974 20,488 -10,135 2.76 7.6176 6.6176 5.2097 -30.980 -13.427 
2.27 501529 4.1529 5.0391 18,176  -20,6%6 -10,192 2.77 746729 6.6729 5.8288 -31.307 -34.221 -13,502 
2.28 561984 4.1984 5.0510 -18,380  +-20,906 -10,249 2.78 7.7284 6.728% 5.8680 -31.637 34.561 -13.576 
2.29 94,2441 5.0631 18,586 21,118 -10, 307 2.79 7.7841 6.7841 5.867, <31.971 34.904 -13,651 
2.30 5.2900 4.2900 5.0754 18,794 21,332 -10,365 2.80 7.8400 5.8869 32.308 -35.2 -13.727 
2.31 5.3362 6.3361 5.0879 =19,004 21,549 -10.424 2.81 7.8961  -6,8961 5.9065 =-32,647 =35.599 -13,803 
2.32 5.3824 4.3824 5.1006 19,217 9-21. 768 -10,483 2.82 7.9524 6.9524 5.9262 =-32.989 -35,952 -13.879 
2.33 5.4289 4.4289 §.1135 19.432 21.989 -10.542 2.83 8.0089 -7,0089 5.9460 -33.334 -36,308 -13.955 
4 2.34 524756 4.4756 501265 19,649 = 22,213 -10,602 2.84 8.0656 -7,0656 5.9659 -33.683 -36.667 -14.031 
2.35 5.5225 5.1397 19,868 =22,,439 -10,662 2.85 8.1225 <-7,1225 5.9859 -34.035  -37.028 -14.108 
2.36 5.5696 4,569 5.1531 20,090 22,667 -10,723 2.86 8.1796 47,1796 6.0061 -37.392 14.185 
2.37 5.6169 4.6169 5.1666 -20.314 -22, -10,784 2.87 8.2369 =7,2369 6.0264 34.747 -37.760 -1,263 
2.38 5.6644 4.6644 5.1803 20,540 23,130 710.845 2.88 8.2944 -7,.2944 6.0468 -35,108 -38,131 
2.39 5.7121 20,769 -23,366 -10,906 2.89 8.3521 -7,3521 6.0673 -35.472 38.506 4.419 
2.40 5.7600 -=4,7600 5.2082 21,000 =23,404 -10,968 2.90 8.4100 7.4100 6.0879 =-35,839  -38,88%4 
2.41 5.8081 -4,8081 50222, -21,233 =23,844 ~11,030 2.91 8.4681 -7,4681 6.1086 =36,210 39,265 -1..577 
2.42 5.8564 =4,8564 5.2368 =21.468  =24,086 -11,093 2.92 8.5264 -7.5264 6.1294 36.583 -39.649 14.656 
| 2.43 5.9049 4.9049 562513 21.706 =24,,331 -11,156 2.93 8.5849 6.1504 =36.960 40,036 -1.735 
2044 5.9536 4.9536 5.2659 21.946 = 24.579 -11,220 2.9% 8.6436 6.1715 37.340 40,426 -.815 
3 2.45 6,0025 -5,0025 5.2807 22,188  =24,829 -11,283 2.95 8.7025 7.7025 6.1926 -37.723 =40.820 14.895 
2.46 6.0516 =5,0516 5.2957 22,433 =25,081 -11,347 2.96 8.7616 -7,7616 6.2138 =38,110 41,217 
2.47 6.1009 =5,1009 5.3109 =22,681 -25.336 -11.412 2.97 8.8209 -7,8209 6,2362  -38.500 -41.618 -15,056 
2.48 6.1504 =5,1504 5.3262 22,931 -11.477 2.98 8.9804 7.8804 6.2567 =38.893  =42.022 -15,137 
j 2049 6.2001 =5,2001 5.3416 23,183 25,854 -11,542 2.99 8.9401 -7,9401 6.2783 =39.200 42.429 -15.218 
3 3.00 9.0000 -8.0000 5.3000 =39.690 4.2, 840 -15.300 


Nore: For values of M from 0 to 3.00 all digits to the left of the comma are valid for linear interpolation. Where no comma is indicated in this region 
| all digits are significant for linear interpolation. 
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TABLE 5 (Continued) TABLE 6 TABLE OF INFLUENCE COEFFICIENTS FOR + 


k = 1.67 EXACTLY 


F 
F/2 N Fy Pp 
305 12.25 “11.25 7.5133 64.427 68,184 ~19.763 0 0 0 0 
4.0 16,00 ~=15,00 8.9600 =200.352 =104.832  -24,960 005 = 00,500 +03 40105 00,251 200,251 
210 = 02,03 2034169 01,030 01,027 
405 20.25 19.25 10.6247 =-150.605 155.92 30.875 = 202,41 002,39 
af . 2 204 50 204 44 
5.0 25,00 24.00 12,500 218.75 225,00 37.500 
025 = «13,62 .007,10 .07, 52 .07, 36 
6.0 36,00 35.00 16,869 425.09 433.52 52.869 = 201,531 011,72 011,38 
35 = 02,973 217,51 16,82 3 
7.0 49.00 48,00 22.050 =756,32 =767.34 =71,050 1054362 
8,0 44,00 63,00 28,038 =2256,11  -1270.13 ~92.038 
9,0 81,00 80,00 34.830 =197%4.86 1992.28 = 739 
60 = 1,2,61 23,79 1.0,09 9,01 
10,0 100,00 99,00 42.424 -2969.7  =2990.9 “142.42 = 126,70 35,89 1.4,2h 152748 i 
Nore: For values of M from 0 to 3.00 all digits to the left of the 075 = (340,56 1.4,35 2.4963 244,93 ' 
comma are valid for linear interpolation. Where no comma is 80 = 4,318 2.,307 ho 3.5678 
indicated in this region all digits are significant for linear interpola- 285 = 6,,468 309902 745136 50,745 a 
tion. =1,0,840 97.332 1,2.752 1,0,030 
1,8.169 350.224 2,34207 
Suppose that at section 1 of the duct the Mach number M, 1.05 2,9.458 ~.2,70118 = 4,1.847 = 3,0.560 4 
is 0.5, and the ratio of wall temperature to stagnation tempera- 
ture is 4. Also, let the friction coefficient f be 0.005 1.20 9.,703 = 11.,667 16.,518 
and the ratio of specific heats k be 1.4. The problem is to find 1,25 8. 21.0,42 15..27% 10. .026 
the variations of all stream properties with respect to distance 1.30 7.6,72 = 10.8,26 = 6,62 = 93,62 3 
along the duct. We proceed in stepwise fashion by first solving 
for conditions at a section where 7'92./T = 1.05. 1.45. 6.5,00 = 11,4,12 = 1.662 = 8,6,03 
From Equati i ‘r,3 we have ’ 
quation [30f] of the companion paper,* we have 1.50 6.3914 - 1.8,62 15.0538 845,54 
1.55 el 83 12,4,05 15.4 8.5 8 
ar 1.60 6.09,7 = 13.032 = 16.0,81 8,65,7 
ato of 1.65 6.04,4 13.7,40 16.7,62 = 8,76,7 
T . liv] 1.70 6.01,9 = 14.525 17.5,34 8.90,9 
1.75 6.01,6 = 1543485 18.3,93 = 9.07,9 
1,80 6,03,2 16,3,21 - 19.3,37 - 9.27,3 
and from Equations [ii] and [iv] 1.85 6.06,5 17.3433 204346 - 3.488 
dM? = Fr, F, 4f 2,00 6.24,0 = 20.8,42 23,9,62 = 10,24,0 
0 (Ty/To) To 2,05 6432,0 = 22.1,75 253,35 
2.10 6.40,8 = 23.5,95 26.7,99 = 10.81,8 
[v] 2.15 6450s 25+1,05 28,3,57 11,12,7 
2.20 6,60,8 26.7,06 30,0,10 - 11,44,8 
Equations liv] and [v] are integrated over a short step by as- 2.25 6.71,9 = 28.4,03 = 31.7,62 = 11,78,2 i 
suming the influence coefficients to have constant values cor- 
responding to the value of (M; + M:,)/2 and by assuming that 2.40 7.09,0 - 34.1,01 - 37.6,46 - 12.85,0 
the value of 7’) is constant during the integration with a value of 2045 7422)5 38,27 13.22,8 
(Te + Tu)/2. With these approximations, we get for the first 7236,6 = 384,42 42.1,25 13,61,6 
ste he int 7.51,2 - 40.7,87 - 44.5,43 - 14,01,4 
p of the integration 2060 7,663. = 302,53 
2.65 7.818 - 45.8,45 - 49.7,55 - 1.84,1 
(Te/Tu) | 2.70 7.979 48.5,68 52.5,57 - 15,26,9 
2:85 8.487 = 57.5,61 = 618,04 16,60,9 
and 2.90 8,665 - .2,49 651,81 17,07,5 
2.95 8,847 - - 68.7, - 17,55,0 
_ o{ Te Fro 3.00 9.034 = 678,89 72h,06 = 18,034 
M.2 — M,?2 = 2 — 
Tu (T2/Tu) + 1 3.50 1,115 113,692 = 119.250 = 23,365 
2F; 4.00 13,568 = 181,269 - 188,053 - 29,568 
5.00 19,531 - 407,716 417,482 - 44.531 
TrialI. We guess that when 7'»/7 = 1.05, Me will be 0.60. 6.00 26. 866 807,600 821,033 62.866 % 
From Table 5, at the mean M of 0.55, we find that = 0.655 4 
and F, = 0.195. Inserting these values into Equation [vii], we 
find that = 0.54. 8.00 45.592  =2436.45 2459.25 = 109,592 
Trial II. We guess that Me will be 0.535. At the mean M of 9.00 56.973 = 3853.40 3881.88 137.973 
0.518, we get Fro = 0.5317 and F, = 0.1453. From Equation 10,00 69.697 -5819.69 5854.54 - 169,697 q 
[vii], M2 = 0.530. 
- - © - 
Trial III. Convergence is obtained with Mz. = 0.5293. Nore: For values of M from 0 to 3.00“all. digits to 3 
From Equation [vi], Az/D = 1.68. Inother words, section 2 the left of the comma are valid for linear interpolation. 4 
is 1.68 duct diameters downstream of section 1. this region alldigits are 
or linear interpolation. 
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From Equation [26] of the companion paper® 


2 
From Equation [21] 

= VT ./T; = 0.9652 
From Equation [22 

V2/Vi = (M2/Mi) = 1.0816 
From Equation [23] 

= = 0.9245 


From Equation [17] 


k 
k 
M.2 k—1 
Po Pa k 1 
1 + Me 


Having traced the course of statc. to section 2, one proceeds 
in the same way to determine the stream properties at a section 
3, and so on until the Mach number reaches unity, at which time 
no further change is possible. The accuracy of the entire pro- 
cedure depends on the size of the interval chosen for each step. 
The usual considerations applying to stepwise integration will 
be applicable here. 

Using similar techniques, complicated problems involving si- 
multaneous area change, external cooling, liquid injection and 
evaporation, and changes in specific heat and molecular weight 
have been solved with relatively little effort, using Tables 1 to 6. 
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Discussion 


The Mobility Method Applied to 
Mechanical Wave Filters With 
Inductive Coupling" 


E. F. Murpuy.? It is fortunate that this paper was published 
in the same issue as the paper by G. D. McCann and J. M. 
Kopper.* Both papers present systems for analyzing and elimi- 
nating, or filtering, vibration without a direct or numerical solu- 
tion of the basic differential equations. 

Either system seems of value chiefly in presenting a problem 
concisely in terms and diagrams perhaps more familiar to a prac- 
ticing engineer than the purely mathematical method. The 
second method, by using an analogous electrical circuit, permits 
simple variation in the numerical values of the variables and 
rapid accurate reading of the results to permit simple and eco- 
nomical solution of specific practical cases without complete solu- 
tion of a general case. 

Therefore it is unfortunate that the methods needlessly seem 
difficult and foreign, using strange terms and symbols or familiar 
symbols in different ways. The author uses the symbol z for 
“mobility,” the ratio of velocity to force, whereas in electrical 
engineering z is generally used to represent “impedance.’”’ In the 
customary analogy as used by McCann and Kopper, impedance 
would be the ratio of voltage (analogous to force) to current (or 
velocity) and hence the reciprocal of mobility. 

Unhappily, the two systems use similar graphical symbols for 
unlike quantities, e.g., a coiled line represents a spring in the 
mobility method but an inductance (or mass) in the usual 
analogy; two parallel lines indicate a stationary terminal in the 
present paper but a capacitor (or spring) in that by McCann and 
Kopper. Some recent electrical engineering papers standardize 
on a new symbol for capacitance made from a straight plus a 
curved line, —|(—. 

Partially because of these confusing differences, for which this 
writer can offer no real solution, many practicing engineers seem 
reluctant to undertake the study of either method. It seems im- 
portant to convince such people that either method, properly 
applied, is a simplification of a problem, not an additional burden, 

This paper might, perhaps, have been made more helpful by 
reference to actual mechanical systems equivalent to those 
schematically shown and by comparison with the filter theory 
available in electrical engineering. , 

The writer has found the electrical analogy method, applied to 
an alternating-current network calculator, satisfactory for rapid 
and accurate solution of problems in resonant vibration of gases 
in complex compressor and engine manifolds. It is not clear that 
the mobility method would be more satisfactory. 


AvuTHoR’s CLOSURE 


It is unfortunate, as Mr. Murphy points out, that analogous 
quantities in mechanical and electrical systems are not always 


1 By Alice Winzer, published in the June, 1947, issue of the JouRNAL 
or AppLiep Mecuanics, Trans. A.S.M.E., vol. 69, p. A-143. 

2 National Research Council, Washington, D. C.; on leave from 
University of California, Berkeley, Calif. Jun. A.S.M.E. 

3 “Generalized Vibration Analysis by Means of the Mechanical 
Transients Analyzer,”’ by G. D. McCann and J. M. Kopper, JourNAL 
or AppLtiep Mecuanics, Trans. A.S.M.E., vol. 69, June, 1947, p. 
A-127, 


A-352 


denoted by the same symbols and that the terminology is dif- 
ferent. It should be pointed out, however, that the author's 
paper was concerned with the solution of a mechanical problem 
by means of a method which makes no use of the analogy. 

In view of Mr. Murphy’s discussion it seems worth while to 
point out that the electrical analogs of the systems discussed in 
the paper can be obtained by a “direct” relationship rather than 
the customary inverse relationship.‘ 

If a force f is applied to a mass, there will be a change in the 


dp 
velocity across the mass which can be computed from f = m =, 
The old analogy says that the inductance plays the same role in 

dl 


the electrical circuit since a similar equation, namely, EF = L 


holds there. A corresponding relationship holds for a spring 
across which there is a velocity v and through which acts a force 


d 
f, v=l PAU — compliance) while the analogous equation for the 


condenser is ] = Cd -~ In this old analogy mechanical quan- 


tities are related by equations of the same form as those which 
relate electrical quantities. Note that here velocity across 
mechanical elements is analogous to current through electrical 
elements, while force through is analogous to voltage across, 
This left-handed relationship results further in mechanical cle 
ments in series being represented in the analogous circuit by 
electrical elements in parallel. If, on the other hand, the con- 
denser is put analogous to the mass and the inductance analogous 
to the spring, the similarity of equations is still preserved, namely 


respectively; velocity across is now analogous to voltage across; 
force through is now analogous to current through.  Further- 
more, mechanical elements in series in this analogy may be 
represented by electrical elements in series. 

Under this system there is a direct rather than an inverse re- 
lationship between mobility and impedance and the analysis of a 
system in mechanical terms and in electrical terms corresponds 
directly, rather than inversely. Under the old plan there is 4 
consistent inverse relationship in terminology as well 4s 
symbolism. 

In view of this ambiguity as well as the inconsistency that the 
inductance may appear in either the series arm or the shunt arm, 
whereas a mass is always considered grounded, hence can never 
be in series, it seems well worth while to work with a strictly 
mechanical method rather than with the analogy method. 


Correlation of Tension Creep Test 
With Relaxation Tests' 


G. W. Housner.?. This paper presents an interesting analysis 


‘See “The Mobility Method of Computing the Vibrations of 
Linear, Mechanical and Acoustical Systems: Mechanical-Wlectrica! 


Analogies,” by F. A. Firestone, Journal of Applied Phy: vol. 9, 
1938, p. 373. 
1 By E. P. Popov, published in the June, 1947, issue of © JouRNAL 


or Apptiep Mecuanics, Trans. A.S.M.E., vol. 69, p. A-135. 
2 Department of Applied Mechanics, California Institute of Tech- 
nology, Pasadena, Calif. 
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of the phenomena of plastic strains and stress relaxations ob- 
served in metals at high temperatures. The author calls atten- 
tion to the fact that there are apparently two fundamental proc- 
esses involved. One of these makes the plastic strain stress-de- 
pendent and the other is a time-dependent process. His Equation 
[1] states the stress-strain-time relation in the form «, = ST 
where e, is the plastic strain, S is a function of the stress o, and T 
is a function of the time ¢. On the basis of experiment, the func- 
tion S is assigned the form 


S = (e7/5 — 1) 


where S, and £ are constants. As shown by the author, the fore- 
going statements may be recast in the form of a differential 
equation 

da = —S; 1+ dl 
The solution of this equation gives the stress-time relation, or the 
so-called relaxation of stress when the appropriate 7’ = f(t) is sub- 
stituted. The author suggests numerical integration for this 
equation; however, it is possible to integrate the equation and 
thus obtain the solution 
1 (a c) 


~ — 1) 


where go is the stress at 7’ = 0. Writing S; = o)/a and using the 
author’s suggestion that 7 = Ct™ there is obtained 


(1 — 


is written instead of Ct” so that the equation has a dimensionless 
form. The appropriate values of the constants C, t, m, and a 
must be determined experimentally. ; 

The preceding solution was for the ordinary relaxation with a 
constant total deformation. In the more general case, referred 
to in the paper as strain-hardening, the author obtains the dif- 
ferential Equation [48] which with a subscript omitted may be 
written 


where 


l+r+ + 1) 7 


dT 


As can be verified by substitution, the solution of this equation is — 


(a a) 


l1+r 


If as before, there is written 


t m 
S; = = 
ty 


the equation assumes the form 


t\” (1 — 
Cc (;) a(1 + r) (e%/%)* + 


There would appear to be no difficulty in obtaining an ade- 
quate description of the relaxation by means of this equation. 
However, an evaluation of the dimensionless constant r may not 
be easy, since it depends upon the dimensions and elastic prop- 
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erties of the assembly. It may also be noted that the constants 
c, m, a, and r are dimensionless whereas the parameter fy has the 
dimension of time. 

The foregoing analysis may also be generalized to include the 
case of plastic strains at different temperatures. Let @ be the tem- 
perature which is independent of stress and time. Let @) be a 
temperature parameter. Let 


The fundamental relation between strain, stress, time, and tem- 
perature may then be written 


Ep = STO = 
The equation for ordinary relaxation then becomes 


(1 — a/a») 
= 0; a 1] 


The more general equation which includes the strain-hardening 
effect may be written 


t\" (1 — 
The appropriate ©; and 6, must be determined by experiment. 


An alternate proposal made by the author is to take the stress 
and time functions in the form 


o 
S = — sinha— 
do 


t 
T= + p: 
to 


With these functions the ordinary relaxation stress-time differ- 
ential equation becomes 


oo sinh 
dc = — — 
1 + s, Ta cosh 


The solution of this equation is 


(1 — 


8, sinh 


where op is again the stress at T = 0. This gives 


t 
to o 
8; sinh a — 


The foregoing solutions suggest another formulation of the 
problem which would give satisfactory results. Let 


S sinh (« 
t t 
o(1 tanh (at) 
ty ty 


This expression for 7’ includes both the transient and the mini- 
mum creep rate. The stress-relaxation equation is 


_ 


t 
ctnh (« ‘) 8; sinh (« 
bo} 


T 
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C. R. Sopersera.* The question of whether or not it is pos- 
sible to deduce the relaxation process from creep data at constant 
stress is an interesting one, to which the author has added a valu- 
able contribution by comparing the relative accuracy of different 
methods of interpretations. The method proposed by the writer 
in 19364 was certainly based on insufficient understanding of 
this problem. The objections raised by Davenport to this method 
seemed logical at the time, but it was appreciated that experi- 
mental confirmation eventually would be required to settle the 
issue. The results presented by the author of the present paper, 
based on the careful experiments published by Davis, appear to 
settle the argument in favor of the original formulation.‘ This 
should not, however, be taken as conclusive proof of the soundness 
of the underlying assumptions with respect to strain-hardening 
and time-hardening. These concepts were used somewhat loosely 
by the writer‘ in his previous paper and in the subsequent dis- 
cussion. No generally accepted definitions of these quantities 
have as yet emerged. Without detracting from the value of the 
present paper, the following observations are offered on this sub- 
ject: 

Assuming that there are definable properties such as strain- 
hardening and time-hardening (or its reverse, annealing), it is 
evident that the tests at constant stress give a view of these prop- 
erties which is very restricted and which may be likened to the 

‘view of a landscape through a narrow slit. The relaxation phe- 
nomenon covers a much more extensive range of the variables 
involved and probably depends upon aspects of these properties 
not revealed by the tests at constant stress, 

As indicated in a paper published in 1938,° the influence of 
changes in strain rate, strain, and time upon stress in the plastic 
state may be defined by the properties of viscosity ¢, strain-hard- 
ening y, and annealing @. The general relation is 


do = + yde, — Odt............... {1] 
where the plastic strain is defined by 


Here ¢ is the total strain and F the modulus of elasticity. The dot 
(") is used to denote differentiation with respect to the time. 

The utility of this hypothesis is dependent upon whether or not 
¢, ¥, and @ are true properties, rendering do an exact or inexact dif- 
ferential. To this there is as yet no definite answer. Assuming, 
however, that these quantities are known functions of all the 
variables involved, it should be theoretically possible to predict 
the creep phenomena under constant stress and in relaxation by 
the solution of the following differential equations, with appro- 
priate boundary conditions 


For creep at constant stress (da = 0) 


+ ye—0=0 [3] 
For relaxation (constant total strain, dé = de = 0) 
¢ do v\. 
1+— 4 
Ed + ( + o+ [4] 


It is a matter of speculation and hypothesis to derive the nature 
of the functions ¢, y, and @ from such tests, but very little progress 
in this direction has so far been made. 


3 Professor, Massachusetts Institute of Technology, Cambridge, 
Mass. 

4“The Interpretation of Creep Tests for Machine Design,” by 
C. R. Soderberg, Trans. A.S.M.E., vol. 58, 1936, pp. 733-743. 

5 “Plastic Flow and Creep in Polycrystalline Materials,’ by C. R. 
Soderberg, John Wiley & Sons, Inc., New York, N. Y., 1939, pp. 238- 
244. 
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A doctor of science thesis by Theodore Gawain, presented in 
1944 to the Massachusetts Institute of Technology and as yet 
unpublished, covered a preliminary investigation of this problem 
for soft lead at room temperature. Part of the investigation con- 
sisted of creep tests at constant plastic strain (dé, = de, = 0) 
which by Equation [1] of this discussion give the relation 


Many interesting conclusions were drawn from these experi- 
ments, but on the whole the results were inconclusive as to 
whether or not the function @ is a true property of the metal, 
The same uncertainty exists for the other functions. Further ex- 
periments along the same line with improved experimental equip- 
ment are planned in the future. 

Regardless of the final outcome of this method of approach, it is 
found from a study of Equations [3] and [4] herewith, that 
the information on these functions, which can be derived from 
known solutions of the differential Equation [3] is not sufficient 
for the more complicated circumstances under Equation [4]. This 
need not invalidate the results presented by the author, but. t 
suggests that a more fundamental approach is necessary before a 
conclusive answer to the main question can be given. 

In the writer’s paper,® an analysis of creep tests at constant 
stress for two carbon steels suggested as a reasonable assumption 
that the strain-hardening function could be put in the form 


where k is a new property having the dimension of a viscosity. 
The data also indicated that (at constant temperature ) ¢, /, and 
6 depend upon stress alone. The differential Equation [3] then 
becomes 


where ¢, k, and @ are now constants. Assuming that at ¢ = 0, 
= o/E, and é = the equation integrates to 


€ = coth(at + 8) | 


= 


where 


= a= & = coth 8..... [9] 
€.. is the asymptotic creep rate which is approached after a long 
time, and which is necesssary to maintain a balance between the 
conserving tendency of strain-hardening and the destructive 
tendency of annealing. The fact that this asymptotic strain 
rate is constant over long periods of time suggests the existence o! 
a steady state in which the viscosity plays no significant role. 
Further integration gives 


ll 
| 


= sinh (at + 8) 
e—-= 
sinh 


For the materials investigated the quantity a is nearly constant, 
while ¢. and ¢/k vary similarly with the stress, differing only by 
a factor. 

Equation [10] of this discussion has been found to be a useful 
interpolation formula which satisfies most creep curves. This is 
illustrated by the fact that it was arrived at independently sev 
eral years later by Davis,* as an empirical formula. It also e 


* “Creep and Relaxation of Oxygen-Free Copper,” by E. A. Davis 
JouRNAL oF AppLieD Mecuanics, Trans. A.S.M.E., vol. 65, 1943, P: 
A-101. 
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hibits, approximately, the property that the creep curves for dif- 
ferent stresses are geometrically similar. This is due to the fact 
that a is nearly constant and 8 is small. 

The characteristic properties postulated by the writer,‘ on 
the basis of a theory of “time-hardening,’’ may thus be derived 
from an entirely different set of assumptions, embodied in Equa- 
tions [1] and [6] of this discussion. The choice of interpretation is 
altogether a matter of ultimate utility, and no pretense of ab- 
solute truth is made for this later set of assumptions. : 

Equation [10], evaluated for the data used in this paper, might 
be a better formula than Equation [4] of the paper, although no 
appreciable difference can be expected. As long as the stress 
function is differentiated in the appropriate manner, the results 
should check the tests closely. 

The relaxation Equation [4] for the hypothesis [6] of this 
discussion takes the form 


do 
— ko? + Eo + 0) = 0 [11] 


As already pointed out, this equation remains insoluble even if 
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the quantities, Equations [9], are known functions of the stress. 
Patient analysis of relaxation tests, such as those studied in this 
paper, might possibly supply the missing information, and the 
writer expresses the hope that someone will undertake such an 
analysis on the basis of accurate and reliable relaxation data. In 
the meantime, the practical designer can make use of the imper- 
fect methods now available with some assurance that they are not 
wholly misleading. 
AuTHoR’s CLOSURE 
The author wishes to thank Dr. Housner and Professor Soder- 
berg for their discussions which add valuable contributions to the 
paper. Dr. Housner gives solutions for several differential equa- 
tions used in the paper. This obviously considerably simplifies the 
numerical work necessary for obtaining the relaxation curves. 
Professor Soderberg in his discussion suggests a more funda- 
mental approach to the relaxation problem. Undoubtedly the 
final answers will be found by such procedures. The present 
paper primarily aims at correcting the major flaw of empirical 
studies which neglect the transient period of creep and use the 
steady creep laws. 


Servomechanism Fundamentals 


SERVOMECHANISM FUNDAMENTALS. By Henri Lauer, Robert Les- 
nick, and Leslie E. Matson. McGraw-Hill Book Co., Inc., New 
York, N. Y., 1947. Cloth, 6 X 9, ix and 277 pages, 156 figs. 
$3.50. 


Reviewep By Herpert Harris, Jr.! 


HE authors have written a book on servomechanisms which 

will be extremely useful to the nonspecialist who wishes to 
design simple servomechanisms for industrial and scientific use. 
It will also serve well as an introductory text for those who wish 
to become specialists in the field, but it will have to be supple- 
mented by reading of technical papers. Unfortunately, no 
bibliography is included. 

The book deals principally with the simplest types of servo- 
mechanisms, using either viscous friction damping or error rate 
stabilization, with or without integral control. After the basic 
theory of each type is presented, numerical examples are worked 
out in excellent detail. In order to provide the theory and prob- 
lems with a practical background, there are introductory chapters 
which describe some of the components that might go into a 
servomechanism. 

Chapters are also devoted to a review of the fundamentals of 
mechanics and electricity and to the derivation of differential 
equations for servosystems. The transient solution of the 
differential equations is according to classical rather than opera- 
tional methods and this should reduce the difficulty for those 
without graduate training. 

A single chapter is also included as an introduction to the trans- 
fer function and frequency-response type of analysis. This 
material is necessary in order to provide the engineer with a back- 
ground for reading most of the contemporary technical papers, 
but the presentation makes more demands on the reader’s mathe- 
matical training than the earlier chapters. However, it should 


1 Research Engineer, Sperry Gyroscope Company, Great Neck, 
New York. 


Book Reviews 


not be difficult for those who are familiar with the use of vectors 
in alternating-current circuits or in vibration theory. 

Since only the simplest types of servomechanisms are consid- 
ered, the reader may be left with the impression that the design 
of a servomechanism is a very simple matter and hardly worth 
the detailed study it has received. This impression is created 
partly by the absence of any discussion on the effects of response 
delays, and partly by the absence of a discussion on the practical 
difficulties of component design. Moreover, multiple-loop sys- 
tems which use the transfer function approach to the greatest 
advantage are not considered... The authors are correct in con- 
sidering these subjects outside the scope of an elementary text, 
but some reference to advanced problems should have been in- 
cluded. 


Applied Mathematics 


PUBLICATIONS OF THE INSTITUTE FOR THE APPLICATIONS OF CAL- 
cuLus. Series II. Istituto Nazionale per le Applicszioni del 
Calcolo, Universiti di Roma, Rome, Italy. 1937-1945. Un- 
bound, various sizes. 


REVIEWED By I. Opatowsk?? 


N 1928 a professor of mathematical analysis at the University 

of Naples abandoned the traditional type of research activity of 
university mathematician to ask engineers what kind of problems 
they had that he could handle. In spite of a skeptical attitude 
of some of his most eminent colleagues, the “purer” scientists, 
he found in the course of few years such a response to his idea that 
its development became the main part of his professorial activity. 
He succeeded in gathering around him a group of mathematicians 
to study advanced types of problems suggested by industry. A 
national institute has been established for this purpose, of which 
he has been the director since its foundation in 1932. Most of 
the work done by the institute has been published in various 


? University of Michigan, Ann Arbor, Mich. Mem. A.S.M.E. 
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magazines, however, the Institute put out these publications also 
as separate pamphlets. Its second series contains some one 
hundred and seventy-five papers, more than half of which ap- 
peared during the war. Some twenty-five papers are on elastic- 
ity, strength of materials, and vibrations. They contain work 
on circular plates of variable thickness and on turbine disks; an 
application of von Karmén’s theory of plates with ribs and some 
work requested by optical industry, elastic deformation of a 
prism under the action of a force concentrated on the edge. The 
rolling of a ship on a sinusoidal wave of frequency equal to the 
natural frequency of the ship gave origin to a nonstandard type 
of differential equation: 
y” + |y'ly’ + y = asinz, 

with |y’| standing for the numerical value of y’. This problem 
is the object of several articles. Other nonlinear problems 
treated concern finite elastic deformations and boundary-layer 
flows of compressible fluids along a plane wall. It is interesting 
to see that this type of flow can still be dealt with by the old- 
fashioned method of separation of variables. An article of dif- 
ferent type is one by the director of the Institute, M. Picone, who 
attempts to convince the insurance companies of their interest 
to support the Institute, not because of a possible help in actuarial 
mathematics, but because of the reduction of the number of 
accidents that could be achieved if reliable theories would be 
available to engineering designers. To an automotive engineer 
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who can proudly claim his innocence in the Labor Day traffic 
crimes, this argument sounds weak. Not so to a tourist at the 
sight of the isolated pillars of what once was the Tacoma bridge. 


Analytic Functions 


Funzionrt Anauiticue. By F. Tricomi, Istituto di Mathematica, 
Universita, Torino, Italy. N. Zanichelli, Bologna, 1946. Un- 
bound, 6!/4 X 9'/2 in., VII and 134 pp., 29 figs. 


REVIEWED BY 1, OPpATOWSKI? 


HIS is one of the series of monographs on applied mathe- 

matics of the Italian National Research Council. Its 
author is known to the students of modern gas dynamics through 
his work on partial differential equations. His new book is a 
presentation of the theory of complex variable particularly ap- 
propriate for engineers who desire to acquire a good foundation 
in this field. The language is simple, its degree of abstraction 
limited. The reader is helped by frequent use of graphical illus- 
trations and physical interpretations of mathematical facts. 
The treatment is rigorous nevertheless. The character of thie 
book well reflects the scientific background of its author, a mat he- 
matician interested in engineering applications. 


3 University of Michigan, Ann Arbor, Mich. 
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IMPROVED APPLICATION 


COAL-BURNING 
EQUIPMENT 


A Fuel Engineering Study of Some Recent Boiler Installations . . . . . . J. E. Tobey 
Designing Coal-Burning Equipment to Eliminate Trouble Spots . . . . W.H. Rowand 
Fuel Economies Affecting Boiler-Unit Design . . « « «John Van Brunt 
Better Application of Combustion Equipment for Medium Industrial Plants . Ollison Craig 
Better Application of Combustion Equipment for Small Industrial Plants . .T. A. Marsh 
Wartime Lessons in Coal Burning . . «© «© «© «© «© «© « « CGE, Miller 
Pulverized Fuel for the Gas Turbine . . Martin Frisch 


Future Trends in the Application of Coal-Burning Equipment . . . . . . F. W. Argue 


Presented at the Annual Meeting of The American Society of Mechanical Engineers, 
New York, N. Y., December 2-6, 1946, under the auspices of the Power and 
Fuels Divisions. Published April, 1947. 
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Improved Application of Coal- 
Burning Equipment 


Under the auspices of the Power and Fuels Divisions of 
The American Society of Mechanical Engineers, a panel 
discussion on the general subject of coal-burning installa- 
tions was held in conjunction with the Annual Meeting 
New York, N. Y., December 2-6, 1946. Papers presented 
covered many aspects of design, construction, and econom- 
ics of equipment; wartime lessons in fuel burning; pul- 
verized-coal application to the gas turbine, and other mat- 
ters relating to the present and future possibilities in the 
utilization of coal as fuel. The papers follow in the se- 
quence presented. 


A Fuel Engineering Study 
of Some Recent Boiler 


Installations 
By J. E. TOBEY,! NEW YORK, N. Y. 


HE design of postwar power plants reflects improved tech- 
nology particularly with respect to fuel utilization. The 
restricting effect of the war and the depression which pre- 
ceded it, on the number of new installations, had its fortunate 
side. The war taught many lessons regarding fuels and their 


utilization and the net result is that the installations being made 


today are better than had they been made prewar. 

This is particularly true with respect to fuel flexibility, as the 
modern installation is much more flexible fuelwise than its 
predecessor. The fact that bituminous coal is the basic fuel for 
steam generation was conclusively demonstrated during the war, 
and the report of the U.S. Bureau of Mines that 98.8 per cent. of 
the nation’s known fuel reserves are in coal (particularly bitu- 
minous and subbituminous) should remove all doubt. 

One inherent deficiency found 


definitely widening asthe nation goes deeper into its huge reserves 
of various grades of coals. This is not a serious situation because 
equipment manufacturers today have the “know-how” to design 
fuel-burning equipment for the satisfactory and efficient use of a 
wide range of coals. 

Proof that this knowledge is being practically applied is 
found in the report which follows. 


Stupy or Dresien Data 


This report covers a study of the design data of a majority of 
the larger boiler units contracted for in 1945 and 1946, in 16 
states (Table 1), comprising the entire northeastern United 
States and the Great Lakes region. This area contains most of 
the nation’s heavy industries. Also included is one unit in 
Ontario, Canada. 

Records including design data on 254 coal-burning installa- 
tions were made available for this study by 10 leading boiler 
manufacturers and several stoker companies. Not more than 
20 per cent of these installations have been completed to date. 
The units considered include capacities from 1,000,000 Ib of 
steam per hr down to 15,000 lb (Fig. 1). No attempt was made 
to include smaller units, of which no doubt there were a large 
number purchased. The total steam-generating capacity of the 
254 units is approximately 35,000,000 Ib of steam per hr, repre- 
senting an average of about 140,000 lb per unit. It is estimated 
that the annual coal consumption of these units will be approxi- 
mately 12,000,000 tons. 

By types of firing, the 254 boiler units are made up as follows: 
Pulverizers, 112; spreader stokers, 117; traveling- and chain- 
grate stokers, 12; underfeed stokers, 13. The breakdown on the 
basis of steam capacity of the units is pulverizers, 78 per cent; 
sp reader stokers, 16 per cent; traveling- and chain-grate stokers 
3 per cent; underfeed stokers, 3 per cent. Twenty-two unit, 
were designed for®dual fuels, i.e., coal and oil or coal and naturals 
gas. 


in the nation’s power plants 
during the war was the in- 
ability of many of them to — 
readily utilize the wide variety 


UNDERFEED STOKERS 
(TOTAL UMITS* 13) 


of coals and mixtures of coal 


which it was necessary for them 
to use as a result of government 10 
allocation. This allocation was 
essentig] because of scarcity, or 


TRAVELLING GRATE 
(TOTAL UNITS> 


the unusual demand for the 
general-purpose-type coals in the 
high-quality bracket. It was 
common for plants to use coals 


of widely varying qualities, char- 


(TOTAL UNITS 


SPREADER STOKERS | 
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acteristics, and mixtures from 
four or five different. producing 
. . 0 
districts. 
This experience foreshadows CW) 
the future fuels pattern, for the ATA 
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' Director, Fairmont Coal Bur- 
eau. Mem. A.S.M.E. 
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TRANSACTIONS OF THE A.S.M.E. 


TABLE 1 SUMMARY OF STEAM-GENERATING EQUIPMENT, BY STATES 


Average Average 
Average Average furnace Average Total annual 
Total capacity heat heat Average grinda- annual coal 
capacity, per unit, Average release, available, ash- bility coal consump- 
1000 Ib 1000 Ib boiler 1000 Btu) 1000 Btu) Furnace bottom — softening (Hard- consump- tion 
Total steam steam pressure, cu ft sqft ————— — temp grove tion per unit, 
State no. units per hr per hr psi per hr per hr Dry Wet deg F scale) 1000 tons 1000 tons 
PULVERIZERS 
Connecticut........ 5 1220.0 244.0 865 20.9 77.6 fi) 2113 54 410 82 
Delaware.......... 3 180.0 60.0 200 29.8 76.0 3 2 40 30 10 
Dist. Columbia. ... . 2 1050.0 525.0 745 23.6 119.7 1 1 2000 56 380 190 
ee 2 320.0 160.0 560 15.0 61.3 2 55 90 45 
Maryland.......... 7 1555.0 222.1 589 18.4 80.5 7 1983 58 565 81 
Massachusetts...... 10 990.0 99.0 683 19.0 78.5 10 2030 53 278 28 
Michigan.......... 11 2845.0 258.6 784 22.1 122.6 10 1 2107 49 1029 94 
Minnesota......... 3 330.0 110.0 692 19.3 61.1 3 2000 50 29 
New Jersey......... 9 3360.0 373.3 847 24.0 99.8 6 3 2098 51 1132 126 
Now York.......... 21 6980.0 332.4 810 20.7 91.6 1 5 2033 55 2623 125 
3 1450.0 483.3 892 21.1 77.8 2133 53 508 169 
Pennsylvania....... 23 5400.0 234.8 568 21.6 75.2 19 4 2091 52 2655 115 
Rhode Island....... 1 77.5 77.5 250 23.0 175.0 1 2000 20 20 
1 650.0 650.0 875 20.7 129.0 1 2300 78 225 225 
West Virginia....... 4 625.0 156.3 813 23.8 139.9 3 1 2025 53 . 172 43 
i ee 6 450.0 75.0 461 19.9 65.6 6 2067 58 110 18 
Ontario (Canada)... 1 100.0 100.0 22.6 83.5 1 1900 55 2 5 
Total, or average... 112 27582.5 246.3 681 21.3 88.8 97 15 2060 53 10339 92 
‘ Average 
furnace Average 
Average Pounds heat. Average Total annual 
Total capacity coal release ash- annual coal 
oneeeee perunit Average per 1000 Btu softening coal consump- 
1000 | 1000 Ib boiler sq ft cu ft temp, consump- tion 
Total steam steam pressure, grate furnace per unit tion, per unit 
State no. units per hr per hr psi area volume deg F 1000 tons 1000 tons 
SPREADER STOKERS 
Connecticut........ 2 34.3 17.2 288 47.5 2400 11 6 
Maryland.......... 1 28.0 28.0 500 28.9 30.5 2100 4 4 
Michigan.......... 20 1360.0 68.0 327 41.6 29.6 2153 282 14 
Minnesota......... 3 290.0 96.7 442 40.5 24.7 2267 ‘ 65 22 
New Jereey.......<. 8 300.0 37.5 214 38.6 27.2 2248 65 8 
New York.......... 41 1592.8 38.8 257 33.2 27.3 2133 417 10 
Lo are 22 1247.5 56.7 231 41.9 29.1 1965 314 14 
Pennsylvania....... 4 227.0 56.8 267 2.5 28.1 2033 53 13 
West Virginia....... 2 100.0 50.0 290 37.8 29.7 2050 30 15 
| ae 14 663.0 47.4 304 38.4 25.4 2186 185 13 
Total, or average... 117 5842.6 49.9 277 38.2 28.1 2139 1426 12 
TRAVELING-GRATE STOKERS® 
Miohigan.......... 2 70.0 35.0 150 29.2 16 8 
REE eee 10 835.0 83.5 263 32.8 32.2 2033 152 15 
Total, or average... 12 905.0 75.4 244 32.8° 31.7 2033 168 14 
@ Includes chain-grate stokers. 
UNDERFEED STOKERS 
Maryland.......... 1 100.0 100.0 175 43.6 30.4 2050 30 30 
Massachusetts...... 1 100.0 100.0 700 38.4 27.8 2100 2 25 
Michigan.......... 2 187.0 93.5 205 37.4 26.3 2175 25 13 
New Jersey......... 3 285.0 95.0 437 40.4 31.5 2150 102 34 
3 105.0 35.0 33.5 24.0 54 12 
Pennsylvania....... 1 24.0 24.0 27.5 32.5 5 
i, 2 220.0 110.0 450 46.4 32.7 2200 55 28 
Total, or average... 13 1021.0 78.5 388 35.6 28.8 2144 296 23 
Pulverizer-Fired Units. The 
UNDERFEED 
112 pulverizer-fired units have a (rorac UNITS) 
total steam-generating capacity 
of 27,600,000 Ib (per unit average 
slightly under 250,000 Ib). Of 
these, 97 units are of the dry- 30 TRAVELLING GRATE STOKERS 
bottom type with a capacity of 
approximately 15,600,000 Ib of 


steam, and 15 units are of the 
wet-bottom type with a capacity 30 


It is obvious that the wet-bot- 33 4 4 

tom units average much larger 

in size than the dry-bottom 

units. 30 PULVERIZERS 

(TOTAL UNITS 105) | 

The pulverizer units cover a YY 

wide range of coal quality, from 10 Gy LY 

9780 Btu to 14,500 Btu (as re- Yj 

ceived basis), Fig. 2, as well as 10.9 | 2.0 ia | | | “tas 


a wide range of steam pressure 
from 150 psi to 1850 psi, Fig. 
As to furnace heat-release val- Fic. 2 


British THERMAL Unit ContTEeNT 
ues, some of the largest units had 
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a furnace heat release as low as 14,500 Btu per cu ft, and the 
largest group of units was within the range of 18,000 to 20,000 
Btu. 

The equipment manufacturers made a most valuable contribu- 
tion in evaluating “furnace heat available per thousand square 
feet of water-cooled surface” for the 112 pulverized-coal-fired in- 
stallations. This is a recognized factor for obtaining a relationship 
between the water-cooled heat-absorbing surface in the furnace 
and the furnace temperature. However,*because of its rather 
recent origin, a standardized formula had not been accepted, and 
variations in calculating this factor existed among the various 
manufacturers. It is most commendable that the manufacturers 
agreed to recalculate their data on a comparable basis in accord- 
ance with the following method: 

Furnace heat available is the useful heat available for producing 
radiant heat; it is the heat in the coal as fired, plus the heat in 
the preheated air, minus the latent heat in the water vapor in the 
gases of combustion, minus one halfthe radiation and unaccounted 
heat losses, minus the unburned carbon loss, if any. 

Furnace heat-absorbing surface specified is the projected area 
of the metallic surface in the furnace, plus the plane of the first 
row of boiler tubes. In the case of round tubes, the projected 
area was taken as the diameter of the tubes multiplied by their 
length; and in the ease of fin tubes and studded tubes, the pro- 
jected areas of the metallic surfaces, including the areas of the 
fins and studs, were used. For a screen between a primary and 
secondary furnace, the circumferential areas of the screen tubes 
were included. 

The values for the factor furnace heat available came within 
the range of 40,000 to 214,000 Btu per sq ft of water-cooled sur- 
face, Fig. 4. 

Attention is called particularly to the following average design 
values: Ash-softening? temperature, 2060 F; coal grindabil- 
ity--53 (Hardgrove seale); furnace heat release per cu ft of 
volume— 21,300 Btu; furnace heat available—88,800 Btu per 
sq ft water-cooled surface; boiler pressure, 681 psi. 

Spreader-Stoker-Fired Units. The 117 spreader-stoker-fired 
units have a total steam-generating capacity of 5,842,600 lb (per 
unit average approximately 50,000 Ib). These units cover a 
wide range of coal quality from 10,800 Btu to 14,700 Btu (as 


* Ash-fusion or middle point. 
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TOTAL UNITS® Itt FURNACE HEAT AVAILABLE 
(1000 BTU. SQ. FT. PER HOUR) 


Fig. 4 Furnace Heat AVAILABLE PULVERIZERS; SQUARE FEET 
received basis), Fig. 2, and a boiler-pressure range from 119 to 
700 psi, Fig. 5. 

The following average design values obtained: Ash-softening 
temperature, 2139 F; furnace heat release per cubic foot of vol” 
ume, 28,100 Btu; pounds of coal per square foot of grate area’ 
38.2; boiler pressure, 277 psi. 

Traveling- and Chain-Grate-Stoker-Fired Units. The 12 travel- 
ing- and chain-grate-stoker-fired units have a total steam-generat- 
ing capacity of 905,000 lb (per unit average 75,400 Ib). Ten of 
these installations are in Ohio and 2 in Michigan and will proba- 
bly use coals of a free-burning nature, as 11 units are designed 
for coals having a low Btu range of from 10,600 to 11,900, and 
the twelfth unit is designed for 12,400 Btu coal, Fig. 2. 

Nine of the units are designed for steam pressures of from 100 
psi to 250 psi, and 3 units are in the 401- to 500-Ilb range, Fig. u. 

The following average design values obtained: Ash-softening? 
temperature, 2033 F; furnace heat release per cubic foot of vol, 
ume, 31,700 Btu; pounds of coal per square foot of grate area- 
32.8; boiler pressure, 244 psi. 
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TOBEY 


Underfeed-Stoker-Fired Units. The 13 underfeed-stoker-fired 
boilers have a total steam-generating capacity of 1,021,000 Ib 


-A FUEL ENGINEEERING STUDY OF SOME RECENT BOILER INSTALLATIONS 


BY TYPES OF FIRING 


no. oF units capacity 
(per unit average approximately 78,500 lb). These units are a 
designed for higher-grade coals in the range of from 12,000 to 
13,800 Btu, Fig. 2. All units were designed for the use of coals 80 
in the ash-softening-temperature range of from 2050 F to 2250 F. 
Stoker burning rates, Fig. 7, range from 27.5 to 47.3 lb of coal 60 
per square foot of grate area, with the higher burning rates refer- 
ring to lower-Btu coals. The units were designed for steam pres- 
sures in the range of from 160 to 700 psi, Fig. 8. as | 
The following average design values obtained: Ash-softening? 
temperature, 2144 F; furnace heat release of 28,800 Btu per cubic 20 — —— 
foot of volume; pounds of coal per square foot of grate area, 
35.6; boiler pressure, 388 psi. 
CONCLUSION TYPES OF FIRING 
A study of the design data for the 254 boiler units reported pig. 9 > Numper or Units Versus Torat Capacity; 1000 Pounps 


clearly indicates the following salient facts: 


OF 


Stream Per Hour 


pulverizer-fired units had furnace heat 
releases falling within the range of 
14,500 to 24,000 Btu per cu ft (Fig. 11). 
Kighty-seven per cent of the pul- 
verizer-fired units had values for “fur- 


5 


nace heat available’ within the range 
of 40,000 to 125,000 Btu per square 
foot of water-cooled-furnace heat-ab- 
sorbing surface. 


6 Ninety-eight per cent of the pul- 
verizer-fired units were designed for a 
minimum grindability index ranging 
from 36 to 60 (Hardgrove scale) (Fig. 
12). 


7 Ninety-seven per cent of the pul- 
verizer-fired units were designed for 
minimum ash-softening? temperatures 
in the range of 1900 F to 2300 F (Fig. 
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TOTAL UNITS: BOILER RESSURE 


Fic. 8 Borer Pressure Distripution; UNDERFEED STOKERS 


8 Ninety-one per cent of the 
spreader-stoker-fired units were de- 
signed for minimum ash-softening? 


1 Pulverizers and = spreader o¢ 
stokers are the dominant methods UNITS 13) 
of firing, as shown in Fig. 9, and 
account for 90 per cent of the 
number of units reported and 95 
per cent of the total generating 30 TRAVELLING GRATE STOKERS™ 
capacity. 20 (TOTAL *12) 

2 All units from 151,000 to 10 ——<—$— . 
1,000,000 Ib capacity were pul- 
verizer-fired. 30 SPREADER STOKERS 

3 Both pulverizers and stokers 20 ae ohn 
were used in the 15,000 to 10 
150,000-lb-capacity range, with 
spreader stokers accounting for 
117 waits; 60; under 
feed stokers, 13;  traveling- and YZ 
chain-grate stokers, 12, out of a SS Mp = 
total of 211 units in this capac- 


pacities in the 15,000 to 150,000- 
lb range, see Fig. 10. 
4 Eighty-two per cent of the 
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TOBEY—A FUEL ENGINEERING STUDY OF SOME RECENT BOILER INSTALLATIONS 


temperatures in the range from 1900 F to 2350 F (Fig. 13). 

9 All of the traveling-grate stoker-fired units were designed 
for minimum ash-softening? temperatures in the range from 1900 
F to 2200 F (Fig. 13). 

10 All of the underfeed-stoker-fired units were designed for 
minimum ash-softening? temperatures in the range from 2050 F 
to 2250 F (Fig. 13). 

11 All units had completely water-cooled furnaces or sufli- 
cient water cooling to reduce furnace exit-gas temperatures to 
approximately 2000 F. 


Table 2 gives a breakdown of the total number of units (254) 
by industries and types of firing. 

Finally, it is believed that from the standpoint of good engi- 
neering and sound fuel economics, when completed, this will be 
the finest group of installations ever made in the country and it 
marks the beginning of an era in which power plants will have 
greater fuel flexibility, better over-all performance, and impr®ved 
economy. 
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Discussion 


I. L. Nevewus.* The writer’s first reaction to Mr. Tobey’s 
paper was one of amazement that only 13 underfeed stokers were 
reported when it was known that our company alone had taken 
orders for over one hundred stokers during this period in the sizes 
over 15,000 lb steaming capacity. It was logical to assume that 
the other manufacturers of underfeed stokers should have con- 
tracted for a considerable number of additional units. Of 
course the paper covered only “some recent boiler installa- 
tions” and no claim was made by the author that the survey was 
complete, even for the states covered, but for the 7 states where 
13 underfeed stokers were reported, our records show 49 West- 
inghouse stokers contracted for during the period. 

A complete check of the Westinghouse underfeed stokers with 
continuous steam-generating capacity of over 15,000 lb per hour 
contracted for during 1945 and 1946 shows the following totals: 


Total number of stokers. .... 111 
Total continuous steam-generating ca- 

Number of multiple-retort stokers....... 54 


Largest multiple-retort unit......... 
Number of multiple-retort stokers for 
16 
Average capacity multiple-retort units. .... 71,000 Ib per hr 


180,000 lb per hr 


The coal to be burned on the multiple-retort stokers covered a 
wide range from 10,250 Btu as received with 1930 F fusing tem- 
perature of ash to 14,500 Btu and 2600 F fusing temperature of 
ash. The maximum coal-burning rate in pounds per square feet 
projected area was 47.5, the minimum 35, and the average 40.3. 
These burning rates are all at the continuous-rating point. The 
steam-pressure range was from 150 lb gage to 975 lb gage. Over 
95 per cent of the units have water-cooled furnaces and five of the 


* Equipment Engineer, Stoker Department, Westinghouse Electric 
Corporation, Philadelphia, Pa. Mem. A.S.M.E. 


larger furnaces have bare tangent tubes for year-round slag- 
proof operation at high continuous ratings. 


Number of single-retort stokers......... 57 


The coal burned was higher grade, generally, than on the 
multiple-retort stokers with F.T.A. range from 2300 F to 2940 F 
and from 12,500 Btu to 14,500 Btu. The coal-burning rates 
were lower as was to be expected, the maximum rate being 37.2 
lb per sq ft, and the average rate 29.1 lb per sq ft. There was a 
noticeable trend toward water-cooled furnaces with over 50 per 
cent of the furnaces having some water cooling. 

A complete list of the units is tabulated in Table 3, with the 


TABLE 38 SE UNDERFEED STOKERS CON- 
rFRACTED FOR DURING 1945 AND 1946 


Total Average Average Average 
capacity capacity boiler coal 

No. 1000 Ib l pressure, burned 

State units per hr per hr psi per sq ft 
Alabama. 1 50 50.0 125 37.0 
Connectic ut. 1 25 25.0 350 30.0 
Georgia...... 3 105 35.0 200 36.0 
Illinois...... 5 197 39.4 400 37.2 
Kentucky. . 5 108 21.6 183 36.7 
Maine. 1 16 16.0 415 30.5 
Massachusetts. 4 150.6 37.6 256 28.8 
Maryland. . 1 100 100.0 175 43.6 
Michigan......... 9 675.2 75.0 223 36.8 
Minnesota........ 3 150 50.0 41.9 
New Jersey...... 1 125 125.0 200 40.8 
New York. . 15 839.8 56.0 211 30.8 
North Carolina. .. 5 210.0 42.0 238 30.6 
Ohio.. : : 19 810.3 42.7 181 34.1 
Pennsylva: ania. 13 375.5 28.9 138 32.5 
S. Carolina. . 3 72.2 24.1 120 26.7 
Tennessee. . 6 245.0 40.8 294 37.6 
Virginia..... 6 156.0 26.0 220 30.7 
West ——— 4 240.0 60.0 185 30.4 
Wisconsin. 6 540.0 90.0 505 47.2 
111 5190.6 46.7 228 35.0 

30 
25 Z 


NUMBER OF UNITS 
a 


geographical distribution. Twenty states are covered with the in- 
dustrial states of New York, Ohio, and Pennsylvania account- 
ing for 47 units or 42.3 per cent of the total number installed. 

Sales of Westinghouse multiple-retort stokers have shown a 
steady increase since 1943. Thisisshown by Fig14. The larger 
single-retort stokers have not been included because there was 
such a large percentage of conversion jobs during the war for this 
class of firing equipment that their addition would have confused 
the picture and added nothing to this discussion. 

Mr. Tobey is to be complimented for the amount of significant 
design data compiled and tabulated on the 254 units reported. 
The writer feels that it is a step in the right direction and would 
like to see it carried a step further so that the design data cover- 
ing all coal-burning plants in the United States would be com- 
piled and published yearly by some unbiased agency. He is sure 


that all of the manufacturers would be happy to co-operate in such 
a survey, and it would be of considerable value to engineers in 
selecting a method of firing. 

The writer’s only criticism of the paper is that the average 


ae 
7 
TAAAT 
Vit 
oL ZA A 
/943 1944 1945 
q Fie. 14 
q 


8 TRANSACTIONS OF THE A.S.M.E. 


reader might infer that the 254 units were representative of the 
industry as a whole. Our experience would indicate that this is 
not true. We feel that the number of Westinghouse underfeed 
stokers contracted for during 1945 and 1946 is evidence that a 
large percentage of users are continuing to install underfeed 
stokers. 


B. G. A. Skrorzkt.4 Since 1934, the publication with which 
the writer is connected has made annual surveys of new generat- 
ing-plant installations. These surveys were suspended during the 
war because of government restrictions. They have been re- 
sumed this year and the last one published in June, 1946, covered 
the period of installations from 1941 to the present. 

Broad details have been collected and presented on 134 central- 
station boilers in all pressure classes, 224 industrial boilers above 
200 psi pressure, and 231 industrial boilers below 200 psi. Our 
survey, although not covering exactly the same period as the one 
presented by Mr. Tobey, shows the same broad trends for the 
entire nation. Increasing use of pulverized fuel, higher steam 
pressures and temperatures, provisions for multiple-fuel-firing, 
and more conservative design are all indicated by a study of these 
figures. 

This general improvement in steam-generating methods is 
gratifying to see, especially in light of the enormous program of 
generating-capacity additions now under way. In the steam- 
central-station field alone, a survey to appear in the January, 1947, 
issue of Power, shows at least 6,500,000 kw capacity under con- 
struction and on the drawing boards for the next 3 years. Very 
likely there is a comparable expansion program under way in the 
industrial field. With the lessons learned during the difficult war 
days just past, it is sincerely hoped that these plants will be engi- 
neered from the standpoint of operating reliability, flexibility, 
and ruggedness, and not from the first-cost standpoint alone. 


AUTHOR’s CLOSURE 


Mr. Nevells’ comments are appreciated and well taken. It is 
most difficult to outline the scope of such a paper as ours so as 
not to leave unanswered many important questions. 

In the everyday work of the author and his associates, informa- 
tion was accumulated on a considerable number of boiler units 
under construction or contract in the territory described. This 
paper was presented as a contribution to shed some light on cur- 
rent engineering design, with particular emphasis on the fuel and 
combustion phases. Although not complete, the study probably 
contains a majority of the large and medium installations, but as 
the size of units becomes smaller and more numerous, more in- 
stallations are naturally unaccounted for when a census is not the 
objective. 

It may be further enlightening to state that the study con- 
tains no boiler units converted from other fuels, no replacements of 
firing equipment on existing units, nor duplication of existing old 
units which are not of modern design. The study included only 
about 30 units below 30,000 lb capacity, which would be in the 
single-retort stoker range. 

It would be highly desirable to have the Department of Com- 
merce, Bureau of the Census, report on the number and capacity 
of existing boiler installations. This, however, would not reveal 
engineering information with respect to significant design data. 
The latter was the purpose of the paper. Mr. Nevells’ contribu- 
tion adds valuable data and shows that good engineering progress 
is being made in the underfeed-stoker field. 

The annual surveys conducted by Power which Mr. Skrotzki 
has described are of immense value to all engineers interested in 
power plants. The surveys indicate trends in design factors, 


4 Associate Editor, Power, New York, N. Y. Mem. A.8S.M.E. 


capacity, and various economic phases. While the difficulties of 
obtaining accurate data multiply rapidly as the size of the boiler 
unit goes down, it would be most helpful if the Power surveys 
could be extended further into the industrial field. The fuel- 
burning capacity of the industrial field is tremendous.  Un- 
fortunately, here is a “‘no-man’s land”’ as far as engineering design 
is concerned. We must recognize that there is no clearing house, 
or front and center, for what. goes on in this field. The electric 
utilities have their Edison Electric Institute, but there is no coun- 
terpart of this for industrials. There is need here for sufficient 
standardization on design factors and practices to insure better 
engineering for industrial plants. 

The author is grateful for the verbal discussions by E. G, 
Bailey, Theodore Maynz, Ralph A. Sherman, and A. L. Thorson. 
Their comments have added materially to the value of the paper. 


Designing Coal-Burning 
Equipment to Eliminate 
Trouble Spots 
By W. H. ROWAND,' NEW YORK N. Y. 


WO types of pulverized-coal-fired furnaces, the slag-tap 

and the dry-ash, are in extensive use today. The scope of 
this discussion will be limited to an outline of some of the factors 
used in designing present-day dry-ash furnaces for pulverized- 
coal firing. 

High availability, continuity of operation at’ maximum load, 
and low maintenance are expected and actually obtained with 
present-day steam-generating equipment utilizing all grades of 
coal. 

During the war, many units operated continuously for a year 
at a time at maximum load followed by an outage of 1 week for 
maintenance and inspection. On some units, these periods were 
stretched to 18 months of operation between outages. Often 
the availability of the steam-generating equipment proved equal 
to that of the turbine. 

This of course required rigid control of the feedwater treat- 
ment and boiler-water conditions. Also the furnace, boile! 
screen, and superheater surfaces have had to be designed so that 
they could be kept free effectively of troublesome slag and ash. 

Some years ago the research work of Bailey, Ely, and others’ 
showed that there is a considerable difference in the fusion charac- 
teristics of coal ash, depending upon whether the coal is burned in 
a reducing or an oxidizing atmosphere. Fig. 1 illustrates this 
difference. It will be noted that the initial deformation tempera- 
ture in an oxidizing atmosphere may be several hundred degrees 
higher than that in a reducing atmosphere. The difference be- 
comes greater with increased iron content of the ash. The lowest 
initial deformation temperature we have found is about 2250 F 
in an oxidizing atmosphere; whereas it can be as low as 1900 F 
in a reducing atmosphere. 

Our experience and tests indicate that when the average true 
gas temperature leaving the furnace exceeds the oxidizing initial 
deformation temperature of the ash, cleaning of ash from the 
convection surfaces begins to become excessive. This is subject 
to some latitude, of course, because what constitutes excessive 


! Chief Staff Engineer, The Babcock & Wilcox Company. 

2 “Significance of Coal-Ash Fusing Temperature in the Light of 
Recent Furnace Studies,” by E. G. Bailey and F. G. Ely, Trans. 
A.S.M.E., vol. 63, 1941, pp. 465-477. 
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cleaning depends largely upon the opinions of the individual 
operating crews, 

The effeet of the atmosphere on the fusion characteristics 
helps to explain the great importance of providing sufficient 
excess air at the burners, by minimizing air leakage, to insure 
efficient combustion under oxidizing conditions. Air leak- 
age has been effectively minimized by supporting the boiler 
and furnace at a single elevation and enclosing the entire unit 
with water-cooled surface at saturation temperature, which 
climinates the necessity for ineffective expansion joints and 
These water-cooled walls are backed with a monolithic 
construction further to prevent air infiltration. 


seals. 


ReseEARCH WoRK ON FURNACE DesIGN 


Research work by our company and others’ has shown 
the importance of the method used to measure the gas tem- 
perature leaving the furnace, in order to make a reliable 
evaluation of the furnace design. 

Fig. 2 shows the difference between the gas tempera- 
ture measured by a bare thermocouple, as compared to the 
temperature measured by a porcelain-shielded thermocouple 
over which the gas is aspirated at high velocity, which has 
been named the high-velocity thermocouple, and as com- 
pared to the true gas temperature which is approached by 
the multiple-shield high-velocity thermocouple. It will be 
noted that the bare thermocouple will read 150 F or so lower 
than the high-velocity thermocouple, and 250 F or so lower 
than the multiple-shield high-velocity thermocouple in the range 
around 2000 F. We use the high-velocity type for test work 
because of its relative ruggedness, but correct its readings to 
multiple-shield high-velocity thermocouple basis for use in evalua- 
tion and design. 

It has become increasingly more feasible to lower furnace tem- 


*““Gas-Temperature Measurement and the High-Velocity Ther- 
mocouple”’ by H. F. Mullikin: ‘“Temperature—Its Measurement and 
Control in Science and Industry,” Reinhold Publishing Corporation, 
New York, N. Y., 1941, pp. 775-804. 
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peratures by reducing greatly the exposed refractory in furnaces 
of economical proportions because of advances in the art, such as 
the considerable improvement in burner and pulverizer design and 
the minimizing of air leakage, which provides sufficient excess air 
at the burners to produce efficient combustion while maintaining 
economical excess air leaving the unit. Often the furnace con- 
sists of all-steel waterwalls, constructed of closely spaced or flat 
stud tubes, with only a refractory patch around the burners to 
promote stable ignition. These all-steel surfaces are easily 
cleaned of ash either by wall blowers or by dusting with an air 
lance, or are self-shedding if considerab le load variation oceurs 
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The boiler surface between the furnace and the superheater and 
also the front section of the superheater are arranged for low gas 
velocities by placing the tubes on wid® centers and in shallow 
banks, usually not more than 3 ft deep. Sufficient space is pro- 
vided between the banks to permit effective cleaning without 
danger from tube cutting by the use of the mass soot-blowing 
principle. This utilizes large nozzles placed at a considerable dis- 
tance from the tubes with steam or air pressures of 200 to 250 psi 
at the nozzles. The long retractable-type element is now used 
extensively in the higher gas-temperature zones, in order to in- 
sure continuity of service and low maintenance. The tubes in 
the front section of the superheater are usually arranged in line 
to provide straight gas lanes with 4 in. to 4'/, in. clearance be- 
tween the edges of adjacent tubes. Beginning in the zone, where 
the gas temperature has been reduced to 1600 to 1700 F, this 
clearance is reduced to 1 in. to 1/2 in. to increase the heat-trans- 
fer rate. 


FUEL-BURNING RaTEs 


With dry-ash pulverized-coal-fired units, thus designed, our 
experience and tests indicate that they can be operated success: 
fully at continuous fuel inputs of 110,000 Btu per hr per sq ft of 
flat projected furnace cooling surface,‘ when burning coals now 
available in the east and southeast. On units located in western 
Pennsylvania, Ohio, and West Virginia, this factor is usually 
set in the range of 90,000 to 100,000 Btu. On units burning 
Indiana, Illinois, and similar coals, the factor is generally reduced 
to the range of 80,000 to 90,000. 

Analyses show that the oxidizing initial deformation tempera- 
ture of many coals now being used extensively in the.east is only 
about 150 F or so higher than that of the so-called poor Midwest 
coals. The ash content, however, is generally considerably 
lower, 

Fig. 3 shows a steam-generating unit installed at the Spring 
dale power plant of the West Penn Power Company near Pitts- 
burgh. It was designed for and operates at a continuous load of 
800,000 Ib of steam per hr. The entire steam-generating unit is 
enclosed by water-cooled walls at saturation temperature. The 
walls bounding the furnace are formed of 3-in. tubes on 3-in. 
centers. The unit is 40 ft wide, and a water-cooled screen wall is 
located at the center of the width to provide additional furnace 
cooling surface without increasing the building volume occupied. 
The unit is fired vertically downward through the roof of the 
furnace, which provides long travel for effective combustion and 
cooling of the gases in the furnace. The ashpit is located in a 
cool zone of the furnace and out of the path of gas travel. The 
entrance to the boiler screen and superheater is so located :that it 
does not “look at” the zone of active combustion. The screen 
tubes are widely spaced, as are the two lower banks of super- 
heater tubes. The superheater and economizer surfaces are ar- 
ranged in shallow banks with sufficient space between to utilize 
mass-type soot blowers. There are no turns or baffles in the 
convection banks in order to minimize fan power. 


ReEsuLts OF FuRNACE TESTS 


Fig. 4 shows a contour plot of the high-velocity-thermocouple 
gas temperatures obtained in the furnace during a test on this 
unit at 780,000 lb of steam per hr. The input was 74,000 Btu 
per hr per sq ft of flat projected furnace surface. The oxidizing 
initial deformation temperature of the ash averages about 2400 
F. The gas temperature entering the boiler screen, corrected to 
a multiple high-velocity thermocouple basis, averages 2200 F. 
The gas temperature entering the superheater, corrected to a 


* See ‘‘Heat Transmission,” by W.H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., fig. 26, p. 58. 


multiple high-velocity thermocouple basis, averages 1950 F. 
The unit has been operated successfully for continuous periods 
at inputs of 7 per cent greater than during this test. 

Fig. 5 shows a similar contour plot of high-velocity-thermo- 
couple temperatures obtained during a test on a unit of similar 
design located at the Stamford power plant of the Connecticut 
Power Company. The input during the test was 55,000 Btu 
per hr per sq ft of flat projected furnace surface. The rapid cool- 
ing of the gases as they travel 
down the furnace is evident. 
The gas temperature in the 
zone above the ashpit is low 
in the order of 1800 F. The 
gas temperature entering the 
boiler screen, corrected to a 
multiple-high - velocity - ther- 
mocouple basis, averages 2000 
Fk. This unit has operated 
continuously at inputs 25 
per cent greater than during 
this test. 


Several units of this gen- 
eral design have been operat- 
ing successfully for an ex- 
tended period and many 
others are now being con- 
structed. 


Fig. 6 shows a steam-gen- 
erating unit installed at the 
High Bridge power plant of 
the Northern States Power ¢ 
Company, which burns Fic.4 Gas Temperavure Con- 
nois coal, This unit was de- BY HicH-Vetocity THeEr- 
MOCOUPLE TEST AT SPRINGDALE 


signed for a maximum con- searion, Cos- 
tinuous load of 450,000 Ib of PANY 


steam per hr, but has 
operated forextended 
periods at loads 
around the design 
peak of 570,000 Ib 
steam perhr. Again, 
the entire steam-gen- 
erating unit is en- 
closed by  water- 
cooled walls at satu- 
ration temperature. 
The walls bounding 
the furnace are 
formec of 3'/,-in. 
tubes on 3%/s-in. cen- 
ters, with the excep- 
tion of the burner 
wall which is formed 
of 3'/,-in. tubes on 
6-in. centers partially 
studded. The unit 
is 30 ft wide, and the 
furnace ‘is fired hori- 
4 zontally with the 

burners located near 
the operating floor 
level. Again, the en- 
trance to the boiler 
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screen and superheater is located so that it does not look 
at the zone of active combustion, and is proportioned for low 
gas velocities. The screen tubes and the front bank of the super- 
heater are widely spaced and are arranged in shallow banks with 
space between for mass-type soot blowing. There are no baffles 
in the convection banks. 

Fig. 7 shows a contour plot of the high-velocity-thermocouple 
gas temperatures obtained during a test of this unit at 522,000 
lb of steam per hr. The input was 84,500 Btu per hr per sq ft of 
flat projected furnace surface. The oxidizing initial deformation 
temperature of the ash averages about 2350 F. The effective 
cooling of the gases again is evident. The gas temperature enter- 
ing the boiler screen, corrected to a multiple-high-velocity-ther- 
mocouple basis, averages 2100 F. 

Two duplicate units to this have since been purchased by this 
company and a large number of units of this general design are 
in operation and now being built. 


INTEGRAL-FURNACE BOILER 


Fig. 8 shows an integral-furnace boiler—Type FH, which has 
been widely accepted by both industrial and utility users of steam- 
generating equipment. These units, which are standardized in a 
series of designs for capacities from 50,000 to 300,000 lb of steam 
per hour, include many of the design features of the larger units 
described in this paper. The entire unit is enclosed with water- 
cooled walls at saturation temperature, backed with a mono- 
lithic construction to minimize air leakage. All the walls which 
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form the furnace boundary, with the exception of the burner 
wall, consist of 3-in. tubes on 3-in. centers or 3-in. flat stud tubes 
on 4!/,-in. centers. The burner wall is made of 3-in. tubes on 
approximately 7-in. centers, backed by a monolithic refractory 
construction, to provide some refractory around the burners to 
promote stable ignition. 

The unit is fired horizontally parallel to the tube bank and to 
the self-cleaning hopper slopes, which provides maximum travel 
and a turn for the gases in the furnace before entering the tube 
bank. The furnace cooling surface can be increased economically 
in design by lengthening the vertical section of the tubes, as indi- 
cated diagrammatically in Fig. 8, in order to handle poor coals 
with lower fusion temperatures and higher ash contents. The 
boiler screen and front section of the superheater are widely 
spaced. The superheater is arranged in shallow banks with suffi- 
cient space between for mass-type soot blowing. The gases flow 
horizontally across the superheater and boiler surfaces to obtain 
efficient heat absorption with minimum draft loss. 

There are many units of this general design in successful opera- 
tion with all grades of bituminous coal, and a large number of 
others are now being built. 

We believe it is an established fact that sufficient knowledge 
and experience are available to design reliable and economical 
dry-ash-removal steam-generating units, which will produce con- 
tinuous maximum-load operation with high availability and low 
maintenance, when handling any grade of coal available today. 


Fuel Economics Affecting 
Boiler-Unit Design 


By JOHN VAN BRUNT,! NEW YORK, N. Y. 


UEL economics may be considered as the movement of fuel 

from the ground to the consumer in response to demand, 
price, quality, availability, and suitability. These terms in- 
clude everything pertaining to fuel that affects its use and value 
to the consumer and therefore determines the fuel best suited 
to produce steam at the lowest. cost. 

Whete existing boiler units are involved, the problem is to select 
from the fuels available those best suited to the existing units. 
The fuel-burning equipment may require high-grade and high- 
priced fuel which may dictate a change in, or alteration of, such 
equipment. In either case, existing equipment will narrow the 
choice and the opportunity to obtain the lowest steam cost. 


REQUIREMENTS FOR NEW BorLeER DESIGN 


A new boiler unit must be designed to utilize to the best ad- 
vantage those fuels which are available in sufficient quantity at a 


' Vice-President, Combustion Engineering Company, Inc. Mem. 
A.S.M.E. 


satisfactory price and which, if efficiently burned, will produce 
steam at the lowest possible cost free from interruption because 
of any condition or character of the fuel. 

Any new unit should be designed for coal with provision for oil 
as an auxiliary fuel. 

The amount of steam required, pressure, superheat, feedwater 
temperature, load and capacity factors, hours of daily operation, 
peak loads and their duration are presumably known and are 
specified by the buyer. 

The number of boilers will depend upon load conditions, the 
necessity for stand-by capacity, seasonal load, and other factors, 
all of which should be evaluated. 

The surveys of coals available should include all pertinent 
data, such as price, proximate analysis, heating value, size dis- 
tribution, coking or noncoking, initial softening and fusion tem- 
perature of the ash, and grindability. In addition, the quantities 
available of each kind of coal and the possible changes in quality 
should be studied. For a long-range view consultations should 
be had with representatives of coal companies. 

The decision to use stokers or pulverized coal will depend in 
part on the size of the units contemplated. In general, units of 
over 200,000 lb per hr will be fired with pulverized coal. The 
normal field for stokers is in the capacity range up to 150,000 Ib, 
and on occasion 200,000 lb of steam per hr. 

The selection of stokers will, to a great extent, limit the selec- 
tion of coal. For example, a traveling-grate stoker for satis- 
factory operation requires a noncoking coal. On the other hand, 
some coals may limit the selection of the stoker as in the case of 
steam sizes of anthracite or coke breeze, which fuels can best be 
handled on a traveling grate. For large units, then, the selection 
of pulverized fuel is the correct application. 


oF Low-Pricep CoaL 


If a large plant is contemplated it is prebable that three or 
possibly more coals will have to be used. Of the coals men- 
tioned, there will probably be a wide variation in heating value, 
volatile matter, ash, fusion temperature of ash, and grinda- 
bility. It will usually be found that what is apparently the 
poorest coal is available in large tonnage and is the lowest in price. 

Those who have studied these conditions in the past 3 or 4 
years would unhesitatingly recommend that the boiler unit should 
be designed to handle the lowest-grade and cheapest fuel available 
at the plant. This means that the furnace shall be large enough 
to insure that slag accumulation in the boiler or superheater will 
not cause a boiler shutdown, that the temperature of the pre- 
heated air will be high enough to dry the wettest coal, and that the 
pulverizing mills will be large enough to grind the hardest coal of 
those available. Only by such design ean the full economic value 
be obtained from a new boiler unit. 

It will be found that the cost of a more conservatively designed 
unit is fully justified by the saving in fuel cost due to the ability 
to burn the lower-priced fuel and the avoidance of forced outages 
because of fouled heating surfaces. 
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Better Application of Com- 
bustion Equipment for - 
Medium Industrial Plants 


By OLLISON CRAIG, WORCESTER, MASS. 


ETTER application of combustion equipment can come 
only through co-operation between manufacturers of such 
equipment and purchasers. The fact that combustion equip- 
ment which has been installed in the past has not been as 
satisfactory as it should have been is just as much the fault of the 
purchaser and his engineers as it is the fault of the manufac- 
turer. The purchaser is disinclined to pay more money for equip- 
ment than is necessary, or for equipment to serve a purpose other 
than that for which he can see an immediate need. The result 
of this buying policy is to put manufacturers on such a competi- 
tive basis as to create an incentive on their part to offer no more 
equipment, or equipment at no greater cost, than the purchaser 
is willing to pay for. 


Goop SPECIFICATIONS IMPORTANT 


In buying equipment, purchasers should have their engineers 
specify in precise terms the fundamental requirements which may 
be expected to give the desired results. Such things as stoker 
grate area, rates of fuel burning per square foot, furnace volume, 
heat release per cubic foot, amount and extent of water-cooling 
surface in the furnace should be stated definitely, and manu- 
facturers required to offer equipment which will meet these speci- 
fications. 

It is true that there is diversity of opinion in regard to what 
constitutes correct values for such fundamental items, and that 
the ideas of manufacturers change with respect to them, as a re- 
sult of experience. As an example, some manufacturers have 
changed radically within comparatively short periods of time in 
the recommended values of heat release per cubic foot of furnace 
volume with pulverized-coal firing. This results from the fact 
that the application and use of fuel-burning equipment is not an 
exact science and that there is still a large field to be explored in 
the realm of cause and effect. However, with the types of equip- 
ment at present available, there is sufficient knowledge and experi- 
ence to design and install it so that satisfactory operation may be 
obtained. This information is available to the engineers of pur- 
chasers, and it is possible for them to prepare definite specifica- 
tions which will assure that all manufacturers offer equipment to 
meet the same requirements and without skimping on it in order 
to make the price more attractive. 

The Association of American Boiler Manufacturers and Affili- 
ated Industries is in the process of establishing standards which 
will provide better means for purchasers to obtain adequate offer- 
ings of equipment. At the present time these standards consist 
of forms for tabulating data which provide comparable informa- 
tion from each manufacturer. The purchaser is thus enabled to 
make a comparison of the various offerings. However, no stand- 
ards have been established by which the industry as a whole 
makes recommendations to purchasers in regard to fundamental 
items of design, such as fuel-burning rates per square foot for 
various fuels, rates of heat release, or areas of water-cooled sur- 
faces for various ash conditions. 

In preparing such specifications, it is vital that the manufac- 
turer’s engineer give thorough consideration not only to the 
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immediate requirements, but to what the future requirements 
may be, and to what fuels may be available at some future time 
for meeting these requirements. In the case of bituminous coal 
as a fuel, its history has been one of continuous degradation of 
quality. Fuel-burning equipment which is adequate at the time 
of installation may be entirely inadequate a few years later due 
to the fact that inferior coal must be burned as compared to that 
which was available at the time of initial installation. This was 
demonstrated forcefully during the war years. Then the change 
in character of coal was accelerated because of the large increase 
in demand. Marginal coals came on the market, while coals 
from established mines were not as well prepared before delivery. 
Plants were forced to use coals of much higher ash content, lower 
ash-fusion temperatures, and lower heat values. More pounds of 
such coal had to be burned to make the same amount of steam, 
and usually more pounds of steam were required. The existing 
equipment did not have the capacity for burning this extra 
amount of coal. Because of clinker and slag formation with the 
lower fusion temperature of the ash, actually less coal could be 
burned. The result was failure to obtain desired capacities from 
existing equipment. 


APPLICATION OF VARIOUS TyPEs OF FIRING EQUIPMENT 


For the purpose of this discussion, it will be assumed that a 
boiler in a medium industrial plant is one which has a capacity 
within the range of 25,000 Ib and 150,000 Ib of steam per lr. 
Exception can be taken to this depending upon the ideas of the 
individual. 

For burning bituminous coal in such plants, the usual firing 
equipment consists of one of the following systems: Multiple- 
retort underfeed stokers; pulverized-coal equipment; traveling- 
grate and chain-grate stokers; spreader stokers. 

The use of multiple-retort underfeed stokers is becoming less 
frequent, this type of equipment having been largely replaced by 
pulverized coal, as well as by spreader stokers. 

Pulverized-coal equipment is suitable for all bituminous coals. 
Furnace volume, and the extent of furnace water cooling must be 
adequate for the quantity of coal to be burned and the amount of 
heat to be released in the furnace, as well as for the temperature 
at which the ash in the coal fuses. Inadequacies in pulverized- 
coal-firing usually occur because of insufficient capacity of the 
pulverizers or through the formation of slag deposits in the fur- 
nace and in the gas passages. To insure that the capacity of the 
pulverizer equipment will not be a cause of disappointment, 
purchasers should specify the worst coal condition that can be 
expected to obtain. The size of pulverizer offered in a particular 
case will be governed by the amount of coal to be pulverized, the 
grindability of the coal, and the free moisture in the coal. The 
maximum limits of each of these should be specified as the basis 
upon which the manufacturer’s bids shall be prepared. ‘The 
minimum size of the furnace and minimum amount of exposed 
water-cooled heat-absorbing surface should also be stated in the 
specification. 

Pulverized-coal firing is not equally satisfactory with all bi- 
tuminous coals. Other methods of firing may be more suitable 
and more economical in a particular situation. 

Traveling-grate stokers are particularly suitable for use when 
free-burning high-ash bituminous coals are used. It is for this 
reason that such stokers are frequently used in connection with 
Midwest fuels and with certain of the lower grades of eastern 
coals. It is essential that the stoker area be sufficient for the 
character of the coal to be burned, or that the fuel-burning rate 
per square foot of stoker area shall not be too large. 

In the application of traveling grates or chain-grate stokers, 
there have been more differences of opinion on what is correct 
furnace design than there have been in connection with leat- 
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release rates of pulverized-coal-fired furnaces. Since all the fuel 
is introduced at one end of the furnace with a traveling-grate 
stoker and progressively burned as it travels to the far end of the 
furnace, there is extreme stratification of the gases arising from 
the fuel bed. Various forms of arches have been and are being 
used above the fuel bed, which by changing direction of the flow 
of gases, have caused the lean and rich gases to mix. In the 
past, such arches were considered necessary for ignition by radia- 
tion. At first only front arches were used. These were con- 
sidered primarily as ignition arches rather than mixing arches. 
Later a combination of front arch and rear arch came into use, 
and still later the front arch was entirely eliminated, making use 
of a long rear arch only. 

In the case of the long-rear-arch design, ignition was presumed 
to be obtained by projection of burning coal particles from under 
the rear arch onto the incoming fuel rather than by radiation. 
At the present time, boilers are in use in the Midwest burning 
Middle Western bituminous coals which have practically no 
arches at all. These furnaces are in some cases almost completely 
water-cooled, with the result that there is very little hot refrac- 
tory surface radiating heat onto the incoming fuel for ignition. 
Ignition is apparently obtained by radiation from the flames. 
In such cases it is necessary to use either overfire air jets or 
steam jets for the mixing effect which would otherwise be ob- 
tained by the use of arches. The effect of such jets is particularly 
pronounced in the case of traveling-grate stokers. Without the 
use of such jets in the open type of furnace, combustion will be so 
delayed that flame is carried entirely through the furnace and 
for long distances through the tube bank. This will result in 
deposits of slag on the boiler heating surfaces and eventual plug- 
ging of gas passages. 

The application of correctly applied jets prevents flame from 
coming into contact with boiler-tube surfaces even at the en- 
trance to the tube bank. The use of open furnaces without 
arches eliminates the cost of arch maintenance but adds the cost 
of jet operation. 


APPLICATION OF SPREADER STOKERS 


The most recent interest in the field of fuel-burning equip- 
ment has been directed to the spreader stoker. The use of a 
spreader is quite old, but its accepted application is rather new. 
Spreaders are applied to stationary grates, dumping grates, or 
traveling grates. In the case of stationary grates, ash must be 
cleaned from the furnace by hand. In the case of dumping grates, 
ash is dumped from the grate surface into an ashpit below from 
Which it may be removed manually or mechanically. Either 
method interrupts steam production while the grates are being 
cleaned. In the case of a traveling grate beneath a spreader, 
the ash is continuously discharged at one end of the stoker, 
and there is no interruption to steam production during ash 
removal. Usually the ash discharge is at the front of the fur- 
nace and immediately below the spreader. However, there may 
be a requirement because of peculiar conditions within the 
plant, for ash discharge at the rear end of the furnace, under 
the wall opposite the spreader. This requires care in design of the 
rear wall to assure that unburned coal is not discharged at 
the end of the grate and, at the same time, that provision is made 
for burning out the coal before the ash is discharged. 

The spreader stoker has the definite advantage of having the 
fuel burned on top of a bed of ash, with the result that there is a 
minimum tendency for clinkering in the fuel bed. Hence this 
type of stoker is particularly adaptable to high-ash-content low 
ash-fusion-te:: perature coals. The stationary-grate and dump- 
ing-grate types are adaptable for the smaller installations, while 
the combination of the spreader with the traveling grate permits 
installations of quite large capacities. 


OF COMBUSTION EQUIPMENT FOR SMALL INDUSTRIAL PLANTS 15 


While the largest installations of such designs have been in the 
neighborhood of 200,000 lb of steam per hr per boiler unit, there 
is no reason why larger sizes cannot be installed. The spreader- 
type stoker permits higher rates of burning per square foot of 
grate surface than other forms of grates, because slag in the fuel 
bed does not interfere with combustion. A certain portion of the 
coal is burned in suspension in the furnace above the grates. 
However, the use of coal which has a high percentage of fines, of 
which a considerable portion is burned in suspension in the fur- 
nace, also results in high rates of fly-ash carry-over and fly-ash 
emission. Because of this, it is desirable to be liberal in furnace 
size. It is also desirable to have some form of fly-ash collector 
and means for returning the collection to the furnace. The re- 
quired effectiveness of collection is dependent upon the location 
of the plant and the character of the coal to be burned. Overfire 
jets, either steam or air, are desirable, both to produce mixing 
and to eliminate stratification, and also to reduce the amount of 
fly-ash carry-over. 


CONCLUSION 


In the foregoing discussion, an attempt has been made to out- 
line briefly the elements which must be considered in developing 
specifications for the purpose of obtaining satisfactory applica- 
tions of fuel-burning equipment. However, it is the hope that 
the ideas presented are sufficient to arouse further interest and to 
induce the study of these matters by the owner’s engineer before 
selecting fuel-burning equipment. 


Better Application of Com- 
bustion Equipment for 
Small Industrial Plants 


By T. A. MARSH,' CLEVELAND, OHIO 


HE group of small industrial plants included in this presen- 

tation burn coal. The size range includes those with 
annual consumptions ranging from 2000 to 10,000 tons of coal 
with units generating approximately from 3000 lb to 30,000 
lb of steam per hr. Because of their great number, plants in this 
size bracket represent an appreciable percentage of the yearly 
coal consumption in the United States. 

Smaller industries may be divided into two distinct groups: 
Plants using on-track coal; and plants using off-track coal. 

The plants in each group vary over a wide range in size and 
type. Some of the larger are located off-track and some of the 
smaller ones are on-track plants. Each group and size presents 
physical economic differences from others, and must be analyzed 
individually for proper selection, proportioning, and application 
of combustion equipment to attain lowest over-all costs. 

The three fuels, coal, oil, and gas serve smaller industries. A 
certain percentage of plants also produce refuse of various types, 
particularly wood and sawdust, which must be burned. 

The presentation will be limited to coal-burning plants and, in 
general, stoker-fired plants. 


On-TRAcCK PLANTS 


The larger on-track plants lend themselves to the same pro- 
cedure of fuel survey and selection of equipment which prevails 
in medium and large industrial plants. 

The survey must extend beyond the consideration of coal seam, 


1 National Industrial Engineer, Iron Fireman Manufacturing 
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district, state, and county. Coal from different mines a few miles 
apart in the same seam often varies appreciably in quality and 
burning characteristics. Different sizes and consists from a mine 
have sufficient variation to warrant consideration. 

The smaller on-track and off-track plants present different 
considerations as follows: 

Reliability is of major importance as some plants have only one 
unit. 

Simplicity of design and operation is indicated. 

Many of these plants have only heating loads and generate 
steam at low pressure (10 to 15 psig). 

Central-station design, including economizers, air preheaters, 
and induced-draft fans, cannot be justified. 

Ratings are limited by uptake draft as provided by chimneys 
and by exit temperatures of units without extended surfaces. 

Comparatively few of these plants have mechanical coal- or 
ash-handling equipment. 

A belief exists in the managements of many smaller industrial 
plants that no economy results from burning lower-priced coals. 
This is true if their combustion equipment is not adapted to these 
coals, but is erroneous if the equipment is so adapted. The belief 
is often considered as a basic fact, regardless of equipment. 

In some instances, such small plants (also the plants receiving 
coal trucked from mines) have an advantage in steam cost over 
larger-tonnage plants owing to the fact that distinctly economy 
coals are available in sufficient tonnages for the entire demand, 
but not in sufficient quantity to be an important factor in large- 
tonnage plants. Cases occur where such coal sizes as 3/5 in. to 
zero, 10 mesh to zero, or !/;5 in. to zero are available at economy 
prices. 


Opr-Track PLANTS 


The off-track plants present some entirely different problems. 
Their coal source, aside from location where coal is trucked from 
mine to consumer, is from the retail coal merchant. Retail coal 
does not include the full range of sizes and consists available to 
the on-track plant. 

Retail coal prices also are appreciably higher than on-track 
coal, due to the cost of yard-handling, deliveries, and the nec- 
essary profit for the retail merchant. Therefore, while the coal 
survey is limited to the coals presently or potentially available 
through retail deliveries, the procedure is similar to that of the off- 
track plants, with limitations due to local conditions. 

On-track coals in any marketing area may be termed as “‘stand- 
ard,” “premium,” or “economy.” 

“Standard” coals in any area are those coals which because of 
their properties and characteristics, are widely used and produce 
satisfactory results in the average coal-burning installation. 
Standard coals thus establish an average price per 1,000,000 Btu. 

“Premium” coals are those which, as a result of favorable prop- 
erties and characteristics, are used in those services unable to ob- 
tain satisfactory results with standard coals. These coals com- 
mand a higher price per 1,000,000 Btu than standard coals. 

“Economy” coals are those which have a limited utilization 
and therefore sell at a price giving more British thermal units per 
fuel-dollar than standard coals. 

Standard coals may, in certain areas, have higher quality than 
premium coals of another area. Moreover, as conditions vary 
over a period of time, an economy coal may become a standard 
coal. These terms have a separate and distinct application in the 
industrial, commercial, and domestic coal markets, and are rela- 
tive, applying only in a specific marketing area and time. 


Over-ALL Economy Soucut 

The objective in all industrial plants is over-all economy, in- 
cluding fuel, labor, operating cost, maintenance, and investment 
charges. The problem therefore resolves itself to a study of the 
following items: 

Fuel flexibility, in terms of the ability to burn the widest pos- 
sible range of coal is a more important factor in fuel-cost reduc- 
tion than a few extra points in thermal efficiency, but necessitat- 
ing limited coal selection. Plants designed to burn economy 
coals can, with few exceptions, burn standard or premium coals. 

In some areas, no one type of fuel-burning equipment is adapted 
to the burning of all coals, as for example, in areas supplied by 
both anthracite and bituminous coal. However, there are types 
of fuel-burning equipment which burn any coal efficiently. 

Other factors, in addition to coal, influencing the selection and 
proportioning of combustion equipment are load, character of 
load, load factor, duration of base load, duration of peaks, dura- 
tion of light-load periods, number of banked boiler-hours, labor 
of operation, auxiliary power, maintenance, and fixed charges. 

Equipment should be proportioned with a safe margin above 
requirements for the most limiting coal, without exceeding critical 
combustion rates. Draft provision should be ample both as to 
static pressure and to volume in cubie feet per minute. The fur- 
nace should be so designed in regard to the heat available per 
square foot of black surface exposed that maximum ratings may 
be obtained without exceeding critical temperatures. 


CoMBUSTION EQuipMENT AVAILABLE 


Combustion equipment is available for small industrial units 
equaling the standards of performance of larger units. Stoker 
design has advanced, and new types have been developed. No- 
table is the development and wide acceptance of spreader stokers 
in the small industrial field. This type of stoker provides fuel 
flexibility over the full range of bituminous, subbituminous coal 
and lignite, and meets high standards of efficiency, capacity, and 
low operating cost. 

Stoker designs embodying automatic coal transport direct from 
coal bin to furnace have met with acceptance because of thie re- 
duction of labor effected in plants without mechanical coal-han- 
dling equipment. 

Boilers have been developed in the smaller sizes to meet the 
requirements of this field with due consideration of draft loss, exit 
temperatures, and the use of waterwalls. Furnace design has kept 
pace with the development to permit high combustion efficiencies 
with low furnace maintenance. 

Combustion controls are extensively used in the smaller indus- 
trial plants. 

In addition to the.design and installation of complete new units, 
an important phase has been the modernization of the combustion 
equipment of existing units. The objectives of such conversions 
are fuel flexibility, increaséd combustion efficiency, and reduced 
costs. 

Hundreds of cases of record show the attainment of these ob- 
jectives. Therefore the progress made in the proper application 
of combustion equipment in small industrial plants has been cred- 
itable. Present-day obsolescence and the great number of small 
industrial plants with definite fuel limitations and high costs pre- 
sent a fertile field for modernization. 

To summarize, therefore, the combustion equipment and en- 
gineering knowledge pertaining to its application are available 
to bring small plants to high standards of economy. The attail- 
ment of results requires transforming knowledge into procedure 
and action. 
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Wartime Lessons in Coal 


Burning 
By C. E. MILLER,' WASHINGTON, D. C. 


URING the fiscal year 1945, the Army burned over 
7,000,000 tons of coal, and in the fiseal year 1946, over 
5,000,000 tons. To the best of the author’s knowledge, this 
makes the Army one of the largest, if not the largest, single 
consumer of coal in this country. The combination of this large 
tonnage, and the fact that the Army coal-burning establishments 
are seattered over almost the entire United States, makes the 
lessons learned during the wartime period of widespread appliea- 
bility. 

The applieability of these lessons is further increased by the 
great variety of coal consumed. Due to the location of the posts, 
fuel from every producing area in the United States is utilized. 
Of the 6,000,000 tons consumed, about 1,000,000 tons are sereen- 
ings for industrial-type stokers, and about 5,000,000 tons are sized 
coal similar to that generally distributed to the domestic market. 
Such coal as is used in Army plants represents one of the largest 
single blocks of coal-mine production, approximating close to 30 
per cent of all the production in the United States. 

In discussing the lessons learned during the past 5-year period, 
it might be well to divide our comments into two parts: 


1 Those concerning small industrial installations. 
2 Those concerning domestic heating plants and equipment. 


SMALL INDUSTRIAL PLANTS 


The Army operates approximately 3000 plants, units of which 
range in size from 75 to 500 boiler hp. These are normally classed 
as the small industrials. The plants are used for the supply of 
steam for such services as laundries, space heating, hot water, 
sterilization for hospitals, and cooking in mess halls. The plants 
themselves are scattered from Alaska to California, and from 
Maine to Florida; in facet, the only location where the Army does 
not have coal-burning plants in fairly large numbers is in the 
Southwest, where oil and gas are the major sources of fuel supply. 
As coal mined in the adjacent areas is used in almost every case, 
the types of fuel vary widely. For example, the subbituminous 
production of Alaska and Colorado is used in those localities, 
while the higher grades of bituminous coal and anthracite are 
used in the eastern installations. Although the type of equipment 
in these plants is predominantly single-retort underfeed stokers, 
there are many installations of all other types of equipment, in- 
cluding many spreader stokers, lesser numbers of chain grates, 
multiple-retort underfeeds, and pulverized coal. 

In considering the small industrial installations, the lessons of 
most interest are those which affect future planning and design, 
and they involve both personnel and technical applications. 

Personnel is certainly the universal problem with which we are 
all continuously confronted. Particular emphasis is placed on the 
fact, concerning personnel for small industrial installations, that 
they are more closely classed as firemen rather than operators. 
Only in rare instances is an operator available of the high caliber 
of operator generally found in the larger industrial and utility 
plants. In the larger plants, because of the quantities of fuel con- 
sumed in a single unit, highly trained, competent operators are 
considered a “must.” As a result, in the operation of the larger 
plants it is not unusual to maintain almost test efficiency and 
rated output for long periods of time. On the other hand, the 
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small plants, with their lower fuel demands, ordinarily cannot 
afford to hire such high-grade personnel. Also, most small in- 
dustrial installations outside the Army are more or less independ- 
ent operations. They include, for example, plants for hospitals, 
laundries, or apartment buildings. Hence there are no qualified 
technicians in the supervisory organization who can continu- 
ously train and assist the shift operators. Under such conditions, 
equipment is not continuously maintained at the high standard 
necessary for best performance. Even with the equipment in per- 
fect condition, the operators generally are not capable of attaining 
best efficiency under all conditions. 

Personnel should be considered in the design and application of 
equipment for small plants. Greater margins of capacity and 
flexibility should be incorporated to give good performance under 
various operating conditions and wide ranges of fuel supply. 

This was demonstrated most forcibly at the Army installations 
during the war period. Although the problem of hiring and train- 
ing operators was universal, it was most acute in the Army where 
civilian personnel was increased from less than 1000 to over 10,000 
in a 2-year period. At the peak of the war, and during the critical 
labor shortage, we were even required to use some prisoners of war. 


TECHNICAL APPLICATIONS 


Fortunately, due to the excellent co-operation on the part of the 
manufacturers and engineers, most of the Army installations were 
well designed and the equipment well chosen. Probably one of 
the best examples of what can be done to attain good performance 
under severe operating conditions is one of the Army installations 
at Fairbanks, Alaska. In that locality the outside temperature 
ranges from about 80 F in the summer to —-60 F in the winter. 
The boiler plant furnishes steam for heating, process, and power. 
Certainly it is not necessary to emphasize the importance of con- 
tinuity of operation of a heating plant where the outside tem- 
perature is 60 deg below zero. 

The coal available for this plant is from subbituminous fields of 
Alaska, having a very low Btu content of 8500, 10 per cent ash, 
50 per cent volatile, and from 15 to 20 per cent moisture. Many 
difficulties had to be overcome: (1) There was the problem of 
unloading the frozen coal. In order to accomplish this a thawing 
shed was built in which the coal was stored for a 24-hr period prior 
to unloading. (2) Air slacking had to be reduced to a minimum. 
This was accomplished by close co-ordination of consumption 
and supply. Delays in transit and storing for lengthy periods 
were virtually eliminated. As a result, the problem of excessive 
fines in the coal from air slacking were greatly reduced. (3) The 
problem of attaining high combustion efficiency arose, which was 
accomplished by the proper application of spreader stokers. All 
factors considered, the combination of good planning, good en- 
gineering, and good construction made this plant a reliable 
efficient installation that was a real pleasure to operate. 

On the other hand, in building some thousands of plants, de- 
ficiencies in designing and construction naturally did occur, most 
of them resulting either from a poor selection of equipment or an 
improper installation of the equipment chosen. In many cases, 
these seemed to stem from a lack of knowledge of the available 
coal and its burning characteristics. This condition may have 
been aggravated during the period of emergency by the quality 
of the coal supply being much lower thah normal. Future plan- 
ning, however, should certainly take this factor into considera- 
tion. 

EquipMENT DEFICIENCIES 


A few of the general types of deficiencies experienced are indi- 
cated as follows: 


1 A single-retort side-dump stoker was installed in a Missouri 
boiler plant and sized so that a burning rate of 50 1b per sq ft was 
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required to meet boiler capacity. As 25 lb per sq ft is more 
nearly an acceptable figure for burning locally available coal on 
this type of machine, the installation had to be completely re- 
built. 

2 Laundry boilers, expected to operate on a 24-hr basis were 
equipped with dead-plate-type underfeed stokers, designed to 
burn Midwestern coal at 40]b per sq ft. This plant was required 
to shut down every night for cleaning theash. Continuity of opera- 
tion was lost. 

3 Spreader stokers were installed in small refractory-lined 
furnaces with volumes so limited that full capacity could not be 
obtained without excessive temperatures and excessive mainte- 
nance. 

4 Another spreader-stoker installation was made with water- 
cooled walls and furnace volumes too large to obtain adequate 
furnace temperatures. In the large-volume water-cooled fur- 
nace, smoky inefficient combustion resulted. 


Individual instances illustrating similar conditions might be 
listed almost endlessly. The main fact which seems to result from 
all these experiences, however, is that design and construction of 
small industrial plants have not reached the technical level of the 
large industrials and utilities. This may be caused, in part, by 
the fact that consulting engineers who handle this class of work 
do not have sufficient quantities of such work to warrant having 
qualified mechanical engineers on their staffs. Therefore the es 
sentials of good design which result from experience in combus- 
tion, a knowledge of the coal market, and the flexibility and 
adaptability of the various classes of combustion equipment to 
the coal available are not incorporated in the basic installation. 
It is the author’s opinion that the best method of supplying this 
deficiency is from the coal industry itself. 

In Washington, if a new plant is to be constructed, it is possible 
to call the National Coal Association and ascertain definitely the 
types of coal available in any part of the United States, and, to 
some extent, the adaptability of certain kinds of equipment to 
that coal. As far as is known by the author, Washington is the 
only place, however, where it is possible to obtain such informa- 
tion. A regional clearing house for advisory services, such as 
was proposed by Earl C. Payne? about a year ago, would be a real 
step toward insuring efficient installations in the small industrial 
field. Such a service could insure that installations would be 
adapted to the operating personnel and would have sufficient 
operative flexibility so that almost any type of fuel flowing into 
the market in that area could be burned. Certainly, when one 
considers that about 15 per cent of the total coal production is 
used in small industrial plants, a few thousand dollars spent on 
such a service is justified on the part of the coal industry to insure 
the customer satisfaction. 


Domestic PLANTS 


In addition to the thousands of small industrial plants, the 
Army also operates hundreds of thousands of what we call domes- 
tic heating plants. These are scattered over the same geographi- 
cal area as the small industrials, and consist primarily of warm- 
air furnaces, hot-water and steam boilers, ranges, hot-water 
heaters, and space heaters. Most of this equipment is hand-fired 
by the soldiers themselves, although there are a few thousand 
equipped with domestic stokers. Any one of these installations 
may burn but 50 to 100 tons of coal a year. This same type of 
fuel, however, is purchased by thousands of domestic customers, 
and their combined consumption represents about 15 per cent of 
the total coal production. If a breakdown occurs on one of these 
small plants, the result is not serious. On the other hand, if the 
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equipment is mechanically unsound, breakdowns on hundreds of 
the same type of equipment will create serious inconvenience to 
many people and cause much adverse criticism. 

In the domestic field, as well as in the small industrial field, 
proper choice of equipment and proper installation will result in 
good operation. It may be said that, in the Army, only a few per 
cent failed to fall into this category. 

However, as we learn from the mistakes that have been made, a 
few of the deficiencies experienced will be cited: 


1 Certain classes of domestic equipment were improperly 
rated. For example, thousands of space heaters installed for heat- 
ing barracks actually delivered approximately one half of the 
heat output which the manufacturer had indicated. This defi- 
ciency in output was not serious in Florida but up on the Alaskan 
highways, with 50-deg-below-zero temperature, it was serious 
and many hundreds of additional stoves had to be shipped to 
overcome the deficiency. 

2 In other cases, the rating of certain equipment was based 
upon a 10-lb per sq ft burning rate. In a domestic-heating in- 
stallation, depending upon a short smokestack for its entire draft, 
a 10-lb per sq ft burning rate is unattainable. 

3 In other instances, the mechanical design of certain warm-air 
furnaces was such that the equipment failed after 1 or 2 years of 
service. Admitting that Army service, using soldier firemen, is 
more severe than in the average home, other types of equipment, 
under the same service, stood up indefinitely. 

4 Another deficiency was in certain small stoker installations 
which gave continuous trouble due to poor design in their coal- 
carrying mechanisms. 

5 A common difficulty was with equipment which was de- 
signed for a given area, but installed in an area having an en- 
tirely different type of fuel supply. This particularly applied to 
equipment which was perfectly satisfactory when used with an- 
thracite or low-volatile bituminous coal, but a continuous source 
of trouble in Illinois or Indiana. In some of the Army installa- 
tions it was necessary to clean soot weekly from this equipment. 
Because of the lack of combustion space, inefficient operation, 
and heavy smoke, clouds were very common. In some cases, the 
smoke was serious enough, even with fairly well-trained firemen, 
to interfere with flying in adjacent areas. 


IMPROVEMENT NECESSARY IN Domestic HEATING 


Some method of assuring adequate design and proper installa- 
tion of domestic heating equipment on the market should be 
considered, and such a step will certainly add considerably to 
customers’ satisfaction in thousands of installations. 

When one considers methods of taking such a step, the firs! 
thought that comes to mind is for someone to provide for coal- 
burning equipment a suitable seal of approval, similar to that 
provided by the American Gas Association for gas appliances. 
Such a seal should be definite evidence to the customer that: 


1 The equipment is mechanically sound. 

2 It will deliver rated output when properly operated. 

3 The type of fuel being utilized is that which should be used 
to give satisfactory operation. 


Possibly some of the facts brought out in the foregoing may 
seem too negative in their treatment. It would have been easie! 
to discuss the many excellent jobs that were built for the Army 
under most trying circumstances, All of these plants were built 
during a period when a critical labor market existed, material 
were short, and always the element of speed was being emphasized 
to the exclusion of all other factors. The engineers who were ® 
sponsible for the production of the equipment, the designers who 
made the plans, and the construction engineers who built the 
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plants, all deserve a tremendous amount of credit for a job well 
done, and all of us are grateful. 


CONCLUSION 


In reviewing the situation as it now exists, there is room for 
improvement, and our lessons should be applied to attain the im- 
provement on future installations. An attempt has been made to 
illustrate those things which will be most useful in attaining this 
result. These lessons resolve themselves into two recommenda- 
tions: (1) On small industrial installations, the coal industry 
should establish regional offices to disseminate fuel advice and 
insure that installations have fuel flexibility and are capable of 
being operated by the average fireman. This can probably be 
done best through consulting engineers and smoke-abatement en- 
gineers; (2) on domestic plants, establish a seal of approval that 
will assure the customer coal-burning equipment adapted to his 
needs. Probably some of the work being done by Bituminous 
Coal Research, Incorporated, could be extended to include this 
suggestion. 

The coal industry is making tremendous strides in research and 
in improving customers’ service. The establishment of a regional 
advisory service for small industrial plants, and a seal of approval 
for domestic plants, will be another major step forward in the art 
of coal burning. 


Pulverized Fuel for the 
Gas Turbine 


By MARTIN FRISCH,' NEW YORK, N. Y. 


N view of the great interest in the possibilities of the pulver- 
ized-coal-burning open-cycle gas turbine, particularly for 
use on locomotives, it is instructive to examine the economics of 
fine pulverization. 
Pulverized fuel may be supplied to the turbine combustion 
chamber in two ways, as follows: 


1 By pulverizing and storing the fuel at atmospheric pressure 
in a conventional pulverizing storage system, and pressurizing the 
pulverized fuel for delivery to the burner. 


2 By pulverizing the crushed coal under pressure for direct 


delivery from pulverizer to burner. 


The first way, employing currently available conventional pul- 
verizing apparatus, is practical for coaling stations or installations 
with central pulverizing plants from which pulverized fuel may 
be distributed when and where needed. 

The second way is more simple and is attractive because of its 
probable lower first cost. However, it involves pulverization at 
high pressure and will require the accumulation of experience 
with new pulverizing techniques. 

Fig. 1 shows schematically, the means required for delivering 
pulverized fuel to the gas-turbine combustion chamber in the two 
systems. In the indirect system, each combined storage and 
blow tank is emptied in turn, isolated by valves, depressurized, 
refilled, pressurized, and again blown empty at the rate required 
to maintain a constant level in a control tank which may be used 
to govern the turbine. A suspension of the desired concentration 
1S maintained by varying the amount of the fluidizing air admitted 
through the valve V, and connection A. The rate at which the 
Suspension is delivered to the burner depends upon the transport 
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air admitted through valve V, to the control tank. Additional 
carrier air may be added through valve V,. 

In the direct-fired system, each pressurized crushed-coal tank 
is emptied in turn by a feeder conveyer, isolated by valves, de- 
pressurized, refilled, and again pressurized through the equalizer 
to the mill pressure. The feeder conveyer feeds the pulverizer 
and is controlled to maintain a constant level in the pulveri- 
zer which operates with air supplied by a booster blower at a pres- 
sure somewhat higher than that in the combustion chamber. 

The first cost of either system, all other factors being equal, de- 
pends upon the fineness of product desired. 

It is quite clear that gas-turbine engineers would like to have 
very fine coal, at any rate very fine fly ash, and very little of that 
for their turbines. Mr. Emmert and Dr. Yellott have stated (1)? 
that ash particles finer than 5 microns are not expected to harm 
the turbine. It will be of interest therefore to examine what 
must be done in the pulverizer, the turbine combustion chamber, 
and the ash eliminator to produce ‘the desired ash fineness in 
the gas. 

The fineness in the usual sense, as for example, the percentage 
passing through a 200-mesh screen, approximately describes the 
average particle size for a fuel of a specific grindability prepared 
in a specific type of pulverizer as may be determined by analyz- 
ing the excellent size-distribution data for several coals published 
by Sherman (2), and by studying the correlations of Hottel and 
Stewart (3), and Rosin and Rammler (4). Fig. 2, correlating 
Sherman’s data, particularly, with the grindabilities estimated 
for these coals on the basis of their descriptions and analyses, 
shows the relationship between the percentage of a sample coarser 
than any particle diameter from 2 to 74 microns, the average size 
of all the particles in the whole sample, and the fineness in per 
cent passing the 200-mesh (74-micron opening) sieve for three 
values of the grindability, namely, 40, 50, and 100 per cent. 

This chart is very instructive because it shows how the size 
consist of a sample is probably affected by the grindability. By 
means of this chart, it is possible to estimate the size consist and 
the average particle diameter of a sample, if the grindability and 
fineness are known. It also makes possible an estimate of the 
finenesses in terms of other sieves or equivalent sieves correspond- 
ing to the maximum particle diameter in microns in the size in- 
terval. 

It is well understood that an upper limit must be placed upon _ 
the fineness in order to place a ceiling on the first cost and operat- 
ing cost of a pulverizer, and a lower limit in order to reduce the 
incomplete combustion loss to an economic value. These limits 
are yet to be established experimentally, in order to determine the 
effect of fineness with high air density, high excess air, low aver- 
age furnace temperature, and high heat-release rates on combus- 
tible loss. 

Table 1 shows the effect of fineness on the combustible in the 


TABLE 1 COMBUSTIBLE LOSS PER CENT OF FUEL FIRED 
Mid- Eastern 
western coking Eastern 
bitumi- bitumi- low Anthra- 
Fuel Lignite nous nous volatile cite 
Ash, per cent.......... 10 10 10 5 15 
Grindability........... 50 55 55 100 35 
Heat-release rate, Btu 
_per cu ft perhr...... 20000 20000 20000 20000 15000 
Fineness, per cent 
through 200 mesh: 
70 0.2 0.7 1.4 1.9 9.1 
90 0.1 0.4 0.8 3.3 4.8 
99 0.1 0.2 0.5 0.7 3.3 


fly ash that may be expected with various types of fuel when 
burned in a conventional pulverized-fuel furnace at substantially 
atmospheric pressure and with 25 to 30 per cent excess air. 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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In order that equally low combustible losses may be realized in 
the gas-turbine combustion chamber, a four to sixfold increase 
in air density, a five to sevenfold increase in the excess air ratio, 
plus some increase in fineness, must offset the effects of a twenty- 
fold or greater increase in the liberation rate, and a large reduc- 
tion of the average furnace temperature on the combustible loss. 

Since the highest fineness that may be economically justified 
is desired for the gas turbine, Fig. 3, showing the effect. of fineness 
on the size of pulverizers may be of interest. This chart shows 
that a pulverizer for grinding a 100 grindability coal to a fineness 
of 70 per cent through 200 mesh (average particle size 16'/2 mi- 
crons) would have a capacity of only about 23 per cent when 
grinding a 50 grindability coal 69 per cent finer,than 40 microns, 


or 93 per cent through a 200-mesh screen, in order to get the 
same average particle size (16/2, microns). With the aid of Fig. 
2 we may estimate that 89 per cent of the weight of the pul 
verized 100 grindability coal, and 91 per cent of the 50 grind- 
ability coal, ground to an average particle diameter of 161/: mic 
rons, would be coarser than 5 microns. 

What happens to the size distribution of the fly-ash residue 
during the combustion process depends on the type of coal ands 
difficult to predict. Some fuels swell and agglomerate in burning; 
others disintegrate. But whatever happens, it is unlikely tha! 
anyone can afford to pulverize fine enough to have all the ash 
particles less than 5 microns. It is the job of a good dust catcher 
to eliminate the + 5-micron ash, and the job of the combustion 
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Percent Coarser Than 


450 150 ‘ 
100 ‘ ‘ 
80 se 
a 
/, 
1s Dia. Micronsdn 2 7 7 7 7 7 
10 10 « 10 A+ 
20 40 co) ° 20 40 co 20 40 ce 80 
Percent Coarser Than dm, Percent Coarser Than dm Percent Coarser Than dn 
Grindability +40 Grindability = 50 Grindability +100 
Fic. 2. E¥FEcTS OF GRINDABILITY ON PARTICLE SIZE DISTRIBUTION 
Instantaneous responsiveness to the turbine governor and 
5 adaptability to automatic control. 
aad Low energy consumption. 
Low maintenance. 
Simplicity, compactness, and lightness. 
2) 
‘a For pressurized operation, the peculiar advantages of pneuma- 
tic pulverizers naturally came to mind as alternatives to the com- 
- RA y) % plexity of the storage or indirect system when it was found that 
> = y, XS iy conventional mechanical pulverizers would have to be modified to 
5 0.9 - S$ ae suit them to pressurized operation at 4 to6 atm. The pneumatic 
So 8 v Wi NG J %. pulverizer using steam or air jets has a long and respectable his- 
V4 tory here and in Europe, dating back in United States patent his- 
got & i) IN 2" t tory to the nineteenth century. Since 1932 results of tests of a 
= number of installations in Germany (5, 6, 7) have been published, 
5 x“ f p<G IN Nip and these results, and results of a test of a United States installa- 
NY 7 > | tion which became available, have been analyzed. 
Fig. 4 shows two German designs in commercial use and one 
nd 2 wr a American installation in use for some time in the 1930’s for firing 
ee ae oe boilers. These are, respectively, the German Anger air jet, Koll- 
bohm, ‘‘Pneuko” steam-jet mills, and the American Andrews- 
OK “acu Willoughby steam-jet mill operated at Coaldale, Pa., which is an 
Y ancestor of the ‘“‘Micronizer.”” Published results of tests (5, 6, 7) 
0 5 5 20 25 30 35 40 45 50 55 60 65 10 15 of the German mills converted into English units are shown by 


: AVERAGE PARTICLE DIA. MICRONS 
Fic.3 Putvertzer Capacity VERSUS FINENESS AND GRINDABILITY; 
TENTATIVE APPROXIMATION 


chamber is to reduce the combustible in the larger particles to the 
required value. 

The simplicity and other anticipated advantages of direct-firing 
the gas turbine with pulverized fuel naturally invite a review of 
pulverizer types to determine which might meet the following re- 
quirements: 


High availability and reliability. 


curves, and results of a test witnessed by the author on the Coal- 
dale pulverizer in 1932 are shown by the circles. 

A number of Anger mills of about 2000 lb per hr capacity em- 
ployed for direct-firing boilers used low-pressure air (maximum 
3.5 to 4 psi). Kollbohm pulverizers of about the same capacity, 
eight of which were installed at the Cuno Power Station in Ger- 
many, used superheated steam at 475 psi and 930 F. The Coal- 
dale pulverizer, which supplied the bin-and-feeder system of an 
anthracite-fired boiler with about 3600 lb of pulverized anthracite 
silt per hour, used superheated steam at 80 to 100 psi, and 600 to 
700 F. The German mills used single jets at the bottom. The 
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Puty. PRODUCT 
PLUS STEAM 


Prooucr 
fed 
ase 
2 | 
2. 
Yf 
fy, 
COMBINING SMS 
OutPuT Les ‘ 
SUPERNEATLO A+ ANGER Puce. Ce COMLOME Pure 
930°F a j 
e 
wpse STEAM (0! 
A ANGER PULVERIZER K KOLLBOHM PULVERIZER C COALDALE PULVERIZER 
Fic.4. Two GerMan Types AND ONE AMERICAN TyPE oF JET PULVERIZERS 
TABLE 2 ESTIMATED MECHANICAL-PULVERIZER TABLE 3 COMPARISON OF TABLE 2 DATA WITH ANGER MILL 
PERFORMANCE 
Fineness, 
Btu per lb fuel (3 per cent moisture)......... 13000 14000 Mois- tempera- through 
Turbine efficiency (at shaft), per cent........ 25 25 Fuel Grind- ture, ture, 200 Kwhr per 
10200 10200 (German) ability per cent deg F mesh*, 2000 Ib 
Btu per kwhr (at switchboard) (91.5 per cent High-volatile 
Fineness: Per cent finer than hard 8 75-83 22-28 
200 mesh (74 microns)....... 70 90 a9 70 90 99 | ee Hard a 79-80 33°35 
40 microns........ 41 64 79 53 72 85 Dry brown coal.. Medium 
5 microns........ 2 7 15 ll 22 30 hard eae 175-200 70 34 
Average particle diameter, mi- Very hard 18-25 415-450 71-79 26-30 
34-22) 12.5 16.5 9 6 
Relative size of pulverizer...... 1.5 3.2 7.0 10 2.0 4.3 @ Converted from German No. 70-screen data. 
Energy consumption, kwhr per 
ton (ball-type mill only; no . 


KGAP gar ten Couilansapend: grindability coal to various finenesses for a 5000-bhp gas turbine 


CO, GEN ORI) i600 once se 8.8 18.7 41 6.0 12.0 26.0 It will be of interest to compare the figures given in Table 2 
with results reported for the Anger mill summarized in ‘Table 3, 

Coaldale machine employed ten jets arranged circumferentially, and preliminary test results reported by Dr. Yellott indicating 4 
discharging radially. consumption at a fineness of 60 per cent through 200 mesh of 2000 
The fineness of the product and energy consumption of these — lb of air per ton of a coal whose grindability was not stated with 
machines increase with increasing load, a behavior quite opposite _an air excess pressure of about 75 psi over the combustion-chall- 
to that of mechanical pulverizers. The energy requirements, as ber pressure. If the combustion-chamber pressure is 75 psi, 
may be seen in Fig. 4, are high and quite comparable to those — the energy chargeable to the pulverizer, assuming a 90 per cell! 
reported by Dr. Yellott for his interesting coal ‘‘atomizer.”’ booster-blower motor efficiency, and 80 per cent booster-blowe! 
While these machines are peculiarly suited to the gas turbine _ efficiency, would be 24.2 kwhr per ton booster-blower motor input. 
and high-pressure gas generation, they still have to compete with An additional kwhr per ton must be charged for the extremely 
the low-energy-consumption mechanical pulverizers as may be _ fine feed required to pass through the small steam nozzle of the 
seen from Table 2, which is a comparison of the probable per- atomizer. This performance, considering the low fineness of 6? 
formance of various types of pulverizers when pulverizing, respec- per cent through 200 mesh, is not as good as reported for the 
tively, dry (3 per cent moisture) 50 per cent and 100 per cent low-pressure-jet Anger mill. The energy of consumptions of the 
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Kollbohm mill, for which no corresponding fineness figures were 
given, and of the Coaldale pulverizer grinding anthracite to 
almost 90 per cent through 200 mesh were much higher. 
Mechanical pulverizers for a given fineness appear to be more 
economical and this will encourage the development of pres- 
surized designs for gas-turbine application. However, the jet 
mill, while not too attractive for boiler firing, appears to be 
definitely in the race for gas-turbine and gas-manufacturing ap- 
plication where the pulverizing medium can be utilized in the 
process, and deserves further development and study to raise its 
fineness characteristics and reduce its energy requirements. 
For fine grinding, such as is visualized for the gas turbine, large 
pulverizers with large energy requirements appear necessary. 
Jet mills appear to have a future in this field if they can be made 
to produce the required fineness with energy requirements com- 
parable to those obtainable with mechanical pulverizers which 
at present appear to require less than one half the power. 
Pressurized mechanical pulverizers appear to be feasible and 
would be more economical for the time being. 
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Future Trends in the Appli- 
cation of Coal-Burning 
Equipment 


By F. W. ARGUE,’ BOSTON, MASS. 


" by John I. Yellott, 
Publication No. 2086 in Coal Technology, 


N attempting to predict the future trends in any particular 
field, it is necessary to consider two major factors: (1) The 
trends that have been evident over a significant period up to 

the present; and (2) the influence that would be exerted by pos- 
sible improvements in methods. 

Most of the present trends in the application of coal-burning 
equipment to large power boilers have developed from the war- 
time necessity of burning a wide variety of coals, usually of pro- 
gressively deteriorating quality. Plants which were limited by 
design to a comparatively narrow range in fuel selection, and were 
cut off from their normal source of coal, were forced to curtail 
production in order to operate with unsuitable fuel. However, 
other plants having boilers, furnaces, and pulverizers of more lib- 
cral design, demonstrated their adaptability to the different types 
of coal. The fact that there were such plants is due to the fore- 
sight of those engineers who have advocated flexibility of coal se- 
lection for many years, 

With the wartime experience fresh in mind, it is to be expected 


' Power Engineer, Stone & Webster Engineering Corporation. 


that the trend toward more liberal design will continue. The unit 
capacity should be selected carefully to suit the load-duration 
pattern of the plant, especially in pulverized-coal firing for indus- 
trial applications. Otherwise, the furnace cooling required for 
full-load operation might result in unstable ignition at lower rat- 
ings. 

In the small- and medium-capacity-boiler field, the develop- 
ment of spreader stokers has removed some of the limitations 
that formerly existed. It is evident that many of the advantages, 
which hitherto have been considered as available only in pulver- 
ized-coal installations, can be obtained with the spreader stoker. 
It might safely be assumed therefore that this type of stoker will 
find increasing favor with operators of small- and medium-sized 
boilers. 

Regardless of the type of stoker elected, however, there has been 
a strong trend toward more careful co-ordination of furnace cool- 
ing with the rate of heat release. This has made possible the use 
of coal that otherwise would be unsuitable as well as longer periods 
of trouble-free operation at high rating. It is expected that. this 
trend not only will continue but will become an integral part of 
stoker-fired boiler-design procedure. 


TREND OF IMPROVEMENTS IN EQUIPMENT AND METHODS 


The influence of improved equipment or methods on future 
trends in coal burning, will of course depend upon how effective 
such improvements might be in alleviating present difficulties. 
Radical departure from current practice is always possible but, 
usually, progress is made along evolutionary lines so it may be 
assumed that plant designs eliminating many of the “‘sore spots’ 
in fuel-burning systems will become more general. 

A feature that probably will receive more attention is coal 
handling. The general use of fine coal, particularly when frozen 
or wet, has necessitated a disproportionate amount of manual 
labor to accomplish what should be a comparatively simple ma- 
terial-handling job. Equipment manufacturers, co-operating 
with power-plant designers, should be able to help this situation. 

Probably a more serious problem is that of ash disposal. Too 
frequently in the past, this has been approached from the 
negative viewpoint that ash should not be allowed to accumulate 
where its presence would interfere with operation, and, if a portion 
could be removed readily from ash hoppers and the balance went 
up the chimney, the installation was considered ‘satisfactory. 
Subsequently, if stack discharge created too much of a nuisance, 
some type of collector would be installed partially to correct the 
trouble. It would appear that a more logical approach-would be 
to design the flue-gas cleaning equipment as part of the station, 
making sure that its efficiency would be maintained throughout 
the entire expected load range and with the highest percentage of 
ash in coal that could be tolerated by the combustion system. 

The ash problem does not stop with clean stacks. Higher veloc- 
ity over convection surface of the boiler and heat recovery equip- 
ment has introduced additional difficulties, owing to ash erosion, 
which are multiplied with high-ash coal, especially when the ash 
has an unusually erosive character. It is expected that the trend 
toward higher velocity of gas flow will not continue as the ad- 
vantages of higher rates of heat transfer in the convection sections 
are offset by the danger of forced outage due to tube cutting. 

In this connection, the experiments with the so-called cyclone 
furnace will be watched with great interest. The objectives of 
this design are highly desirable because the major portion of the 
ash is removed before the gases enter the convection section. 

Summarizing, it might be expected that coal-burning systems of 
the future will be more flexible as to coal selection, the various 
pieces of equipment will be better co-ordinated, and many of 
the present. difficulties will be overcome as advances in the art 
bring forth their solutions. 
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This is a progress report for Project No. 29 of the Joint 
5A.S.7.M.-A.S.M.E. Research Committee on the Effect of 
“Temperature on Properties of Metals. It is concerned 
‘with a program of tests adopted by the Manufacturers 
Standardization Society of the Valves and Fittings Industry 
‘in co-operation with Project No. 29 to obtain information 
on the graphitization of steel castings. The investigation 
involved certain steels of types incorporated in A.S.T.M. 
“Specifications A217 covering pressure alloy castings suita- 
‘ble for fusion welding. The study has now extended over 
more than a year. 


with the study of castings, was presented at the Society’s 
: Annual Meeting in 1945. This report described the 
“test castings, the preparation of weld-bead specimens for aging, 
Sand the materials involved. Aging periods up to 6000 hr were 
Treported to have produced graphitization in aluminum-killed 
carbon-molybdenum steel melted by various electric processes. 
‘At the time of this previous report, no graphitization had been 
observed for chromium-molybdenum-steel samples containing 
| ented contents in the range of 0.43 to 0.70 per cent. It was 
‘reported that carbon-molybdenum samples normalized after 
deposition of weld bead had developed graphite in the heat-affected 
zone. The data had not indicated any preference between acid 
arc, basic are, and induction melting in so far as graphitization is 
concerned, 


\ PREVIOUS progress report’ for Project No. 29, concerned 


At the present time, further observations upon these cast- 
steel specimens are available for aging periods up to 10,000 hr. 
Tables 1 and 2 show analyses, MeQuaid-Ehn structure, and ap- 
praisals on the indications of graphite after various aging periods 
sat 1025 F. A few photomicrographs are included to illustrate 
Pegraphite identified in some of the chromium-molybdenum-steel 
#samples. 

For the purpose of discussing the current indications of these 


y data, the cast steels represented may be treated in several groups 
as follows: 


> | Carbon-molybdenum steel, treated with 2 lb of aluminum 
per ton, containing chromium ranging from 0.01 to 0.07 per cent. 
> 2 Carbon-molybdenum steel, treated with 2 Ib of aluminum 
) per ton, containing chromium ranging from 0.17 to 0.35 per cent. 

3 Chromium-molybdenum steel, treated with 2 lb of akaminum 
per ton, containing chromium ranging from 0.43 to 0.70 per cent. 


. 
4 Carbon-molybdenum steel, treated with !/. lb of aluminum 
per ton, 


i Materials Research Engineer, Crane Co. Mem. A.S.M.E. 

® Assistant Materials Research Engineer, Crane Co. 

3 ‘Studies on Susceptibility of Casting Steels to Graphitization,” 
by J. J. Kanter, Trans. A.S.M.E., vol. 68, 1946, pp. 581-587. This 
progress report also comprises an appendix to the committee's report 

Hof June, 1946, to A.S.T.M. 

) Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee 

on kffect of Temperature on Properties of Metals, and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1946, of 

Tue AMERICAN Society OF MECHANICAL ENGINEERS. 
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Mol the Society. 


Studies on Susceptibility of Casting 
Steels to Graphitization 


3 By J. J. KANTER! ano E. A. STICHA,? CHICAGO, ILL. 


5 Carbon-molybdenum steel, treated with silicon only. 
6 Carbon-molybdenum steel, treated with 2 lb of aluminum 
per ton, normalized, and drawn after deposition of weld bead. 


Errect or Curomium ADDITIONS 


From a consideration of the data for groups Nos. 1, 2, and 3, 
an attempt has been made to appraise the effectiveness of chro- 
mium additions to carbon-molybdenum cast steels treated with 
2 lb of aluminum per ton. In Table 2 are listed the appraisals of 
the individual microexaminations of groups Nos. 1, 2 and 3 
samples at various aging intervals from 1000 hr to 10,000 hr. 
Estimates have been made of the portion of the carbon at the 
critical zone which has transformed io graphite. The graphitized 
portion is expressed in percentage and has been averaged for each 
group. Inspection of the cases in group No. 1 shows that at the 
end of 10,000 hr of aging at 1025 F, graphitization has advanced 
to a degree of unmistakable consequence. Groups Nos. 2 and 
3 began to show isolated nodules of graphite after 4000 hr of 
aging at 1025 F. Obviously, these latter two groups are much 
more resistant to graphitization than group No. 1. 
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AGING TIME IN HOURS 


Fie. 1 Reaction CurvES FOR GRAPHITIZATION AT 1025 F 

In Fig. 1, the average portion of carbon transformed to graphite 
has been plotted versus the aging time. A similar set of data 
for the Springdale pipe, proposed by Hoyt, Williams, and Hall,‘ 
are shown in this figure for comparison with the cast steels. It 
is quite apparent that cast WCl and WC3 steels are con- 
siderably more resistant to graphitization at 1025 F than the 
Springdale pipe. 

The group No. 1 steels present a reaction curve which tends to 
confirm the conception that graphitization proceeds according to 
a nucleation and diffusion process. The curves for groups Nos. 
2 and 3 are not as well defined as that for group No. 1; the seg- 
ments determined in 10,000 hr of aging seeming to represent 


‘Summary Report on the Joint E.E.I.-A.E.1.C. Investigation of 
Graphitization of Piping,’ by 8S. L. Hoyt, R. D. Williams, and A. M.. 
Hall, Trans. A.S.M.E., vol. 68, 1946, pp. 571-580. 
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TABLE 1 CHEMICAL ANALYSES OF CAST CARBON. MOLYBDENUM STEELS FOR PROJECT NO. 29 GRAPHITIZATION 
USCE PTIBIL ITY TESTS 
Aluminum Additions 18 ys Ib per ton 
,C, F 2 per ton 
Al Al Acid Gra- 
silmn| s | | cr | Mo} cu Other Addi tions 
1A’ 32 |.66 |.038 |.037 |.25 | -40 54#/Ton Carbortan 
1B 30 |. 70 |.034 |.041 |.25 -04 1.40 .055 16% Ti 
1C 42 |.60 |.034 |.037].21 .61 |.45 1 Ca Si 
PA 28 |. 57 |.028 |.031 |.22|.08 |.05 |.43|.04 -9223 |.021 
2B .29 |.58 |.028|.030/.21|.10 |.01 |.44].04 -063 -0108 |.013 
2C 35 |.72 1.031 |.033|.26|.17 |.44 |.43].09 -9186 |.029 
2E 34 |.72 |.031 |.033|.271|.09 |.43 -016 |.043 
48 |. 67 -10 |.53 
2A 1.19 Al/Ton 
|.62 -05 |.57 (Total) 
3B |.48 |.67 .23 -10 |.53 
40 |.67 20 1.57 
|.62 oi? .54 |.54 
-40 .59 |.57 ell 
. 48 |.67 -10 |.53 
235 |.64 -20 |.57 02 Al/Ton 
4A _|.30 |.58|.037|.024|.20].11 |.07 |.43].05 
4B . 30 |.58|.037 |.024|.20].11 |.07 |.43].05 
4C .41 |.68|.034|.022|.24].05 |.43 |.43].07 
4D 30 |. 58 |.037 |.024|.20|.11 |.07 |.43].05 
4E -41 |.68|.034|.022|.24|.05 |.43 |.43|.07 
|.68 |.934|.022|.24].05 |.43 |.43].97 
SA 31 |. 581.036 1.027 |. 251-046 |.023|.54 1.050 
SB 31 |. 58 |.035|.027|.25|.046|.033|.54 |.050 
5C |.60 |.037 |.023|.20 |.0521.56 |.54|.055 
5D . |.%1 |.050 
SE -27 |.60|.037|.023|.20|.052|.56 |.54|.055 
5G |.60 |.54|.055 
{6B |.63|.006 |.033|.24|.29 |.25 |.54[.10  |.008 
6C 32 |.70|.038|.022|.17|.31 |.57 |.48|.12 -952 | .040 |.012 
6D 64 |.62|.006|.032|.24].29 |.25 |.54].10 2929 | .919 |.010 
7A .441.701.015|.024|.26| 0 |.03 |.49|.36 
7B |.05 |.46|.33 
7C .44 |.661.015|.024|.26|.le |.52 |.47|.33 
Br 40]. 46/.026].023/.19].25 |.34 |.52].13 .046 | .033 |.013 
39 |.47|.026|.023|.19|.25 |.70 |.53|.13 .047 | .032 |.015 
SDI |.46|.026|.023|.19|.25 |.34 |.52|.13 .024| .018 |.009 
BDIsl |.46|.69|.026|.032|.24|.26 |.34 |.54/.10 .012 |.010 
7AL .37 |.68|.027|.023|.24] 0 |.03 |.52].10 
. 36 |.66|.028|.025|.231| 0 |.03 
40 |.66|.030|.023].23| 0 |.50 |.52].07 
.47 |.60|.032|.023|.20] |.05 [.§0[.13 
6DIs | -36|.64|.006|.033|.24|.29 |.27 |.54].09 | .019 |.910 
ise 1371.62 -61 |.57 Al/Ton 
38 |. .028|.020].23 |.51 2 Al/Ton 
7B° . 40 |.62] .032|.016].22 |.47 
-19 |.68}.910}.011 |.35|Tr. |.34 |.60 4 1/2# Al/Ton 
x -36 |.55|.024|.022 |.21 -29 |.50 2 1/2# Al/Ton 


®@ These analyses furnished by the various co-operators. 


scarcely more than the nucleation stage and suggest that much 
longer aging periods will be required to determine accurately 
the upward sweep of these chromium-bearing steels. 

The data represented in Fig. 1 unquestionably demonstrate 
that a small chromium content retards the rate at which graphite 
forms in cast steel containing 0.5 per cent of molybdenum and 
treated with 2 lb of aluminum per ton. A chromium content of 
0.5 per cent, however, cannot be considered sufficient to inhibit 
adequately the formation of consequential amounts of graphite 
at 1025 F, if the indicated trends be extrapolated toward long 
periods of time. 

The curve for group No. 4 steels, treated with '/2 lb of aluminum 


cent chromium. 


per ton, are seen, in Fig. 1, practically to coincide with that \ i 
group No. 6 steels which were normalized and drawn after well | 
Furthermore, the curves are seen to lie intermediate! 
between the curves for WC1, treated with 2 1b of aluminum per | 
and WC1, treated with 2 lb of aluminum per ton plus 0.29 7 
Estimate of the “half graphite’ 
groups Nos. 4 and 6 indicates that the effectiveness of eit | 
treatment increases the resistance about the same as an addi! 7 
of 0.15 per cent of chromium. Thus, while such measures 
to be helpful in establishing greater stability, they do not "| 
of themselves sufficient to gain adequate serviceability. 

The group No. 5 results shown in Table 2 for the steels ef 
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TABLE 2 ESTIMATED PORTION IN PER CENT OF CARBON TRANSFORMED TO GRAPHITE FOR WC1 AND WC3 CAST 
STEELS AGED AT 1025 F 


Grain Aging Time in Hours 
Mark  Cr_ Size [1000 |1500)| 2000] 3000 | 4000| 4500/| 5000} 6000} 8000 {9000} 10000 
1B Fine| 0 0 10 
Group #l 2B Si SO 75 80 
Cl-Deoxidized [4B -07 | 6-71] 10 25 50 75 
with 2 lbs. 5B -03 0 3] 50 75 75 
Aluminum per 7B 295 8 10 25 50 75 
ton. 7BI -03| 8-9 35 75 100 
verage|.04 8 10 13} 25] 38 | 48 | 58j 65 75} 80 
Group #2 6B 25/ 6-8] Oo} 2 20 
WCl plus 1/4% 6BI -34| 6-8 0 0 ; 
Chrome and de- 7B 1? 0 0 0 0 0 
2 1b. Aluminum 7C° -35| 8-9 0 10 20 
per ton. 7X 29 8 10 
verage|.29 8 ) ) 0 Oo; O 0 2 4 8 11 
1C -61 | Fine| 0 
2c 44 (9) 0 il 2 
Group #3 4C 43 0 0 
WC3-Deoxidized 5C oO} 1 0 
with 2 lbs. 6C -57 | 8-9} 0O Oo} 10] O 2 2 
Aluminum per 7C -52 | 8-9 0 10 
ton. 6CI «70 7-9 (9) 0 
7CI -50 | 8-9 0 
Average!.53 | 8-9] 1 1 1 2 
95 fe) 0 
Group #4 2A -05 0 0 50 
WC1-Deo xi dized 4A 07 6 0 ie) 24 
with 1/2 lb. 5A 203 0 0 2 
Aluminum per 7A -03 | 7-8 fe) 0 20 
ton. 203 0 30 50 
5E 56 1 5 0 
verage|.09 0 §{ 10] 13 22] 27 
7D -05 | 3-5 0 0 
Group #5 6DIs |.34/} 3-5] 1 O| 2 10 0 
WCl-Deoxidi zed 6DI 234] 3-5 9 
with Silicon 6bIsI |.34} 3-5} 0O 
only 4G 043] 2-3} fe) 
Average! .30 4 0 0 0 0 0 
Group #6 1BH -04 0 0 5 10 
WC1l-Deoxidized 2BH 0 0 25 25 
with 2 lbs. 4BH -07 0 0 10 20 
Aluminum per 5BH 0 0 o| 2 10 50 
ton, Normalized | 6BH 225 0 15 15 
and Drawn after | 7BH -05 0 0 0 10 15, 
Welding 7BIH |.023 5 15 20 30 
verage |.07 fe) 1 1 li 2 7112] 16 20} 25 29 


oxidized with silicon only, seem to be showing exceptional sta- 
bility. None of the samples in this group has exhibited as yet any 
persistent tendency to develop graphite. Unfortunately, how- 


ever, as was pointed out in the previous progress report, these 
castings are not free of “pinholes.” 


More ALLoyep Compositions UNpER Test 


Although final conclusions may not as yet be drawn from the 
data presented in Fig. 1, the actual findings indicate the impor- 
tance of extending the studies to include certain other steels not 
embraced in the original program of tests. At the time this 


program of aging tests was undertaken, it was anticipated that 
the addition of 0.5 per cent of chromium to the WC1 composition 
might furnish a readily weldable casting steel suitable for the re- 
quirements of steam-power-plant piping to operate in the range 
of temperature from 900 to 1000 F. Now that test data indicate 
the possibility that another year or two of aging may dispel such 
an expectation, it becomes highly urgent that the stability of 
more highly alloyed casting steels be appraised. Some tests of 
such steel have already been undertaken by the M.S.S. group and 
others are to be prepared. The more highly alloyed compositions 
particularly under consideration are grade WC1 of A217, plus 
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“Contact”’ Zone 


1/1. In. From ‘“‘Contact’”’ Zone, Base- 
Metal Side 


10,000 Hr at 1025 F 


500 
1/g In. From ‘‘Contact’’ Zone, 
Base-Metal Side 
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1 per cent of chromium, grade WC4 (Ni-Cr-Mo) of A217, and 
grade C3A of A157, containing 1'/, to 2'/, per cent chromium, 


compatible with acceptable welding characteristics. 

If these steels prove to present a greater order of stability 
against graphitization than the present grade WC3 ('/, per cent 
Mo -!/2 per cent Cr), aging tests upon them at 1025 F cannot be 
expected to afford impressive information on the prospects of 
200,000 hr of serviceability for several years to come. It is 

therefore now under consideration to undertake the additional 
aging of some of these new steels of richer alloy content at 
1100 F. According to the temperature relationship presented by 
| Hoyt, et al,‘ indications at 1100 F may be expected to develop 
in about one third of the time required at 1025 F. This would 
mean that a temperature of 1100 F on higher alloys may not be ex- 
pected to yield stability criteria of interest for at least 2 years. 


'1/, per cent molybdenum, but restricted to a carbon maximum. 
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Samples of the present WC3 composition under test are also 
included in the 1100 F aging tests to afford a means of correla- 
tion between the more highly alloyed steels and the 1025 F data. 
Significant indications for WC3 samples at 1100 F should be 
available in about a year if the temperature relationship estab- 
lished at Battelle for carbon-molybdenum pipe also holds valid 
for the cast chromium-molybdenum steels. 
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Starting with the failure of a welded joint in 1943 in a 
igh-pressure steam line of the Springdale Station of the 
Jest Penn Power Company, many studies have been con- 
ucted on graphitization of welded carbon-molybdenum 
iping. The present report of an investigation of joints 

high-pressure piping of stations of the Philadelphia 
lectric Company sought. solutions to three problems: 
amely, (1) Was graphitization present and if so to what 
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_ Discussion of Investigations 


HE power industry is indebted to the West Penn Power 
Company for its frank disclosure, early in 1943, of the fail- 
ure of a welded joint in a high-pressure steam line of its 
pringdale Station. 
graphitization which, up to that time, had not been known to 
ist in the welded construction of carbon-molybdenum piping in 
igh-temperature steam service, and it came as a distinet shock 
the industry. 
»The decision of the Edison Electric Institute and the Associa- 
fon of Edison Illuminating Companies jointly to institute a fun- 
mental research program with Battelle Memorial Institute was, 
if course, a logical development of the experience and should pro- 
fide much basic data for use in new and replacement. designs. 
Bowever, the management of the Philadelphia Eleetrie Company 
; lieved it desirable to institute an immediate investigation of the 
felded joints in high-pressure piping in its own stations, and to 
arch for solutions to three distinct problems which, in its opinion 
quired early answers. These problems were as follows: 
1 Was graphitization present and if so to what extent had it 
ected the safety of the pipe? 
/2 If the welded piping appeared to be in safe operating con- 
ion, how long could it be expected to remain so? 
3 What was the possibility either of arresting or dissipating 
graphite by heat-treatment in the existing installations? 
‘he services of Dr. A. E. White and the research department of 
P University of Michigan were engaged to make the investiga- 
n for the Company, the results of which have been made availa- 
to Battelle Memorial Institute through the joint committee 
dying this problem. In this paper the research work carried 
by him and the University will be discussed. 
Mechanical Engineer, Philadelphia Electric Company, Philadel- 
Ma, Pa. Mem. A.S.M.E. 
Director of Engineering Research, University of Michigan, Ann 
bor, Mich. Mem. A.S.M.E. 
eye ys by the Joint A.S.T.M.-A.S.M.E. Research Committee 
7 <a on the Properties of Metals and presented 
g, New York, N. Y., December 2-6, 1946, of 
: AMERICAN SocreTy OF MECHANICAL ENGINEERS. 
OTE: Statements and opinions advanced in papers are to be 


erstood as individual expressions of their authors and not those 
he Society. 
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Report. on Graphitization Studies on High- 
Temperature Welded Piping of the 
Philadelphia Electric Company 


By E. L. HOPPING! anp A. E. WHITE? 


Examination of the failure disclosed a form , 


extent had it affected the safety of the pipe? (2) If the 
welded piping appeared to be in safe operating condition, 
how long could it be expected to remain so? (3) What was 
the possibility either of arresting or dissipating the graph- 
ite by heat-treatment in the existing installations? An 
outline of -the investigation is contained in the introduc- 
tory part of the paper, followed by a detailed summary 
of the tests made and the results achieved. 


and Company’s Conclusions 


By E. L. HOPPING! 


For investigation at the start of the program, early in 1943, 
the following materials were available: 


1 Carbon-steel welded pipe with 60,000 hr of service at a tem- 
perature of approximately 875 F and a pressure of 400 psi in 
Richmond Station. 

2 Carbon-molybdenum welded pipe, killed with 1.8 lb of 
aluminum per ton of steel, having 35,000 hr of service at a 
temperature of 900 F and a pressure of 1250 psi, in Schuylkii: 
Station. 

3 Carbon-molybdenum pipe, killed with '/2 Ib of aluminum 
per ton of steel, having 20,000 hr of service at 925 F and a pressure 
of 1250 psi in Chester Station. 


SAMPLING PROCEDURE 


Weld and pipe samples were taken from each of the stations. 
Very little graphitization has been found at Chester Station even 
up to the present time, but a substantial amount was present at 
Richmond and Schuylkill Stations. After 2 years of investigation 
of boat samples, taken from welds in the three stations, it be- 
came evident that examination of a small sample would not dis- 
close the uniformity or magnitude of graphitization throughout 
the weld. For instance, an examination in a boat sample of a 
given surface would indicate a certain amount of graphitization. 
Resurfacing the sample and examining it at a point a few thou- 
sandths of an inch from the first examination sometimes disclosed 
quite a different condition. Therefore it was decided to remove 
complete welds from the Richmond and Schuylkill Stations for 
laboratory examination. These welds now having 53,000 hr of 
service at Schuylkill, and 78,000 hr at Richmond were cut into 
quadrants, and the examination of these quadrants confirmed the 
belief already established that graphitization was far from uni- 
form throughout the weld. 

The irregular nature of graphitization in a given weld led to the 
decision to investigate the strength of a complete weld and its 
adjacent piping. The first thought was to make a tension test 
on a welded section of 12-in-diam, 15/;.-in. wall thickness, carbon- 
molybdenum piping to be removed from the Schuylkill steam 
line, but at that time there appeared to be no available tension- 
testing machine of sufficient capacity. Therefore a welded sec- 
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tion of the pipe having 53,000 service hr was removed from 
Schuylkill Station and a 4-ft-long section with a weld at the center 
was made in the form of a bottle for hydrostatic testing. Ex- 
amination of a boat sample from this weld, taken before the test, 
disclosed graphitization to approximately the same extent found 
in other welds having the same hours of service. This bottle was 
subjected at atmospheric temperature to a hydrostatic pressure 
of 8600 psi, producing a stress in the metal of about 33,000 psi, 
approaching its elastic limit. Since the test pressure was over 6 
times the normal service pressure, and no failure in the metal was 
indicated by a check of punch marks on the vessel or by observa- 
tion of the lime coating which had been placed on the vessel be- 
fore testing, it could be assumed that the weld and the pipe metal 
would be safe for operation. 

However, since it is probable that shock may have a very im- 
portant bearing in any failure of graphitized material, the vessel 
was then subjected to repeated hammer blows. These hammer 
blows varied in intensity from 35 to 150 ft-lb and were imposed 
directly on the weld while the vessel was under pressure. There 
was no indication of distress in the metal by reason of the hammer 
blows. 


TEsTING GRAPHITIZED SPECIMENS 


Shortly after the bottle test it was discovered that the Ameri- 
can Bridge Company at Ambridge had a 4,000,000-lb tension 
testing machine. Arrangements were made immediately to pull 
a section of the Schuylkill piping having a weld in its center. 
The test specimen failed at a stress of 41,600 psi in the pipe ma- 
terial well away from the weld, with a very brittle fracture which, 
it was thought, might be the result of the type and size of speci- 
men examined. The weld in this specimen, from which a boat 
sample had previously been taken, and the large size of the test 
specimen may have resulted in unequal stresses, causing a non- 
uniform and generally brittle fracture. Standard test specimens 
of the pipe metal in the vicinity of the fracture indicated that the 


Summary Report of Graphitization Studies on High- 
Temperature Welded Piping 


By A. E. WHITE? 


Saresult of the graphitization which was found in January, 
1943, in the steam-piping system at the Springdale Station 
of the West Penn Power Company, an examination was made by 
the Philadelphia Electric Company early in 1943 to determine if 
a similar condition was developing in its plants. Weld-prober 
samples, a typical example of which is given in Fig. 1, were re- 
moved from some of the welds in the Richmond, Schuylkill, and 
Chester stations. The piping at Richmond was carbon steel. 
Carbon-molybdenum steel, killed with about 1.8 lb of aluminum 
per ton was used in the Schuylkill Station. The steel in the 
Chester Station was carbon-molybdenum steel, killed with 0.5 Ib 
of aluminum per ton. 

The weld-prober samples permitted examination of the weld- 
deposited metal, the heat-affected zones, and the adjacent pipe 
metal, Fig. 1. The worst conditions found in the three stations 
at that time are given in Figs. 2, 3, and 4. Sufficient graphitiza- 
tion was found at the Richmond and Schuylkill Stations to war- 
rant further studies though little evidence of graphitization was 
found at the Chester Station. Accordingly, a comprehensive 
program was undertaken directed toward the following six ob- 
jectives with much of the work concentrated on the carbon- 
molybdenum steel from the Schuylkill Station: 


material had a higher tensile value and reasonable ductility in- 
stead of the brittle nature indicated by the full-sized test. i 
It was next decided to make a similar test on an unwelded speci- | 
men from an unused piece of Schuylkill piping from the same } 
heat of steel. This test indicated good ductility, and the specimen | 
failed at a stress of 47,500 psi. Because of the wide differences jn | 
the results of the two specimens, a third test was made on an un- | 
welded specimen from Schuylkill piping, but which had been in 
service for 53,000 hr. This test also disclosed good ductility and 
the specimen failed at a stress of 51,440 psi. The results of these 
tests and of laboratory examination of the specimens will be | 
further discussed by Dr. White. 
Because it realizes the great importance of a decision relating to | 
continued use of piping having graphitization of the magnitude | 
discovered during this investigation, the company carefully con- 
sidered the facts disclosed, which may be summarized briefly as 
follows: 
Laboratory examination disclosed areas of pronounced graphi- 
tization in heat-affected zones of welded pipe, but the magnitude 


of graphitization was by no means uniform. 

In a few instances, certain tests indicated reduced physical |) 
strength in the graphitized pipe, but the preponderance of evi- | 
dence was that the material still retained good physical character- 
istics. 

The hydrostatic, tension, and shock tests of full-scale specimens, 
followed by laboratory examination of these specimens, indicated | 
good physical characteristics. i 

Therefore, based upon findings in the laboratory, and becaus } _ : 
of assurance given as to safety of the pipe by practical and labo P!Und it 
ratory tests made on full-scale specimens, the final decision ha J 8°2¢™! 
been to continue the use of this pipe. However, annual examins- p/°! Welds 
tions will be made of some of the welded joints to determine if affected 
there has been any further change in graphitization or the strength weld-de 
of the metal with continued service under combined temperature The ' 
and stress. ‘graphite 
graphite 
‘difficult 
same he 


Fic. 


1 The extent of graphite development in the piping system 
2 The degree to which the serviceability of the pipe, as dete 
mined by physical tests, had been affected by graphitizatio. ) 
3 The degree to which deterioration by graphitization mig FJ 
increase during further service. | 
4 The rate of graphitization of new welds in used pipe. ; 
5 The possibility of restoring the properties of graphitis! 
sections by heat-treatment. F 
6 The best heat-treatments to use subsequent to welding” p 
alleviate hazards resulting from graphitization. 


Extent or GraPHITE DEVELOPMENT 


A wide range in types of gaphite and in the extent of devel 
ment was found to exist between welds, around the circumfert [ 
of individual welds, and through the wall of the pipe. The ro 
dividual graphite flakes were not connected for any appreciate Fi 
length nor were they extensive in any direction. The obse* [7 
tions made were from an examination of the Schuylkill piping a : 
though, as a result of a general examination of the piping 2 f 
Richmond Station, the same general conditions were foul "f 
exist in that station as in the Schuylkill Station. i 

Types of Graphite. Three conditions of graphitization wer 


Fi 


} ‘ 
mre se 
‘ | 
« a 
( | 
j 
% 
= 
| 
fs 
| 


n- 

ie 

in 

in 

id 

se 

to 

de 

N- 

as 

ral 

vie 

| 

ns, 

oi 

at 900 F; 

se 

)o | found in the various samples examined, i.e. (1) no graphite, (2) 

as general graphilization in pipe metal and in the heat-affected zones 

ng (0! Welds, (3) segregated graphite at the outside edge of the heat- 

a fected zones of the welds. In no case was graphite found in the 

metal. 

ure BP The service life may not have been sufficiently long to develop 
‘graphite in some cases. Those examples where considerable 
graphite occurred on one side of a weld and none on the other are 
‘difficult to explain, especially when the two pipes were from the 
same heat and lot of steel. 
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WeELp-PROBER SAMPLE OF CARBON-MOLY STEEL Pipe TAKEN FROM THE SCHUYLKILL STATION AFTER 35,000 Hr or SERVICE 


X2"/2 


General graphitization was of the nodular type, with little or 
no segregation in the heat-affected zone of the welds. The amount 
of graphite varied from a few small nodules to cases where almost 
all of the carbide grains had small nodules of graphite. 

Segregated graphite was confined to th outside, or low-tem- 
perature edge of the heat-affected zones of the welds. Various 
degrees of segregation existed from the few isolated nodules 
shown in Fig. 5, to a fairly heavy concentration of nodules such 
as is shown in Fig. 6, to the more continuous flakes (which ap- 
proach the condition known as “‘chain” graphite) shown in Fig. 7. 


Fic. 2. Most Exrenstve Grapuire Founp CARBON-STEEL Pipe or RICHMOND STATION IN May, 1943, AFTER 60,000 Hz 
Service at 875 F 
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X100 1000 


Fic. 3. Most Extensive Grapuite Founp tn HiGH-ALUMINUM CarRBON-MOLY STEEL Pipe or SCHUYLKILL STATION IN APRIL, 1943, 
iebtinn Arter 35,000 Hr or Service at 900 F 
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Fic. 4 Most Extensive Grapuite Founp 1n Low-ALuminuM CarBon-Moty Sree. Pipe or STATION IN 1944, 
24,860 Hr or Service at 900 F 
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Fic. 5 Stigut SEGREGATED GRAPHITE IN HEAT-AFFECTED ZONE OF WELD IN CARBON-MOLY 
Arter 35,000 Hr or Service at 900 F 


100 


Steet Pipe or ScHUYLKILL STATION 


X 1000 


Fic. 6 Heavy Secrecatep Grapuite or Noputar Type tn Heat-ArrecTtep ZONE oF WELD IN CaRBON-MOLY or 


KILL Station Arter 35,000 Hr or Service at 900 F 
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Variation in Graphite in a Single Weld. The degree of graphi- 
tization varied around the circumference and through the pipe 
wall of welds as well as from weld to weld. 

Such variation around the circumference of the heat-affected 
zone on one side of a single weld is shown in Fig. 8. The most 
severe local area of graphite in the quadrants varied from the 
semichain type to a rather light nodulation type. There was 
also considerable variation through the pipe wall. In many 
samples the amount of graphite decreased from the outside to the 
inside surface of the pipe. 

In the other heat-affected zone of the weld, shown in Fig. 8, 
the degree of graphitization was considerably less, see Fig. 9, even 
though both pipes were from the same lot of pipe and heat of steel. 

Very nearly identical variations in the amount of graphite were 
found in a similar weld used for the full-size pipe test. 

The types of graphite formed at these welds where the pipes 
were from the same heat of stee] and had been in service for the 
same time periods were always associated with certain types of 
microstructures in the pipe metal. The chainlike graphite al- 
ways appeared where the pipe metal had a Widmanstitten or 
Widmanstiitten-pearlitic type of carbide structure similar to that 
shown in photomicrographs (a) or (b), Fig. 8. The nodular type 
was associated with the “lacy” structure shown in Fig. 9. There 
were various degrees of development of these structures which re- 
flected in the graphite type at the heat-affected zone. Usually 
the lacy structure would be associated with graphitization of 
the pipe metal whereas there would be no graphite in pipe metal 
with the Widmanstitten structure. 

Continuity of Graphite Flakes. The continuity of the graphite 
flakes in those zones where chainlike graphite was present was a 
matter of considerable concern. All of the photomicrographs 
thus far shown were taken on a cross section through the weld 
heat-affected zone and pipe metal. In Fig. 10 the graphite 
distribution in the plane of the heat-affected zone is shown for the 
same sample used for Fig. 8.3. This photomicrograph illustrates 


3 The sample was macroetched, the plane of the heat-affected zone 
marked off and then a surface carefully ground so as to make the heat- 
affected zone the polished surface of the sample. 


per 


x 100 


the point that even in the most severe cases of chainlike graphite 
there was no appreciable extension of the flakes in any direction 
and they were not continuous. This photomicrograph also 
shows why there can be pronounced variation in the amount of 
graphite in any one small sample in successive layers only a few 
thousanths of an inch apart. 

Graphitization at the welds in the carbon-molybdenum pipe 
lines of the Schuylkill Station was variable. Premature con- 
clusions of an erroneous nature could very easily be made from 
single samples such as are obtained from weld-prober samples. 
This could yield a false sense of security if the sample happened to 
be from an area where only a slight amount of nodular graphite 
was present. Undue concern could also develop if the sample 
was from an area of chainlike graphite. 


— 


Tue Decree TO WHICH THE SERVICEABILITY OF THE Pipe, 
AS DETERMINED BY PuysicaL Tests, HAD BEEN 
AFFECTED BY GRAPHITIZATION 


Naturally the main concern with respect to the effect of graphi- 
tization on the piping systems at the Richmond, Schuylkill, and 
Chester stations of the Philadelphia Electric Company was the 
extent to which the properties of the pipe or the welded sections 
of the pipe had been adversely affected. 

Initially, this was done by means of bend tests on boat samples 
but, because of the shape of the boat samples, it was impossible 
to do this work with any degree of accuracy. 

As a second step, small tensile impact tests and bend tests were 
made from weld-prober samples cut through the heat-affected 
zones of the pipe welds from the Richmond Station, which pipe 
was made of plain-carbon steel. Of the four impact tension 
samples tested, two broke at the weld and two in the heat-affected 
zone. The properties of the samples which broke in the heat- | 
affected zone were exceedingly poor. A few bend tests were run 
on the same material, together with a specimen of a 1050 carbon 
steel and of a carbon-molybdenum stee]. The results of the tests 
on the material from the Richmond Station were of a low order. 
The tests on the 1050 carbon steel and on the carbon-moly> 
denum steel showed excellent properties. 


x 1000 


Fic. 7 CHAINLIKE SEGREGATED GRAPHITE IN Heat-AFFrECTED ZONE OF WELD IN CARBON-MOLY STEEL Pips or SCHUYLKILL 
Station ArTer 35,000 Hr or Service at 900 F 
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TABLE 1 TENSILE AND BEND-TEST DATA FROM RICHMOND STATION GRAPHITIZED 
STEAM-LINE WELD 


Tempera- Tensile Elongation Reduction Location 
ture, strength, in 2 in., of area, of 
Quadrant deg F psi per cent per cent fracture 
Unwelded new pipe @ Room 70900 35 
Quadrants {1 oom 51300 12 11.4 O-HAZ 
from 2 oom 57700 17 17.5 O-HAZ 
welded Room 48900 10 5.4 O-HAZ 
section (4 Room 51900 ll 6.5 O-HAZ 
Quadrants {1 875 35000 24 21.8 P-HAZ 
from 2 875 37300 31 39.7 P-PMb 
welded /|3 875 35500 35 36.2 P-PMb 
section 4 875 35650 38 59.2 P-PMb 
' Pipe material (Quadrant No. 2) 
“O” side Room 51650 41.0 66.1 
“P" side Room 51125 35.5 58.3 
Angle of 
Location of bend before 
side bend test cracking 
Quadrants {1 Room Weld metal 126 O-HAZ 
from 2 Room Weld metal 180 O-HA 
welded |3 Room Weld metal 113 O-HAZ 
section (4 Room Weld metal 113 O-HAZ 
Quadrants [1 Room O-HAZ 180 O-HAZ 
from 2 Room O-HAZ 54 O-HAZ 
welded Room O-HAZ 35 O-HAZ 
section (4 Room O-HAZ 180 O-HAZ 


a As reported by steel mill. 


+ Fracture actually started in P heat-affected zone but then passed through the pipe metal. 


Note: Tensile Specimens: 
O-HAZ = O side of weld in heat-affected zone. 
P-HAZ = P side of weld in heat-affected zone. 
P-PM_ = P side of weld in pipe metal. 


1.250 in. wide X 0.750 in. thick X 3 in. gage lengt 


TABLE 3 TENSILE AND BEND-TEST DATA FROM SCHUYLKILL STATION STEAM-LINE 
GRAPHITIZED WELD 


Tensile Elongation Reduction Location 
Temperature strength, in 2 in., of area, of 
Quadrant deg F psi per cent per cent fracture 
Unwelded new pipe Room 57800-58350 35 
Quadrants {1 Room 58000 35 65.0 O-PM 
from 2 Room 59000 9 8.8 P-HAZ 
welded j|3 Room 58400 7 7.3 P-HAZ 
section (4 Room 59000 7 9.8 P-HAZ 
Quadrants {1 900 42500 35 66.0 O-PM 
from 2 900 + 40200 12.5 14.1 O-HAZ 
welded }|3 900 41700 24 22.1 O-HAZ 
section (4 900 39300 38 68.3 O-PM 
Angle of 
Location of bend before 
side-bend test cracking, deg 
Quadrants {1 Room Weld metal 87 P-HAZ 
rom 2 Room Weld Metal 142 P-HAZ 
welded |3 Room Weld Metal 79 P-HAZ 
section (4 Room Weld Metal 86 P-HAZ 
Quadrants {1 Room -HAZ 28 P-HAZ 
from 2 Room P-HAZ 49 P-HAZ 
welded (3 Room P-HAZ 46 P-HAZ 
section ([4 Room P-HAZ 28 P-HAZ 


a Original properties as reported for unwelded pipe in the section on ‘*Test Material.” 


ote: Room-temperature tensile specimen: 


900 F tensile specimen: 


: lin. wide X 1.17 in. thick X 3'/: in. long gage section. 
0.86 in. wide X 1.17 in. thick X 3'/3 in. long gage section. 


Weld metal and heat-affected zones were located in the center of the gage length. 
Ends of weld sample were arbitrarily marked ‘‘O"’ and “‘P’’ when sample was received. 


O-PM_ = O side of weld in pipe metal. 
P-HAZ = P side of weld in the heat-affected zone. 
O-HAZ = O side of weld in the heat-affected zone. 


TABLE 2 FREE-BEND-TEST DATA FROM THE RICHMOND 
STATION STEAM-PIPE WELD 
Angle of 
Temperature, bend before Location of 
Quadrant ie F cracking, deg fracture 

1 Room 85 O-HAZ¢ 

2 34 O-HAZ 

3 Room 27 O-HAZ 

4 Room 30 O-HAZ 


a ‘‘O” side of weld in heat-affected zone. 


As a result of these investigations, coupled with metallographic 
observations, it was decided to make a general investigation of 
the physical properties of the pipe and pipe welds from the Rich- 
mond Station, which study would involve tensile and bend tests, 
and to make a comprehensive study of the pipe and pipe welds 
from the Schuylkill Station. The studies on the pipe and pipe 
welds from the Schuylkill Station were to include tensile, impact, 
and bend tests; also a hydraulic test of a graphitized welded 
section which was to be tested at the plant of the M. W. Kellogg 
Company; and three tension tests on full-size sections of pipe 
to be made at the plant of the American Bridge Company, Am- 
bridge, Pa., followed by supplementary tests on the broken sec- 
tions of the pipe at the University of Michigan. The full-size 


TABLE 4 TENSILE AND BEND-TEST DATA FROM SCHUYLKILL 
STATION UNWELDED STEAM-LINE PIPE AFTER 53,000 HR OF 
SERVICE AT 900 F 


Tensile Elongation Reduction 
Temperature, strength, in 2 in., of area, 
eg F psi per cent per cent 
Room 54700 59 68.0 
41800 50 74.6 
Room Bent 180 deg in a side-bend test without cracking 
Note: Room-temperature tensile specimen: 1 in. wide X 1.17 in. thick 


X 31/2 in. long gage section. 
900 F tensile specimen: 0.86 in. wide X 1.17 in. thick X 31/2 in. long. 


tension tests were made on a weld section in which graphite had 
formed in the heat-affected zone, on a new unwelded pipe of com- 
position similar to that which was tested in the as-used condition, 
and, as a later development, on an unwelded piece of pipe which 
had been in service for 53,000 hr at 900 F. 

No extensive tests were made on the pipe from the Chester 
Station as the metallographic examination and such physica! 
tests as were made on the pipe and pipe welds from this station 
indicated no deterioration. 

Results of Physical Tests From Richmond Station. The results 
of the tests on the welded pipe from the Richmond Station which 
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had had 78,000 hr of service at 875 F are given in Tables 1 and 2. 
Fig. 11 shows a typical example of the structure found in the 
weld heat-affected zones. Table 1 gives the tensile and side- 
bend test results. 
that there was a deterioration in the tensile strength over the 
original material. One of the explanations, in addition to that 
based on the effect of graphitization, is that the metal has under- 
gone a change in metal structure due to service temperature over 
the operating life. There was an appreciable drop in elongation 
and reduction of area which, it is believed, was due in large part 
to the graphite in the heat-affected zone. 


In examining the tensile tests, it was found. 
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No. 2 
(a) Most graphite found through 
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(b) Least graphite found through 


Fic. 8 VARIATION IN THE DEGREE OF GRAPHITIZATION AROUND THE CIRCUMFERENCE OF ONE HeEat-Arrecrep ZONE OF A WELD !S 


Besides the tests at room temperature, tests were made at 875F 
the operating temperature of the pipe. The tensile strength 
showed an appreciable drop over the room-temperature restl!s 
with appreciable increases in elongation and reduction of at 
These findings are in line with what should be expected. 

The side-bend tests showed that two of the samples had dt 
teriorated considerably during service. The results are givel 
Table 1. Results of the free-bend tests are given in Table * 
On the basis of this latter test, three of the four samples showed 
considerable deterioration. Fig. 12 shows the appearance of the 
specimens after the side-bend and free-bend tests. 
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the pipe wall in each of four quadrants 
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Carson-Moty Sreex Pipe or Station Arter 35,000 Hr or Service at 900 F; X100 


Results of Physical Tests From the Schuylkill Station. Test re- 
sults from samples taken at a graphitized weld from the Schuyl- 
kill Station are given in Table 3. Fig. 13 shows a typical struc- 
ture found in the weld heat-affected zone. The tensile strengths 


were of a high order in the room-temperature tests, although the 
ductility of the samples from three of the four tests in these sec- 
tions was low. 

When tensile tests were made on the metal at 900 F, the ten- 
sile strength dropped, as was to be expected, with a fairly ac- 
ceptable increase in ductility. Side-bend tests of samples taken 
from the heat-affected zone of all of the samples indicated de- 


terioration of the metal in these sections, due, without doubt, 
to the graphite. 

For purposes of comparison with the metal given in Table 3, 
results of a tensile and bend test on an unwelded section of pipe 
which had been in service for 53,000 hr at 900 F, are given in 
Table 4. Although the tensile-strength values were approxi- 
mately the same, the ductility as expressed in elongation and re- 
duction of area is of a high order. 

Hydraulic Test. The hydraulic test was made on a welded 
graphitized section of pipe removed from the Schuylkill Station 
after 53,000 hr of service at 900 F. The pipe was converted into 
a bottle with welded ends. 
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Fic. 11) Typrcan Microstructure IN HeEAT-AFFECTED 
It was then subjected to a hydrostatic pressure of 8600 psi, 
producing a stress in the metal of about 33,000 psi, a stress which 
approached the elastic limit of the metal. 
times over the normal service pressure. 


The pressure was 6 
No cracks developed and 
no dimensional changes took place. 

The vessel was then subjected to shock while under stress; for 
the combination of shock and stress may have an important 
bearing on the failure of graphitized metal. The shock was de- 
livered by a very considerable number of hammer blows, imposed 
directly on the weld, varying in intensity from 35 to 150 ft-lb 
while the bottle was under a hydrostatic pressure of 8600 psi. 
Again no cracks developed nor did any dimensional changes take 
place in either the weld or in any part of the bottle. 

As a result of this test it was assumed that the weld, as it then 
existed, though graphitized, was safe for operation. 


Sipe-Benp Tesrs or Heat-Arrectep Zone or Ricu- 
MOND STATION Pipe 
(Quadrants Nos, 1-4 from left to right.) 
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Full-Size Tension Tests: 

Test on Graphitized Weld Section. Full-size tension tests were 
made on three sections of pipe from the Schuylkill Station. One 
was on a pipe in which there was a graphitized weld; another, 
on a new piece of unwelded pipe similar to that which was initially 
installed in the system; and the third, on a piece of pipe which 
had been in service for the same length of time as the section with 
the weld, i.e., 53,000 hr at 900 F. 

The results of the tension test on the full-size section of the 
Schuylkill pipe containing the weld were as follows: 


Tensile strength, Yield strength, Elongation, 
psi psi per cent in 2 ft 
41600 30000 4.7 


To the surprise of all concerned fracture occurred in the pipe 
metal between 1 and 2 in. away from the weld. Why failure 


Fig. 12(b) Free-Benp Tests ar Heat-Arrectep ZONE or Ricu- 


MOND STATION 
(Quadrants Nos. 1-4 from left to right.) 
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Fie. 138 TypricaL MiIcrRostRUCTURE AS FouND IN WELD HEAT-AFFECTED ZONE OF SCHUYLKILL STATION Pipe USED IN STANDARD AND 
Tension Tests 


should take place in the pipe section rather than in the graphi- 
tized weld section is not clear. It may have been due to a re- 
weld where a boat sample had been removed, imperfect alignment, 
though every effort was made to secure perfect alignment, changes 
in metal thickness, or stresses set up because of changes in metal 
thickness. 

The results are not believed to be fully typical of the properties 
of the pipe where failure took place because a complete examina- 
tion of the material from the broken halves of the full-size test 
pieces was made by means of standard tension tests and all of 
these tests showed the metal had excellent physical properties. 

In addition, four tension tests were made on the metal across 
the heat-affected zone for the purpose of determining the property 
of the metal in these particular graphitized zones. The results 
showed that the metal had good tensile strength though accom- 
panied with low elongation and quite low reduction of area. 

Test on New Pipe. The results of a tensile test on a full-size 
section of new pipe were as follows: 


Tensile Yield Elongation, Reduction 
strength, strength, per cent in of area, 
psi psi 4 ft per cent 
47500 29080 25.7 55.8 


This tensile-strength value appeared somewhat low so addi- 
tional tensile tests of smaller specimens cut from the broken 
halves of this test were made; the results were as follows: 


Tensile Yield Elongation, Reduction 
strength, strength, in 2 in., of area, 
psi psi per cent per cent 
60550 60200 44.2 68.0 


The difference between the results of the tests on the full-size 
piece of pipe and the results of the tests on standard-size speci- 
mens is difficult to explain. It may have been due to normal 
differences that exist in tests between sections on full-size pipe 
sections and standard test sections of the 0.505-in-diam or rec- 
tangular type of specimen; it may have been due to misalignment 
in the case of the test on the full-size piece of pipe, though every 


effort was made to make the alignment perfect, or it may have 
been due to minor fluctuating variations in wall thickness, or 
minor imperfections in the metal, or a combination of two or more 
of the foregoing conditions. 

Test on Used Pipe. A tensile test on a full-size section of used 
pipe that did not contain a weld showed physical properties of an 
order similar to that found in the test on the new pipe though 
with a somewhat higher tensile strength. 

The results of the test on the full-size section are as follows: 


Tensile Yield Elongation, Reduction 
strength, strength, per cent in of area, 
psi psi 4 ft per cent 
51440 29800 25.5 54.4 


The tensile strength shows a value that would normally be e- 
pected due to structural changes in the pipe metal as a result o/ 
service conditions at 900 F for 53,000 hr. 

Observations. In considering these findings with the emphasis 
on the properties of the material as a whole, it is quite apparen! 
that deterioration due to graphitization, although marked, is n0! 


as serious as might be inferred from the results of the metallo- : 
graphic examination, or the results of small-size tension, tensi0. | 


impact, or bend tests when the same are taken from sections whet 
the graphitization has been the most pronounced. 

The deterioration due to graphitization is manifest mainly 
loss of ductility and in resistance to impact. Though this iss 
matter which has received serious consideration, a number 0! 
factors must be taken into consideration in evaluating the results 

1 No fracture nor dimensional change occurred in the hydraulic 
tests even when accompanied by rigorous impact, in spite of the 
fact that the stresses approached the elastic limit. 

2 The results of the full-size tension tests on the welded 
tion must be considered. Instead of the pipe breaking at the 
heat-affected zone, as would normally be expected, it broke in the 
pipe metal; 2 in. away from the heat-affected zone. The reaso®, 
of course, for its breaking in this section are not clear. It mig 
have been due to an initial crack which might have started st* 
section from which a boat sample had been previously remov 
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(a2) Structure as removed from service after 35,000 hr at 900 F 
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(b) Structure after heating at 1100 F for 12,000 hr 
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Station aT 1100 F ror 12,000 Hr 


It might have been due to imperfect alignment, although every 
effort was made during the test to attain perfect alignment. It 
might have been due to the fact that the metal was thicker in the 
heat-affected-zone sections because of the overlay of weld metal, 
and this extra thickness prevented failure in this section, or it 
might have been due to stresses set up in the pipe because of 


marked change in metal thickness from the welded section to the 
Pipe section. 


At all even ts, the significant thing is that the welded pipe in the 


full-size tension test failed in the pipe metal in which there was no 
segregated graphite, rather than in the heat-affected zone where 
graphite existed. 


DEGRER TO WHICH DETERIORATION BY GRAPHITIZATION 
Mrieut INCREASE DuRING FuRTHER SERVICE 


Efforts were made to estimate the possible further increase in 
graphitization during service by means of heating small graphi- 
tized samples at 1000, 1100, and 1200 F for prolonged time periods 
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100 
(b) Welded, stress-relieved for 3 hr at 1300 F, and then heated for 12,000 hr at 1100 F 


(The pipe had been in service at the Schuylkill station for 35,000 hr at 900 F.) 
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Weld-prober samples were also removed at intervals from the 
pipe lines for this purpose. 

Accelerated Tests. Specimens containing chainlike graphite 
from a heat-affected zone of the high-aluminum carbon-molyb- 
denum pipe from the Schuylkill Station were subjected to pro- 
longed heating at 1100 F, to see if more continuous graphite 
would form. At no time, even after 12,000 hr of heating at 1100 
F, was there a noticeable change in the amount of graphite in the 
heat-affected zone, as is shown in Fig. 14. Carbide spheroidiza- 
tion and agglomeration did occur. In the adjacent Widman- 
stitten carbide areas of the pipe metal, small nodules of graphite 
formed in 1820 hr, and increased somewhat in size up to 2800 hr, 
after which there was no appreciable change, even after 12,000 
hr of heating. 

The graphite in the heat-affected zone did not change noticea- 
bly in 2500 hr at 1000 F, nor in 1000 hr at 1200 F. No graphite 
formed in the adjacent pipe metal during these same time periods. 

In the downstream heat-affected zone and pipe metal (see 
Fig. 9), there may have been a slight increase in the nodular 
graphite after 2500 hr at 1000 F, and 1000 hr at 1100 and 1200 F. 
Rapid spheroidization and agglomeration of carbides occurred in 
the 1000-hr heating at 1200 F. 

The absence of increased graphitization after prolonged heat- 
ing at 1100 F is subject to three interpretations. Graphitization 
at the heat-affected zone may have reached an end point during 
service, Where further increase, even at the more elevated tem- 
perature of 1100 F, was only slight or could not occur. A 
second remote possibility is that some condition present during 
service and necessary for the formation of segregated graphite 
was not acting in the small specimens heated at 1100 F. A third 
possibility is that appreciable further graphitization did not occur 
at 1100 F, because the carbides were rapidly stabilized by sphe- 
roidization and agglomeration at that temperature. 

Weld-Prober Samples. The condition of the graphite in several 
welds at the Schuylkill Station when examined at various time 
periods varied to a considérable extent from weld to weld, around 
the circumference of individual welds, and between the heat- 
affected zones of the same weld. Consequently, it was not pos- 
sible to tell if there had been any increase in graphite between 
April, 1943, when the first inspection was made, and August, 
1945, when the last sample was examined. The assumption is 
that there was little, if any, increase. 

The weld-prober samples taken from the carbon-steel pipe lines 
in the Richmond Station gave practically the same conclusions as 
those from the carbon-molybdenum steel in the Schuylkill Sta- 
tion. Possibly the graphite concentration around the cireum- 
ference of a weld was a little more uniform in the Richmond Sta- 
tion. Variations, however, were present. 

Although the sample, removed in 1945, showed more graph- 
ite than the sample removed in 1943, the difference is not believed 
due to an increase in graphitization because of the added time; 
but it is believed to be due to graphite variations as they are 
known to occur from zone to zone. 

The graphite found in the low-aluminum carbon-molybdenum 
pipe of the Chester Station was negligible. Isolated small nod- 
ules similar to those shown in Fig. 4, were found in some of the 
samples examined after 24,860 hr of service at 925 F. Subse- 
quent examinations after 32,000 hr of service showed about the 
same number of nodules, slightly larger in size. 


Rate or oF New WELps Usep 


Only the slight random nodular graphite, shown in Fig. 15, 
Was produced in 12,000 hr at 1100 F in a new weld on old carbon- 
molybdenum pipe which had been in service for 35,000 hr at 900 
F. During this heating period no appreciable further graphi- 
tization appeared to occur after 7500 hr, No observable difference 
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Fic. 16 Time Versus TEMPERATURE FOR BEGINNING OF GRAPHI- 


TIZATION OF Mapge WELD SAMPLES 


resulted from stress-relieving at 1200 F for 2 hr or at 1300 F for 
3 hr. 

Samples from these same welds were heated for shorter time 
periods at temperatures ranging from 950 to 1200 F, in order to 
determine the time required for a beginning of graphitization as 
shown in Fig. 16. In this phase of the investigation there was an 
indication that stress-relieving at 1300 F was slightly superior 
to stress-relieving at 1200 F. 

Too general conclusions should not be drawn from these results 
as they apply primarily to the structures found in the samples 
considered. The pipe metal was high-aluminum carbon-molyb- 
denum steel from a sample cut from a Schuylkill Station pipe 
after 35,000 hr of service at 900 F. The structure of the pipe 
metal was of the lacy type known to promote nodular graphi- 
tization. The prior service produced some nuclei of graphite 
which, in some cases, grew into nodules in some of the sections. 
This structure and nucleation is believed responsible for the rela- 
tively short time required for the beginning of graphitization 
and for the general distribution of the nodules. Other pipe- 
metal structures, particularly those of the Widmanstatten type, 
would probably allow the development of segregated graphite. 


PossIBILITIES OF RESTORING THE PROPERTIES OF 
GRAPHITIZED BY HEAT-TREATMENT 


In connection with this investigation, consideration was given 
to ways and means to restore the good properties of welded sec- 
tions if they were believed to be unduly hazardous. 

There are two possible ways of accomplishing restoration. One 
is a positive, though expensive, method. It consists in cutting 
out the graphitized section and replacing it with a new section. 

The other is to restore the graphitized section substantially to 
the condition in which it existed at the time of its installation. 
Considerable study and thought have been given to this method. 
Some work was done at the University of Michigan along this 
line and a summary of the results are accordingly incorporated 
in this report. 

It was found that by heating a graphitized section for 2 hr at 
1700 F it was possible to put the graphite back into solution. 
This condition is shown in Fig. 17, photomicrographs (a) and (0). 
‘Photomicrograph (a) represents a graphitized heat-affected zone 
which was formed during 35,000 hr of service at 900 F. Photo- 
micrograph (b) shows the same specimen after receiving a solu- 
tion treatment at 1700 F for 2 hr. It appears apparent from 
this latter photomicrograph that the carbon in the graphite has 
returned to a carbide. There may be some who may feel that 


there still remain specks of graphite, or that the space formerly 
occupied by the graphite has become a void, after this treatment. 
These conditions may be true to a degree, especially in cases of 
pronounced graphitization, although photomicrograph (6) in 


| 
_ 
§ 
. 
q 
¥ 
| 
4 
§ 
a 
: 
£) 


(a) 


Graphitized zone of weld formed in 35,000 hr of service at 900 F 
(Before solution treatment.) 


(c) 


Extent of regraphitization of specimen as shown in (b) when 
heated 7500 hr at 1000 F 
(Sample stress-relieved 4 hr at 1375 F ) 
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Same specimen as shown in (a) after solution treatment at 1700 
F for 2 hr 


(b) 


Extent of regraphitization of specimen shown in (b) when 
heated for 5000 Hr at 1100 F 


(Sample stress-relieved 4 hr at 1375 F.) 


(d) 
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Fig. 17, does not appear to disclose either of these conditions, 


claim that regraphitization will not occur. 


Those who see possibilities in the solution treatment make no 
The treatment is 


recommended on the basis of extending the life of a piping sys- 
tem though not in curing deterioration due to graphitization 
permanently. 


For the purpose of ascertaining the extent to which regraphi- 


tization will occur, samples of welded sections which were 
graphitized during 35,000 hr of service at 900 F were given the 


so 


lution treatment at 1700 F for the purpose of converting the 


graphite to the carbide, then stress-relieved, and then heated for 
various lengths of time at various temperatures ranging fro 
950 to 1200 F. In the incomplete study which was made, it W# 
found that a stress relief for 4 hr at 1375 F was the most effective 
As shown in photomicrograph (c) in Fig. 17, the graphite whieh 
was formed after a 7500-hr heating period at 1000 F was of the 
nodular type and should not adversely affect the properties of the 
metal. 

In the case of the samples which were heated to 1100 F, t° 
conditions of regraphitization are shown in photomicrographs 
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(e) Extent of regraphitization of specimen as shown in (b) when 
heated for 7500 hr at 1100 § 
(Sample stress-relieved 4 hr at 1375 F.) 


Fic. 17 (Continued) 


(d) and (e) in Fig. 17. The condition shown in (d) is the result of 
a reheating for 5000 hr. Splotches of graphite are evident, though 
the chainlike type in the original sample as given in (a) is not ap- 
parent. In photomicrograph (e), the splotches of graphite in (d) 
have disappeared and have become scattered nodules of graphite 
which would probably have little adverse effect on the properties 
of the metal. This photomicrograph represents the condition 
after 7500 hr of heating. The same condition was found after 
5000 hr of heating in another section from which (d) was taken. 

One can theorize as to why a structure such as is found in (d) 
differs from that found in (e). It may be due to a difference in 
section (in this case there was a different section), or it may be 
due to the fact that, with continued heating, a structure such as 
existed in (d) agglomerates and becomes the structure found in (e). 

It is not held that a solution treatment, followed by a p: oper 
stress relief, will permanently eliminate serious graphitization, 
although there is a bare possibility that such may be the case with 
a stress relief of 1875 F. This latter statement is made because 
major evidence resulting from the heating for 7500 hr at 1000 or 
1100 F appears to result in the formation of scattered nodules of 
graphite rather than in the formation of segregated or chainlike 
graphite. When no stress reliefs were used, or with 1200 or 1300 
F stress reliefs, the results were not as promising as, in these cases, 
there was evidence that the carbon was tending to return to a 
segregated graphite condition. 

It is recognized that one of the major reasons why the solution 
treatment for the restoration of graphitized sections may not be 
generally adopted is the temperatures to which the welded sec- 
tions would have to be heated. A solution treatment at 1700 F 
is difficult of application. The temperature is so high that it is 
apt to introduce undue stresses in other sections of the piping sys- 
tem. Furthermore, such a temperature probably cannot be used 
adjacent to valves because of resultant warpage in the valve 
parts. Also, a stress relief of 1375 F is quite high, although it 
does not represent the same difficulties of application as a treat- 
ment at 1700 F. 
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In spite of these conditions, it is believed that there may be 
applications, even though they may be limited, in which certain 
welds may be restored, at least for a further added life, by a solu- 
tion treatment when accompanied with a suitable stress relief. 


Best Heat-TREATMENT SUBSEQUENT TO WELDING TO 
ALLEVIATE HazArps From GRAPHITIZATION 


During the course of the investigation, consideration was given 
to the best postweld heat-treatments for stress relieving that 
would result in minimum graphitization. 

Prior to 1943 the standard stress-relieving temperature was 
1200 F. Since graphitization- was discovered in 1943 at the 
plant of the West Penn Power Company, considerable attention 
has been given to a 1300 F stress relief. Also, within the last 
2 years, consideration has been given to stress relieving at tem- 
peratures above the A, point, at 1375 or 1400 F. 

There appears to be a trend toward a 1300 F stress relief, the 
desirability of which has been pointed out by metallurgists with 
the U. 8, Steel Corporation, instead of a 1200 F stress relief, al- 
though there are numerous cases in which no greater graphitiza- 
tion is found in a pipe after a 1200 F stress relief than after a 
1300 F stress relief. Our findings in this investigation favor, 
somewhat, the 1300 F stress relief over the 1200 F stress relief. 

The stress relief at 1375 or 1400 F, which is just above the A; 
critical point, is now beginning to receive consideration. In 
steels which have a tendency to graphitize, this stress-relieving 
temperature apparently brings about the production of nodular 
graphite which does not develop into segregated graphite, the 
harmful type of graphite in pipelines. That it has not been used 
to date, or, if used, used only to a limited extent, is because of the 
difficulties of temperature application, i.e., the mechanical and 
heating difficulties in stress-relieving at 1400 F, over and above 
those at 1300 F. 

The value of a stress relief above the A, critical point is borne 
out in connection with work done on the solution-treatment 
studies. In this case, samples which initially had a considerable 
amount of segregated graphite were heated at 1700 F to convert 
the segregated graphite to carbide. The metal was then stress- 
relieved at 1375 F. With such a treatment, there was no indica- 
tion of segregated graphite even after a 7500-hr heating at 1000 F 
in one case and at 1100 F in another. 


SUMMARY 


In connection with this investigation, the following summary 
is given: 

1 The extent of the graphite development was considerable 
in certain of the heat-affected zones of the pipe in the Richmond 
and in the Schuylkill Stations. It was negligible in the Chester 
Station. 

The graphitization in the Richmond and Schuylkill Stations 
varied to a considerable degree around the circumference of the 
pipe in the welded quadrants that were examined. Also the 
graphite was not continuous in any one plane. The degree of 
graphitization varied from the outer to the inner wall with the 
greater amount of graphitization usually occurring in the outer 
wall. The extent of the graphitization usually varied from one 
side of the weld to the other. In many cases, little graphitization 
was found on one side, whereas considerable was found on the 
other. This difference in degree of graphitization bore no rela- 
tion to the upstream or downstream side of the welds. 


2 The physical tests if made on small standard specimens 
across the graphitized sections in the heat-affected zones showed 
a slightly lowered tensile strength and rather poor ductility. 

Tests on full-sized sections containing graphitized welds were 
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satisfactory. These tests consisted of a hydraulic test accom- 
panied with shock and a tension test. 

3 From the studies made to date, there does not appear to be 
evidence that added graphitization has taken place after the first 
35,000 hr. 

4 No appreciable increase in the rate of graphitization in new 
welds made with used pipe occurred at 1100 F after 7500 hr. The 
beginning of graphitization took place in increasing lengths of 
time as the temperature was lowered. 

5 The restoration of the properties of graphitized sections 
by heat-treatment is promising if ways and means can be found 
to normalize the welds at 1700 F for 2 hr.and stress-relieve them 
at 1375 F. 

6 The best heat-treatments to use subsequent to welding are 
believed to be either 1300 or 1875 F with a preference for the 
latter temperature. 


As a result of all of the findings, the following conclusion may 
be drawn as to the serviceability of the pipe in the Richmond, 
Schuylkill, and Chester Stations: 


1 The tests on the pipe in the Chester Station show that it has 
undergone only negligible, if any, deterioration. 

2 Though the piping in the Richmond and Schuylkill Stations 
has undergone a considerable degree of graphitization in certain 
heat-affected zones of welded sections, the pipe as it now exists, 
in spite of the graphitization which has already taken place, is 
believed to be safe for operation. This statement is made for the 
following reasons: . 

(a) The metallographic examinations, though showing in some 
places considerable segregated graphite, also show that it is not 
continuous along any one plane. 

(6) The graphite varies in amount around the circumference 
and from outer to inner wall. 

(c) In a hydraulic test that was made on a welded section of 
pipe which was subjected to shock on the weld section by means 
of hammer blows of from 35 to 150 ft-lb, no cracks developed nor 
did dimensional changes take place in either the weld, the heat- 
affected zone of the weld, or in any part of the bottle-shaped 
specimen. The pressure applied during the test was 8600 psi, 
which produced stress in the metal of about 33,000 psi, a stress 
which approached the elastic lirnit of the metal. 

(d) Though tension impact, bend, and standard small-size 
tension tests showed metal deterioration due to graphitization 
when the tests were made across segregated areas of graphite, i.e., 
in the heat-affected zone of some of the welds, a tension test on a 
full-size section of pipe containing a graphitized weld section did 
not fail in the supposedly weak graphitized section but in the 
pipe metal itself, which, on the basis of small-size tension tests, 
was of excellent quality. 
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Discussion 


F. Eseritze.* Those who are called upon to determine the 


* The Babeock & Wilcox Company, Barberton, Ohio. 
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degree and extent to which graphitization has occurred in service 
structures, to render judgment on the damage done by graphiti- 
zation, and to decide whether a graphitized weld joint may safely 
continue in service and for how long, or what should be done to 
eliminate existing or future danger resulting from continuation 
in service, will warmly welcome the present report. The obser- 
vations and test data will help to clarify further the practical 
problems confronting those who are responsible for the safety of 
service structures. 

The authors of the paper have justiy put great emphasis on 
the wide variations observed in the degree and extent of graphiti- 
zation not only from weld joint to weld joint, but also between 
the two sides of one and the same weld joint where the two base 
metals involved are from the same heat of steel, and the varia- 
tions in graphitization frequently found from the inside to 
the outside of the pipe wall. We have observed during our own 
graphitization studies that two high-alumimum deoxidized steels 
of practically identical nominal analysis may display marked 
differences in susceptibility to and rate of graphitization under 
given conditions. Such differences undoubtedly result from 
variations in the melting and deoxidation practice which influ- 
ence the chemical and physical characteristics, the distribution 
of the nonmetallic inclusions, and the macroscopic and micro- 
scopic homogeneity of the final steel product in general. Signifi- 
cant factors in this respect are the degree of oxidation of the stee| 
bath prior to the furnace block, tapping and pouring tempera- 
ture, and manner and effectiveness of the furnace and ladle de- 
oxidation. Holding time in the ladle and teeming practice may 
also influence the homogeneity of the steel. It may suffice to 
call attention to the phenomenon of “fading,” a gradual loss of 
the effect of the aluminum addition in grain-size control as the 
holding time in the ladle is extended, which results in a certain 
amount of reoxidation of the metal and pickup of soluble oxides 
from slag cover and ladle lining. 

In high-aluminum deoxidized steels there is always a certain 
amount of residual metallic aluminum which is generally be- 
lieved to exert a powerful influence upon the formation of graphite 
in steel. In view of the low rate of diffusion of aluminum in steel, 
it may, perhaps, not be too far-fetched to assume that this resid- 
ual metallic aluminum may in some cases exist as segregated 
local concentrations. Aluminum has a large atom, and locally 
concentrated aluminum atoms in solid solution may stress the 
iron lattice and give rise to carbon rejection in the form of 
graphite. It has been shown for cast iron that the graphitizing 
effect of elements in solid solution increases as the solute atoms 
and iron atoms differ in size.® 

The role of submicroscopic and macroscopic nonmetallic inclu- 
sions in promoting graphitization is well recognized. Benedicks 
and Léfquist® suggested that aluminum oxide (Al,O;), which has 
almost the same crystal shape as graphite, may thereby exert 4 
catalytic influence upon the formation of graphite. F. Laszlo’ 
observed that graphite formed in a subcritically annealed 1 per 
cent carbon-steel wire in elongated streaks. A. L. Norbury, dis 
cussing this phenomenon, concluded that it was deposited upon 
rolled-out streaks of nonmetallic inclusions. Austin and Fetzer 
stated that “alumina, which may have such a profound effect 

’“The Effect of Casting Temperature on the Primary Micro 
structure of Cast Irons. Theories of Dendrite Formation and of the 
Solidification of Iron Carbon Alloys,” by A. L. Norbury, Journal of 
the Iron and Steel Institute, no. 2, 1939, vol. 140, pp. 161P-175P. 

¢ “Non-Metallic Inclusions in Iron and Steel,” by C. A. F. Bene 
dicks and H. Léfquist, Chapman and Hall, London, England, 1930. 

7 “Graphitization of Steel Influenced by Tesselated Stresses,” bY 
F. Laszlo, Journal of the Iron and Steel Institute, no. 1, 1943, ¥0- 
147, pp. 201P-204P. 

8 “Cementite Stability and Its Relation to Grain-Size, Abnormality, 
and Hardenability,” by C. R. Austin and M. E. Fetzer, Tras 
A.S.M., vol. 29, 1941, p. 339. 
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on the control of grain size and abnormality may similarly mark- 
edly lower the stability of the carbide.” Work done in our own 
laboratory has demonstrated that the effect of submicroscopic 
nonmetallic inclusions upon graphitization is also influenced by 
their solubility characteristics, and consequently, by heat-treat- 
ment or thermal effects as encountered in welding.® 

That macroscopically or microscopically visible inclusions influ- 
ence graphitization is well known from the malleableizing process 
and has been reported by practically all investigators of graphiti- 
zation. insteam lines. Their effect is not believed to be dependent 
upon their crystal structures, but is thought to be due to some 
boundary effect such as stresses in the outside layers of the 
atoms of the iron lattice which are unable to link up with the 
atoms in the nonmetallic inclusions. 

The wide variations in the degree and extent of graphitization 
observed among welds of the same type of steel and in individual 
zones of one and the same weld or steel cannot, however, be 
explained by macroscopic and microscopic composition hetero- 
geneities alone. Here enters one of the most powerful factors in 
subcritical graphitization, namely, the effect of stress and strain 
in the metal. Stress-strain effects may be of a macroscopic or of 
a microscopic nature and with certain reservations, it may be 
permitted, at least for the purpose of this discussion, to speak 
also of stress-strain segregations. A beautiful example of macro- 
scopic stress-strain effects has been shown by Emerson!’ repre- 
sented by “‘slip-plane graphitization” in a pipe. 

Microscopic stress-strain effects upon graphitization are less ob- 
vious but nevertheless demonstrable. They are caused by the 
anisotropy of the individual crystals and by the difference in the 
stress-strain characteristics of different constituents in the micro- 
structure. Whensuch an aggregate is subject to ‘body stresses,” 
or to achange of temperature, a system of self-compensated ‘‘strue- 
tural tessellated stresses,”’ as Laszlo'! termed them, are set up. 
The role of tessellated stresses in the initiation of carbon precipi- 
tation is only of a mechanical character. Their effect is demon- 
strated by the frequent occurrence of graphite nodules at the inter- 
face of nonmetallic inclusions and the iron matrix. However, their 
effect may also be observed at the interface of carbide particles 
and the matrix in which they are imbedded. It seems to us that 
graphitization of individual carbide particles in situ is initiated 
in this manner. 

Emerson suggested that such tessellated stresses play a major 
role in the preferential graphitization of the heat-affected zones 
adjacent to welds. The solidification and shrinkage stresses 
vecurring in the multiple-pass weld undoubtedly set up localized 
self-contained stress systems in the heat-affected metal which 
vary in magnitude from the inside of the wall thickness to the 
outside in a discontinuous manner due not only to the geometry 
of the weld joint but also to the variations in the temperature 
and heating and cooling effects produced by the individual 
superimposed weld beads. In view of the composition and stress- 
strain heterogeneities which undoubtedly exist in various zones 
of weld-affected metal, uniform graphitization around the cir- 
cumference of a weld or from the inside to the outside of the pipe 
wall can hardly be expected. 

One of the most important facts brought out by the investiga- 
tion of the Philadelphia Electric Company and the University 


, Influence of Heat-Treatment Upon the Susceptibility to Graphi- 
tigation of High-Aluminum-Deoxidized Carbon-Molybdenum Steel,” 
by ¥. Eberle, Trans. A.S.M.E., vol. 68, 1946, p. 625. 

**Further Observation of Graphitization in Aluminum-Killed 
Carbon-Molybdenum-Steel Steam Piping,” by R. W. Emerson and 
Mathew Morrow, Trans. A.S.M.E., vol. 68, 1946, p. 597. 

; Tessellated Stresses,” by F. Laszlo, Journal of the Iron and 
Steel Institute, no. 1, 1943, vol. 147, pp. 173P-199P. 

The Importance of Ultimate Extension as an Engineering Prop- 
erty of Materials,” by A. Fischer, Metallurgia, June, 1946, pp. 77-84. 


of Michigan is the observed apparent halt or slowdown in 
graphitization after the latter has reached a certain stage. We 
incline to the first interpretation given by the authors, i.e., that 
graphitization in the heat-affected zone may have reached an 
end point during service, where further increase, even at the 
more elevated temperature of 1100 F, was only slight or could 
not occur. 

We have noticed during our own graphitization studies that 
graphitization proceeds very slowly in unstressed specimens of 
the low-carbon or low-carbon-molybdenum steels with which we 
are dealing, but reaches critical proportions under suitable stress, 

A typical examp!s is the following: A '/:-in-diam by 6-in- 
long specimen, machined from a high-aluminum deoxidized 
carbon-molybdenum steel pipe, was with its lower end immersed 
in cold water while the tip of an oxy-acetylene flame was applied 
to the other end until a thermocouple, peened to the specimen 
1/. in. below this end, indicated a temperature of 1350 F. This 
specimen was then heated in a charcoal-covered lead bath at 
1000 F for 3000 hr. A multiple-pass weld made from the same 
carbon-molybdenum steel pipe and left in the as-welded condi- 
tion was held in the same lead bath for the same length of time. 
At the end of 3000 hr, the differentially heated specimen was 
found to contain only a very few small isolated graphite nodules, 
whereas the heat-affected zone of the multiple-pass weld dis- 
played a copious shower of nodular chain graphite. Stress pro- 
motes diffusion of carbon in iron, and as long as a certain stress 
level is maintained, diffusion of carbon to graphite nodules al- 
ready formed will occur. 

In a study of welded carbon-molybdenum-steel creep-rupture 
test specimens, we noted first a gradual diffusion of carbides into 
the grain boundaries of the ferrite areas of the low-temperature 
weld-affected zones which seemed to possess the lowest creep 
resistance, and particularly into those located perpendicular or 
nearly perpendicular to the axis of the applied stress. As the 
duration of the tests increased, the carbides located in these 
grain boundaries graphitized in situ. An example of this type of 
graphitization is shown in Fig. 18 of this discussion. The creep- 


‘ 
; 
é «x a 


Fig. 18 GRAPHITIZATION IN WELDED CARBON-MOLYBDENUM-STEEL 
Creep-Rupture Test SPECIMEN 


(Picral etch; 500.) 


rupture tests described were conducted at 1000 F under loads 
designed to produce increasing rates of creep, but were not con- 
tinued until rupture occurred. 
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Fic. 19 Errectr or Locaizep StressES UPON GRAPHITIZATION IN 
CaRBON-MOLYBDENUM STEEL SERVICE PIPE 
(Picral etch; 500.) 


Another example of the effect of localized stresses upon graphi- 
tization is shown in Fig. 19 of this discussion, which depicts the 
zone under an indentation produced on the surface of a carbon- 
molybdenum steel service pipe, presumably by a hammer blow. 
It will be noted that all of the carbide in the stressed zone has 
diffused into the grain boundaries and been converted into 
graphite. The body of the pipe displayed a fine-grained ferrite- 
spheroidized pearlite structure and.contained only a few scat- 
tered small graphite nodules. 

In the light of the aforesaid, it is evident that greatest im- 
portance should be attached to proper stress relieving. We do 
not favor temperatures in the range above 1300 F and below the 
A; point in order to avoid lowering of the creep resistance result- 
ing from undue carbide spheriodization and agglomeration. 
Stress-relieving temperatures above the A; point may be advan- 
tageous for structurally coarse-grained material such as pipes 
with upset ends which have not been normalized after the upset- 
ting operation. In such cases, the temperature should be suffi- 
ciently high above the A; point to produce grain refinement. 
The practical problems connected with such high postweld 
treatments have been aptly described in the present paper to 
which we have nothing further to add. 


E. H. Krira.'? One of the more important statements to those 
faced with the problem of whether or not to replace graphitized 
piping, occurs in the summary of A. E. White’s paper: 

“From the studies made to date, there does not appear to be 
evidence that added graphitization has taken place after the 
first 35,000 hr. 

‘No appreciable increase in the rate of graphitization in new 
welds made with used pipe occurred at 1100 F after 7500 hr.” 

Correlation of these statements with the curves in a paper by 
Messrs. Hoyt and Hall,'* and in a paper presented by J. J. 
Kanter," is of great importance. Does graphitization stop after 


12 Consulting Mechanical Engineer, American Gas and Electric 
Service Corporation, New York, N. Y. Mem. A.S.M.E. 

13 “Continuation of the Joint EEI-AEIC Investigation on the 
Graphitization of Piping,’’ by S. Hoyt and A. M. Hall, presented at 
the Annual Meeting, New York, N. Y., December 2-6, 1946, of THe 
AMERICAN Society OF MECHANICAL ENGINEERS; Fig. 5. 

14 “Studies on Susceptibility of Casting Steels to Graphitization,” 
by J. J. Kanter, presented at the Annual Meeting, New York, N. Y., 
December 2-6, 1946, of THE AMERICAN SocrETY OF MECHANICAL 
ENGINEERS; Fig. 1. 
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a while or does it continue until all carbide has changed to 
graphite? Does a pipe that is perhaps 50 per cent on the way 
to complete graphitization continue to graphitize to 100 per cent 
and arrive at a dangerous condition, or can the 50 per cent graphi- 
tized state endure indefinitely without growing any worse? 

The matter of replacing a partially graphitized steam lead may 
revolve around (1) judging the extent of graphitization that may 
ultimately result; (2) and whether nodular-type graphite will 
become chain-type. The method of determining the fraction of 
carbide transformed to graphite described in the paper by Messrs, 
Hoyt and Hall,!? gives a good basis for judging the status of a 
piping system. But some sort of photoelectronic means is really 
needed that would be less costly, perhaps along the lines of the 
bacteria counter described on p. 2 of ““What’s New in the World 
of Science,’’ vol. 5, General Electric Company. 


ArtHuR McCurcuan.!® The investigations described by the 
authors of this excellent paper have been directed toward obtaining 
an answer to the question: When should graphitized joints be 
replaced? This is the most important question on graphitization 
still confronting the power industry. The use of chromium- 
molybdenum steels seems a good and sufficient answer in so far 
as replacement or new construction is concerned. There also is 
fairly good evidence of the value of postweld heat-treatment of 
steels which graphitize at temperatures 100 F or so higher 
than conventional stress-relieving temperatures. Despite these 
evidences of progress, the question still remains how badly graphi- 
tized a welded joint can be and yet not constitute a hazard. 

The criterion used at Springdale and by a number of investiga- 
tors dealing with the problem is the cracking of small bend 
specimens in which bending is forced to occur in the graphitized 
zone. 

The full-sized tensile tests and the free-bend tests described in 
this paper, together with a hydrostatic test in which a certain 
amount of shock was produced, are offered by the authors as 
evidence that these particular joints, which appear on micro- 
scopic examination to be rather badly graphitized, are safe to 
continue in service. 

While the writer has no direct evidence at variance with this 
conclusion, it seems desirable to point out that the Springdale 
joints, other than the one which failed, also showed good tensile 
strength in across-the-weld tensile tests. It has been suggested 
that the failure at Springdale may have been caused by thermal 
shock, possibly by a drop of some 300 F in the steam tempera- 
ture. An examination of the Springdale piping layout shows that 
the joint that failed would have been the one most affected by 
any water carrying over, or by a sudden drop in steam tempera- 
ture after the induced-draft fans and pulverized-fuel burners 
were cut off. 

It is difficult to imagirte a shock condition occurring in normal 
plant operation which would cause even a badly graphitized joint 
to fail, but occasional instances of water carrying through supe! 
heaters have been reported, which might very well have bee! 
disastrous had there been severely graphitized joints in the 
steam line. 

One of the valve manufacturers has a test setup in which 
various flanged joints have been subjected to combinations ©! 
bending stresses and to sudden changes in temperature. Thes 
so-called quench tests would seem to be an ideal way of checking 
the adequacy of graphitized joints for continued service, since the 
worst conceivable shock condition to be guarded against would 
be that caused by water carry-over. 


18 Senior Research Engineer, Product Research Department: 
Tube-Turns, Inc., Louisville, Ky. Formerly Engineer, Engineers 
Division, The Detroit Edison Company, Detroit, Mich. Men. 
A.S.M.E. 
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_ so that graphitization results in a hazardous condition. 
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Autuors’ CLOSURE 


The authors feel indebted to the discussion by Mr. F. Eberle. 
He has explained in a most concise manner the scientific reasons 
for the graphitizing influence of aluminum in steel. 

His contribution on the effect of stress on graphitization is most 
valuable. The authors are in agreement with his thought that 
“the solidification and shrinkage stresses occurring in the multiple- 
pass weld undoubtedly set up localized self-contained stress sys- 
tems in the heat-affected metal,” ete. They feel this explains 
why severe cases of graphitization are confined to the heat- 
affected zone. They also feel it explains the variations in the 
degree of graphitization in a given weld and in different welds. 

With reference to Mr. E. H. Krieg’s question as to whether or 
not graphitization will ‘“‘continue until all carbide is changed to 
graphite,” it would be well, before answering this question, to 
differentiate between general graphitization and graphitization in 
the heat-affected zone. It is not believed that anyone will con- 
tend that general graphitization will result in a serious con- 
dition. Therefore it is relatively unimportant whether or not 
general graphitization has continued until all carbides have 
changed to graphite. 

That which is of the utmost importance, however, is whether 
or not graphitization occurs in a localized area, such as in the 
heat-affected zone, and becomes continuous in one or more planes 
This 
was the case at Springdale. Possibly the presence of strains, as 
strain lines were found in some of the affected Springdale pipe, 
combined with time-temperature conditions that would result in 
graphitization of the carbon in the carbides in the high-aluminum- 
killed steel resulted in the graphite forming in one or more con- 
tinuous planes, as the segregation of the graphite was so marked 
that some of the test sections broke through the graphite plane 
when being machined into test specimens. 

This condition was not found in any of the heat-affected sec- 


' tions from the Richmond, Schuylkill, or Chester Stations of the 
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Philadelphia Electric Company, nor was there any evidence of 
strain lines in the examination of the metal from these sections. 

We view the nature of the graphitization at Springdale and at 
the Philadelphia Electric Company stations as totally different. 
Because of this fact, coupled with the failure to find any added 
graphitization at 900 F in the stations of the Philadelphia Electric 
Company after the first 35,000 hr of service and after added labo- 
ratory heatings of graphitized sections for as much as 12,000 
hr at 1100 F, it would seem as if the conclusion given in the paper 
was justified: namely, ‘‘From the studies made to date, there 
does not appear to be evidence that added graphitization has 
taken place after the first 35,000 hr.”’ 

Of course in making this statement it is to be understocd, as 
pointed out by Mr. Hopping, that ‘annual examinations will be 
made of some of the welded joints to determine if there has been 
any further change in graphitization or the strength of the metal 
with continued service under combined temperature and stress.”’ 

Careful consideration has been given to the suggestion of 
Arthur McCutchan of a thermal shock test to determine if graphi- 
tized pipe can safely be eontinued in service. He brings out the 
point that the Springdale joints, other than the one which failed, 
showed good tensile strength in across-the-weld tensile tests. The 
authors do know there was at least one, and there may have been 
more, of the test sections from the Springdale pipe in which the 
graphite formed in such a continuous plate that the specimen or 
specimens broke during the machining operations. 

The possibility of failure due to thermal shock, wherein there 
has been no platelike formation of graphite such as was found at 
Springdale, is not viewed with undue alarm. fn the first place, 
small slugs of water which might be carried into the pipe and the 
welded sections of the pipe would be without effect, because of the 
large mass of metal in the piping system. Again, the possibility 
of a mass quench is quite remote. Yet, for the purpose of throw- 


ing further light on this matter, one of the large utilities is looking 
into the matter and we may hope to have information from them 
on their findings in due time. 


| 
is 
f | 
id 
ad 
in 
in 
to 
ale i 
ile 
nal 
by & j 
ers 
nal 
ec) 
the 
ich 
. 
ing 
the 
| | | 
ring 
[em 


| oA di 
long b 
could 

a sing 
of th 
tende 
graph 
steels 
made 
effect 

molyt 
ance, 

indics 
F san 


tribut 
the w 
pipe. 
Thi 
presel 
tion, 
parin; 

mang 

steels 
This" 


Ta 
origit 
‘treat 
Sa 
atten 
durir 
pipin 
heat- 
Sa 
turbi 
col 


| 
| 
| 
: 
ay 
a 
4 
| 
proce 
pty 
26 
1944 
1946 
: x 
of th 
; 
» 


A description is given of a graphitization test using a 
_ long bar heated in a gradient furnace so that the material 
- could be exposed to temperatures from 1300 F to 900 F in 
a single test. Test data presented offer further evidence 
of the effect of aluminum in increasing graphitizing 
tendencies of 0.5 per cent molybdenum steels. The great 
graphitization resistance of 1 per cent molybdenum cast 
steels, and 1 per cent molybdenum-vanadium cast steels 
_ made without aluminum deoxidization is shown. The 
effect of 0.5 per cent chromium additions to 0.5 per cent 

molybdenum steel in increasing graphitization resist- 

ance, despite the presence of high aluminum content is 

indicated. Most of the test data were obtained on 1100 
_ F samples in periods of exposure ranging up to 9600 hr. 


INTRODUCTION 


HE graphitization studies, conducted by the authors’ 
§ pet were initiated soon after the well-known Spring- 
dale failure in early 1943.2? This failure is generally at- 
tributed to the formation during service of “chain” graphite in 
_ the weld-affected portion of a carbon-0.5 per cent molybdenum 
pipe. 
This paper deals with tests made on production heats of steels 
_ presently used or anticipated for use in steam turbines. In addi- 
_ tion, experimental induction-furnace heats were used in pre- 
_ paring samples for the study of the effects of aluminum, silicon, 
manganese, and chromium on the graphitizing tendencies of 
steels containing in the neighborhood of 0.15 per cent carbon. 
This portion of the program has been touched upon elsewhere,? 
and will be the subject of another paper some time in the future. 


MATERIALS 


Table 1 identifies the samples investigated as to type and 

origin, and Table 2 gives the chemical composition and the heat- 
treatment. 
Samples 6A to 6J, 7A to 7D, and 8A to 8D were included in an 
attempt to evaluate the effect of varying aluminum additions 
during deoxidation of 0.5 per cent molybdenum steel for steam 
piping. (Reference to Table 2 shows the various conditions of 
heat-treatment in which these materials were studied.) 

Sample 9A was a commercial foundry heat of plain-carbon 
“turbine steel deoxidized with alyminum. Sample 10A is from 
_* commercial heat of carbon-steel pipe made by the Bessemer 
/ Process. Samples 11A, 12A, and 28A were cast from two 0.5 
"Per cent molybdenum foundry heats of steel deoxidized with 


; Works Laboratory, General Electric Company. 

: Graphitization of Steam Piping,”’ Trans. A.S.M.E., vol. 66 
11944, and vol. 67, 1945. 
»,_. * “General Discussion of Graphitization Pa rs,’’ by S. H. 

‘Trans. A.S.M.E., vol. 68, 1946, p. 631. 
4 Contributed by the Joint A.S.T.M.-A.S.M.E. Research Com- 
3 mittee on the Effect of Temperature on the Properties of Metals and 
eget at the . nnual Meeting, New York, N. Y., December 2-6, 
946, of Toe American Society MECHANICAL ENGINEERS. 
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Graphitization Studies of Materials for 
High-Temperature Service in Steam Plants 


By W. G. CONANT! ano W. A. REICH,! SCHENECTADY, N. Y. 


TABLE 1 TYPE AND ORIGIN OF TEST SAMPLES 


SAMPLE HISTORY 
tock - 4-Ehn Grain Sise No. © 
incl ASTM A~206-42T stock pipe McQuaid-Bhn Grain Size Wo. 5 
«1S, »5Mo with 1f# Al per ton Structure no 
64-D incl ASTM A~206-42T C-Mo stock pipe = Mcquaid-Ehn Grain Size No. 5 
.5Mo with Al per ton Structure normal 
ga U ingot from commercial foundry heat of Plain steel 
2# Al per ton 
lca Bessaoer Carbon Steel Pipe Si - Al Killed 
lua U ingot from comercial foundry heat 
with 2.5# Al per ton and some Ti 
laa U ingot from commercial foundry heat, .17C, «Silo 24 Al per ton 
134 Experimental heat of rolled bars 
Some aluminum deoxidation 
16A U ingot from commercial foundry heat 
Wo aluminum deoxidation 
17a Same as 16A 
18a U ingot from commercial oat 
+21C, 1.0Mo No aluminum deoxidation 
19A Same as 184 
20a Same as 154 
2a Same as 16A 
2m U ingot from commercial foundry hest 
+229 No aluminum deoxidation 
U ingot from commercial foundry heat 
1-10Mo, Wo aluminum deoxidation 
incl 25H Al per ton McQuaid-Ehn Grain Size 6-7 
Structure normal 
264-0 incl r, «50Mo pipe Si deoxidstion McQuaid-Ehn Grain Size 2-4 
Structure normal 
27a Experimental heat of rolled bars 
o15C, .64Mo, Some aluminum deoxidation 
26a Same as 12A 
29a 2.202 r, 1.0Mo pipe Aluminum deoxidation 
OA ~S0Cr, -50Mo pipe Al per ton 


aluminum. Sample 28A was from the same heat as sample 12A, 
but heat-treated differently. 

Samples 16A, 17A, 18A, 19A, 20A, and 21A were sand-cast 
from commercial foundry heats of 1 per cent molybdenum turbine 
steel, and samples 23A and 24A were sand-cast from similar 
heats of 1 per cent molybdenum steel with vanadium additions 
for increased high-temperature strength. 

Samples 13A and 27A were selected from early experimental 
heats of carbon-molybdenum and carbon-molybdenum-vanadium 
steel rolled into bars. 

Samples 25A to 25C, 26A to 26C, and 30A were from commer- 
cial heats of 0.5 per cent chromium-0.5 per cent molybdenum 
steam-pipe steels with different deoxidization additions. 

Sample 29A was from a commercial heat of 2'/, per cent 
chromium - 1 per cent molybdenum steam piping deoxidized with 
aluminum. 

Tne U-ingots referred to in Table 1 were about 4 ft long, 9 
in. high, and 6 in. wide at the top. They weighed about 350 
lb and were cast in sand with a riser at each end. 


ScHEDULE or TESTS 


Test Samples. The samples, Fig. 1, were approximately 1 X 
1 X 26 in. welded with a continuous bead 26 in. long X 3/s 
in. wide while submerged to within !/, in. of the surface in a tank 
28 X 24 X 24 in. of circulated water at 60 F. Samples 
6H, 7C, and 8C were welded as noted in Table 2 without water- 
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TABLE 2 CHEMICAL COMPOSITION AND HEAT-TREATMENT OF TEST SAMPLES 


COMPOSITION 


Ni r 


Al 


41.0, 


2009 


As rec'd + 1200 F 2 hr FC 


SAME AS 6A 


2300 F 1 hr ac 


PabrWa, | 


1700 F 2 br AC, 1200 F 2 br 


1700 ¥ br WOO br 


1700 FP 2 hr ©, 


1700 F 2 hr no drew 


1700 P 2 hr 1200 2 br AC; weld 
en’ twits 1200 F 2 hr FC 
572 


As reo'd + cold wo 


is rec'a + 1300 F 6 br Fc 


2012 


ie 1200 br 


SAME AS 7A 


2900 1 br 


1700 F 2 aC, 1200 F 2 hr ACy weld 
with re., 1200 F ar FC 


asr 


216 


“Ta rec'd + 1200 FS br 


SaME AS 5A 


2300 Fl hr ac 


1700 pr 10, 1200 br weld 
with Bare, 1200 F 2 br 


($72 


As reo'd + 1300 F 6 br FC 


el 


260 


1520 F 1/2 hr 


20858 


As rec'd 


i 


15 hr Fc 


3h 


i 7 hr FC to 2 . 
1200 F 15 hr 


174 


SAME AS 164 


1920 F 3 hr cool at 280 F/ns to 15207 
1/2 hr cool at 70 F/hr to 1200 F 8 br FC 


a 


1.04 


1740 PF 8 brcool 1520 F cool at 70F/hr 


170 F 8 hr cool to 1520 F at 70F/hr to 
1250 F 8 hr FC 


1920 F 3 hr cool at 


1/2 hr cool at 1830 F/br, 1200 F 2 br , 


017 


1920 F 8 hr cool at 265 F/hr, 1200 PF 
4 hr FC 


266 


L0198 


i cool @ 
4 hr FC 


F2 Fr 


«13 


2003 
»OO9P 


2002 
~0198 


Ag, r 


1700 F 2 br AC, 1200 F 2 br FO 


1700 F 2 hr WK, 1200 F 2 hr Fo 


250 


920 F 3 hr cool at 1830F/hr, 1200 F 2 hr 
x 


1740 hr cool at 1830F/hr, 1200 F 2 
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Fic. 1 Test SaAmpLe Usep IN GRAPHITIZATION StupiEs, 26 X 1 


1 In. Bgeap RunnNiNG Fut. LENGTH 


(Sample immersed in water to within '/«in. of welded surface during welding 
to simulate temperature distribution experienced in field welding.) 


cooling. Heavily coated electrodes of */:5in. diam were used with 
a current of 160 amp direct-current, electrode positive. Most of 
’ the samples were welded with an electrode which deposited weld 
metal of 0.50 per cent molybdenum composition. However, an 
electrode depositing molybdenum-vanadium weld metal was used 
on the molybdenum-vanadium samples (23A, 24A, and 27A; see 
Table 1). A deposit of the latter type of weld metal was found 
to have the following chemical analysis: 0.12 carbon, 1.34 molyb- 
denum, 0.14 vanadium, 0.38 manganese, 0.14 silicon. All sam- 
ples were allowed to cool to the water temperature before they 
were removed from the tank. 

The 26-in-long test samples were carefully located in the 
temperature-gradient furnace to be described so that one end 
of the specimen was maintained during test at a temperature of 
1300 F, the other end at 900 F. All test samples were heat- 
treated prior to welding. With the exception of samples 6H, 
7C, and 8C, no further heat-treatment was applied after welding. 

Furnace. The furnace used for the graphitization study is 
_ shown in Fig. 2. The nichrome heating element was installed 
{ across the end of the furnace opposite the door. The power was 
) on continuously, with the power input so adjusted as to give a 
temperature gradient along the specimens from 1300 F at the 
» end of the specimens nearest the heat element to 900 F at 
- the end nearest the door. The furnace was sealed and supplied 
with an atmosphere of filtered and dried nitrogen. Temperature 


explorations were conducted at weekly intervals by means of nine 
thermocouples located at various points near the specimen. 


(a) 


(a 


STEAM PLANTS 31 


Fic. 2 GRAPHITIZATION FuRNACE WiTtH Dry NITROGEN ATMos- 


PHERE 


(Temperature 900 F at front or door end and 1300 F at back. Test samples 
extend horizontally from front to back.) 


A time record was provided by a timer connected to the power 
switch. 

Preparation of Samples for Microscopic Examination. Speci- 
mens for microscopic examination were cut from the test samples 
and mounted in bakelite as shown in Fig. 3. The specimens were 
cut in the manner shown in Fig. 3 so as to allow the remainder of 
the test sample to be put back into the graphitization furnace 
in one piece for further tests. Four grades of emery paper (2, 
1, 0, and 000) were used during rough-polishing. Each sample 
was polished in four operations on each grade of paper, turning 
the sample 90 deg for each operation. Polishing in each direction 
was continued until examination under a binocular microscope 
showed no trace of scratches left by the previous operation. Care 


(b) 


Fie. 3. Sectioninc or Test SAMPLE FoR Microscopic Stupy or GRAPHITIZATION 


: Manner of removing specimen so as to cut across both weld and parent metal. 
scopic examination. 


b, Specimen mounted in bakelite, polished, and etched for micro- 
Nital etch.) 
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was taken to lighten the pressure as the finer grades of emery 
paper were used. 

The next step was a quick intermediate polish on a slow (under 
500 rpm) wheel covered with broadcloth and impregnated with 
600-mesh alumina in distilled water. This operation was con- 
tinued only until the scratches left by the last emery paper had 
been removed. ; 

The final polish was on a wheel covered with ‘‘kitten’s ear” 
cloth that rotated at about 200 rpm. The polishing solution was 
“Gamal” in distilled water. 

All samples were then examined as polished for polishing pits 
and if pitted the entire process was repeated. The unpolished 
samples were given a microscopic examination using polarized 
light to identify nonmetallic inclusions and later etched lightly 
with 2 per cent nital to show their relationship to the micro- 
structure. 


REsULTs OF TESTS AND DISCUSSION 


The results of metallographic investigations and graphitic- 
carbon determinations, where made, after periods of exposure 
ranging up to 9606 hr at temperature from 900-1100 F, are re- 
corded in Table 3. 

The early investigations, using the test furnace described in 
this paper, resulted in quite extensive decarburization of the test 
samples. No further description of these early tests is here given. 
All tests described in this paper were conducted in an atmosphere 
of filtered and dried nitrogen, which greatly minimized decar- 
burization and scaling, but did not entirely eliminate it at the 
1300 F end of the sample. Early investigations indicated that 
1100 F was a convenient temperature at which to study graphi- 
tization, since its occurrence was more rapid at this temperature, 
and in the nitrogen atmosphere there seemed to be little indication 
of decarburization in the 1100 F portion of the test sample. 

It is planned at the conclusion of this program to study speci- 
mens taken from the samples at the 900 F, 1000 F, 1200 F, and 
1300 F locations. 

In order that the effect of temperature may be more closely 
studied, the advantage of applied temperature gradient to a 
single sample during the graphitization runs lies in the fact that 
the effect of temperature can be determined without tying up a 
number of furnaces. 

Disadvantages of this type of test are as follows: 


1 The sample must be carefully located in the furnace after 
each shutdown for examination so that further exposure of an 
area is conducted at the same temperature as the previous ex- 
posure. 

2 The samples representing different times at the same tem- 
perature do not come from exactly the same location. The differ- 
ence in temperature experienced between samples representing 
different times at the same temperature was thought to be less 
than 50 F for these tests. . 

3 If decarburization is extreme at the hot end of the bar 
there is a possibility of slight carbon diffusion longitudinally 
toward the hot end. Mention of this will be made in the dis- 
cussion of the results obtained on samples 6C and 11A. 


Figs. 4 (a, b, c), taken from sample 6G after 3000 hr exposure 
at 1100 F are included to illustrate the terminology used in Table 
3. Fig. 4(a) illustrates “a small number of small graphite 
nodules on the outer edge of the weld-heat-affected zone.” The 
weld is toward the top of Fig. 4(a), the base metal toward the 
bottom. 

Figs. 4 (b and c) were taken at 500 and X 1500, respectively, 
with the same microscope setting as for Fig. 4(a). 

Fig. 5 is illustrative of a “large graphite nodule.”’ 

Examination of the results of aluminum and alumina deter- 
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minations on samples from series 6, 7, and 8 (Table 2) indicates 
that the residual aluminum or alumina content is not necessarily 
an indication of the reported deoxidation practice. The residua| 


aluminum and alumina content depend upon other features oj 


the deoxidation practice as well as upon the amount of aluminun | 


used. Therefore the general resistance to graphitization of 
samples 7A-D inclusive should not be interpreted as an indication. 
that all deoxidation practices using 1 |b of aluminum per ton will | 
yield '/, per cent molybdenum steels resistant to graphitization, 

The effect of heating '/: per cent molybdenum steel at 230 
F (such as might be used for pipe upsetting), followed by air 
cooling in imparting graphitization resistance to '/2 per cent 
molybdenum steel is quite apparent in comparing the results ip 
Table 3 for sample 6B with the results of the rest of the samples 
in the 6 series. 


The metallographic examinations of samples in the 6 series _ 
indicate no particular effect of preweld draw temperature on the |_ 


graphitizing tendencies of this steel. 

The apparent discrepancy between results on the 606-hr 
specimen and the 3000- and 6200-hr specimens from sample 6C 
may be due to locating the sample inaccurately during the las, 
heating period, carbon diffusion to the hot end of the sample, or! 
both. 

Sample 9A exhibits rather surprising resistance to graphitiz- 


tion in view of its high carbon, high silicon, low molybdenum | 


and low chromium contents, and the deoxidization used in it 
manufacture. The manganese content is noted to be rather 


high, and unpublished tests referred to in the introduction ind- | 


cate that manganese imparts resistance to graphitization in plain 
carbon and carbon-molybdenum steels to a somewhat. lesser 
degree than chromium. The aluminum and alumina content 
of this sample are being checked and it is expected that they 
will be low. 

Sample 10A of Bessemer pipe was included in these tests as: 
matter of general interest. 


Samples 11A, 12A, and 28A represent '/2 per cent molybdenum 


cast steels used in 825 F applications where large grain size fit 
greater high-temperature strength was not considered necessat 
and consequently a large amount of aluminum was used in tlhe 
deoxidation practice. 


Sample 11A graphitized quite readily as might be expectéi 
from the deoxidization practice. The apparent discrepant | 
between the 9606- and 6200-hr metallographic examinatiom 
(Table 3) is thought to be due to the inability of this type 
graphitization study to select the sample representing <ifferet! 
times at the same temperature from exactly the same locatiot 
The possibility of some carbon diffusion toward the slightly ¢& 
carburized hot end of the bar is also admitted. 

Sample 12A exhibited similar behavior upon exposure at Ill! 
Fassample11A. Tite line-up of graphite nodules, referred to" 
Table 3 is illustrated in Figs. 6 (a, b), taken at X500 and X15 
respectively. This is certainly not chain graphite but rej 
sents the closest approach to it observed so far in these tests. 

The absence of graphite after 6606 hr at 1100 F of sample 2 
which is from the same heat as 12A, is apparently the result of t 
fast cooling rate from the 1740 F temperature of the preweld he 
treatment. 

Samples 16A-21A inclusive (1 per cent molybdenum with 
aluminum deoxidization) and 23A and 24A (1 per cent moly*}— 
denum plus vanadium without aluminum deoxidation) were "| 
outstanding in their resistance to graphitization after long pe" 
of exposure at 1100 F. The samples including chromium 3% 
tions, 25A,B,C, 26A,B,C, and 30A (0.5 per cent chromium-! 
per cent molybdenum) and 29A (2.25 per cent chromium! ! 
cent molybdenum) in spite of the aluminum additions also pe 


resistant at 1100 F. 
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(a) 


Fic. 4 PHoTOMICROGRAPHS AT THREE MAGNIFICATIONS FROM SAMPLE 6G: 
hite in weld-heat-affected zone after 3000 h 


(a, Formation of 
bottom; 


grap 


(b) (c) 


etch, 100. 


omy, 


x 


b, Same location as a; 


nital etch, 500. 


c, Same location as a; 


See 3 


rat 1100 F. The weld is toward the top and the base metal toward the 
nital etch, X 150@.) 
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4, 


Fie. 5 Typrcan Large Nopute or GRapHITE IN Process or FORMATION 
(Note that it appears in a pearlite area and that a portion of pearlite has been transformed to graphite; nital etch, 1500.) 
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TABLE 3 RESULTS OF TESTS 


IDENTIFICATION 


ORAPH. 
CARBON 


COMMENTS FROM MBTALLOGRAPHIC SXAMINATION 


6a 


6D 


or 


6H 


Baer 


lu 


12a 


A large number of small nodules of graphite on outer edge of weld heat affected sone -- maller number throughout 
base metal; remaining carbides partially spheroidized. 
Similar to 3000 hr. semple 


Wo graphite visible 
No graphite visible ~ carbides beginning to spheroidize 
Wo graphite visible - carbides almost completely spheroidized 


A mall number of mall graphite nodules in outer edge of weld heat affected sone 

A mall number of mall graphite nodules in outer edge of weld heat affected sone = remaining carbides completely 
spheroidizsed 

Little or no graphite visible. (See Discussion) 

A mell number of mall graphite nodules in outer edge of weld heat affected sone 

Simi to hr. le but with a fow large te nodules in base metal ote idisation 

lar to 3000 sanple with arge graphi sphero 
Similar to 6200 hr. sample; completely spheroidised 


Similer to 6D 


Similar to 6D 


Similar to 6B 


Similar to 6D 


Wo graphite visible in weld heat affected sone = A few graphite nodules generally scattered in base metal. 


A large number of mall graphite nodules in outer edge of weld heat affected sone - A mall sumber of mall 
graphite nedules scattered throughout base metal. 


No graphite visible 


No graphite visible 


Ho visible graphite 
A few scattered graphite nodules in outer edge of weld heat affected sone - rmmaining carbides completely spheroidi red 
Similar to 6200 hr. sample 


A few amall clusters of graphite nodules in outer eige of weld heat affected sone 

A fow mall clusters of graphite nodules in outer edge of weld hest sffected sone - & few large Clusters of graphite 
nodules in base metal 

Many medium sired clusters of graphite nodules in outer edge of weld heat affected sone ~ medium and mall clusters 
‘throughout base metal ~ remaining carbides almost completely spheroidised 


A large number of mall graphite nodules in outer edge of weld heat affected sone 

A large number of mall graphite nodules in outer edge of weld heat affected sone + a few large clusters of graphite 
nodules in base metal - remaining carbides completely spheroidised 

A fow auall clusters of graphite nodules in outer edge of weld heat affected sone (See Discussion) 


4 Targe nunber of gall graphite nodules in outer edge of weld heat affected sone, and somewhat fower in base metal. 
Same as 3000 hr. sample. Some line-up of graphite nodules. (See discussion and figs. 7 & 8) 
Similar to 6200 hr. sample. 


4 large aumber of mall graphite nodules in outer edge of weld heat affected sone - a maller number in base metal. 
Similar to 3000 hr. sample with nodules averaging somewhat larger and more plentifule 
Similar to 6200 hr, sample. 


No graphite visible 
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DURATION 
= 1100 3000 brs. 
1100 9606 hre. 
6B 1100 3000 hrs. 
1100 6200 hrs. 
00 9606 hrs. 
} 
“ 1100 3000 hre. 
1100 6200 bre. 
= 1100 000 hrs. 
1100 6200 hre. 
1100 9606 
68 1100 3000 hre. 
P 1100 6200 
1100 9606 hre. 
|_| 1100 3000 hre. 
1100 6200 brs. 
1100 9606 bre. 
60 1100 3000 bre. 
1100 6200 hrs. 
1100 9606 hres 
1100 6200 hrs. 
= 1100 P 3000 hres 
1100 P 9606 hrs. 
1100 P 3200 hre. 
1100 6606 hee. 
1100 P 9606 hre. 
1100 P 9606 hrs. 
1100 P 9606 hre. 
1100 P 6606 bre. 
1100 P 9606 hrs. 
1100 P 9606 hrs. 
1100 P 9606 hre. 
1100 F 6606 bre. 
1100 P| 6200 hrs. ¥, 
1100 F| 9606 hrs. 
10a 900 F| 3000 hre. 20108 
| 1000 P| 3000 hare. 
1100 9000 bra. 026% 
i = 1100 P 3000 hres. 
1100 F 6200 bre, 
1100 PF 9606 bre. 
= 1100 F 3000 bre, 
1100 P| 9606 
1100 P 3000 bre. 
1100 P 6200 hre, 
1100 F 9606 hrs. 
164 1100 P 9606 hre. 
i 1100 F | 9606 hrs, 
1100 F 9606 hrs. 
19A 1100 P | 9606 bre. 
20a 1100 P 9606 hrs. 
21a 1100 P 9606 hrs. 
= 1100 PF | 5131 re. 
1100 | 5132 hrs. 
28a 1100 F | 6606 bre, 
2a 1100 PF | 3406 are. 
1100 F | 3406 bre, 
; 
: 
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(b) 


Fie. 6 Noputar GRAPHITE IN SAMPLE 12A, TaBLE 3, AFTE 
(This is not chain graphite but the closest approach to it as observed in these tests. 


r 6000 Hr at 1100 F 
Nital etch. View a, X500; view b, X 1500.) 
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CoNCLUSIONS 


1 Further evidence is presented to show that increasing 
aluminum content increases the tendency of low-carbon -0.5 
per cent molybdenum steels to graphitize in periods of exposure 
up to 9606 hr at 1100 F (see Table 3, samples 6A-6J, 7A-7D, and 
8A-8D). 

2 Further evidence is presented to show that high heat- 
treating temperatures, in the neighborhood of 2300 F prior to 
welding, tend to inhibit graphitization in low-carbon — 0.5 per cent 
molybdenum steels (see Table 3, samples 6B and 6G). 

3 Evidence is presented to show that the graphitizing tend- 
ency of aluminum-killed cast low-carbon -0.5 per cent molybde- 
num steel is restricted by increased cooling rates during heat- 
treatment prior to welding (see Table 3, samples 12A and 284A). 

4 Low-carbon-— 1 per cent molybdenum cast steels made with- 
out aluminum deoxidization, annealed and drawn, or normalized 
and drawn prior to welding, showed no graphitization at 1100 F 
in periods of exposure up to 9606 hr (see Table 3, samples 
16A to 21A inelusive). 

5 Two normalized and drawn low-carbon - 1 per cent molyb- 
denum cast steels with vanadium additions and without alumi- 
num deoxidization showed no graphitization at 1100 F after a 
period of exposure of 5131 hr (see Table 3, samples 23A and 24A). 

6 The addition of 0.5 per cent chromium is shown to impart 
graphitization resistance to low or high aluminum (0.027 per 
cent) low-carbon —0.5 per cent molybdenum pipe steel during an 
exposure of 5131 hr at 1H00 F. 


Discussion 


J.S. Wortu.‘ This series of tests is an interesting addition to 
our growing knowledge on the subject of graphitization of low- 
carbon steels. The test used by the authors seems to provide 
a low-cost means for making a comprehensive study. of the ten- 


dency of a steel to graphitize. 


The authors have pointed out: ‘The residual aluminum and 


‘ Assistant Metallurgical Engineer, Bethlehem Steel Company, 


| Bethlehem, Pa. 


alumina content (of steels) depend upon other features of the 
deoxidation practice as well as upon the amount of aluminum 
used. Therefore the general resistance to graphitization of 
samples 7A to D, inclusive, should not be interpreted as an indica- 
cation that all deoxidation practices using 1 lb of aluminum 
per ton will yield 0.5 per cent molybdenum steels resistant to 
graphitization.”’ It is because of this important and frequently 
overlooked fact that we, as steel manufacturers, do not recom- 
mend specifications expressed in terms of the amount of aluminum 
which may or may not be added. Austenite-grain-size require- 
ments are much more satisfactory, because the austenite grain 
size is affected not only by the aluminum addition, but also by 
the “other features of the deoxidation practice.” With almost 
no exceptions, coarse-grained steels have been found to be highly 
resistant to graphitization. 

Unfortunately, steels containing vanadium, or other grain- 
refining elements, and some electric-furnace steels cannot be 
made consistently coarse-grained, according to the A.S.T.M. 
carburized austenite-grain-size test (Designation: E 19-39T). 
In these special cases, a mutual understanding should be reached 
regarding the amount of aluminum which may be added. 

It would be interesting to know the A.S.T.M. carburized 
austenite-grain-size rating of each of the steels used in this in- 
vestigation. 


AutTHors’ CLOSURE 


The authors wish to thank Mr. Worth for his comments and 
we are gratified to find that we are in agreement in the matter of 
oxidation practice versus residual aluminum or alumina content. 
Unfortunately, we are not in a position to furnish a complete list 
of A.S.T.M. carburized Austenite-grain-size ratings of the steels 
referred to in the paper. A partial list follows in Table 4: 


TABLE 4 
Sample A.S.T.M. grain size 
6 A-J 7 
7 A-D 5-6 
8 A-D 4-5 
14 A 5-6 
15 A 5 
25 A-C 7-8 
26 A-C 5 
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Continuation of Joint 


Investigation on Graphitization of Piping 


By S. L. HOYT? ano A. M. HALL,? COLUMBUS, OHIO 


Since September, 1943, a research program on the 
graphitization of steel piping has been sponsored at 
Battelle Memorial Institute by the Edison Electric Insti- 
tute and the Association of Edison Illuminating Com- 


panies under the direction of a Joint Subcommittee on 
_ Graphitization. The purpose of the program has been to 


study the fundamental causes of graphitization and the 
restoration of graphitized pipe joints, as well as to deter- 


| mine, for new pipe, the kinds of steel which would be re- 


sistant to graphitization. Two previous papers (I, 2)° 
summarized the progress made in the investigation up to 
November, 1945. The present paper reports the results 
of the investigation since that time. 


INTRODUCTION 


N a continuation of the research program on the graphitiza- 
tion of steel piping, the phases of the subject which have 
been given further study are as follows: 


1 The effectiveness of chromium as an inhibitor of graphitiza- 
tion, with particular attention to the development of dark 
particles, possessing at least some of the characteristics of graph- 
ite, which appeared in certain of the experimental chromium- 
molybdenum steels tested and reported earlier (2). They are 
called “black spots” in this investigation because they occur as 


very small randomly distributed dark particles. 


2 The relation of steel chemistry and steelmaking practice 


) tosusceptibility to graphitization. 


3 The influence of postweld heat-treatments above the lower 
critical temperature of the steel, shown by previous work (1) to 
prevent severe graphite segregation, although it would not pre- 
vent random graphitization. 

4 A previous paper (2) contained a preliminary treaément of 
the graphitization process by means of chemical kinetics. The 


) results suggested that useful information concerning graphitiza- 


tion could be obtained by these means, and it was concluded that 


5 further kinetic studies should be made particularly toward the 


— 


establishment of a definite relation between performance in ac- 
celerated laboratory tests and behavior under service conditions. 


5 A further study of steels which may have practical im- 


munity to graphitization. An example is the original coarse- 
grained completely normal header in the Springdale installation 
which had shown no evidence of graphitization even after 6700 
hr at temperatures up to 1025 F, as well as at a cycling tempera- 
ture of 950 F to 1150 F. 

6 The effect of stress and prior plastic deformation upon the 
graphitization process. High-pressure steam lines are under 
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stress in service and some evidence has been gathered to indicate 
that stress or the resulting strain may accelerate graphitization 
(3). 

7 Accumulation of data on “initial chemical graphite” as a 
method of studying the condition of steam lines and of predicting 
graphitization’ tendency. Previous analytical work indicated 
that the so-called nongraphitizing steels contained not over 
0.01 per cent free carbon, while the graphitizing steels may con- 
tain up to 0.04 per cent free carbon before service. 


In the continuation of the program, a period of 5000 hr at a 
single test. temperature of 1125 F was chosen for the tests. Ki- 
netic studies of high-aluminum-deoxidized plain-carbon and 
carbon-molybdenum steels indicated that this test period at 
1125 F was approximately equivalent to 8 years of service at 
925 F. 

SuMMARY 


Additional data and information were developed from which 
certain more or less definite conclusions can be drawn. Many of 
the conclusions are of a corroborative nature in that they support 
observations or surmises recorded in previous papers or suggested 
by other investigators of graphitization phenomena. 

In general, the results supported previous observations (1, 4, 5), 
that plain-carbon steel graphitizes a little more readily than does 
carbon-molybdenum steel, that is, the general effect of molyb- 
denum is as a mild inhibitor. 

The high-aluminum-deoxidization practice (i.e., 13/, to 2/4 
lb per ton) renders both plain-carbon and carbon-molybdenum 
steels very susceptible to graphitization. The low-aluminum- 
killed (i.e., 1/¢ to 1/2 lb per ton) plain-carbon and carbon-molyb- 
denum steels are definitely more resistant to graphitization, 
though they may not be completely immune. 

Silicon-killed steels, with completely normal structure in the 
McQuaid-Ehn test, have been completely immune to graphitiza- 
tion for the lengths of time the samples have been exposed 
(11,700 hr at 1025 to 1125 F). 

While molybdenum was relatively impotent to counteract 
the bad effects of aluminum deoxidation, the data indicate that 
the presence of '/, per cent or more of chromium virtually pre- 
vents graphitization regardless of the deoxidization practice. 
In this connection, the ‘‘black spots” found in some of the experi- 
mental chromium-molybdenum steels, studied earlier, were not 
graphite. When they first appeared it was thought that, among 
other possibilities, they might be graphite. They did not increase 
in number or size with increased heating time and they are not 
now considered to be detrimental to the steel. The small size and 
quantities in which the “black spots” occur have thus far pre- 
vented their identification. 

A group of commercial chromium-molybdenum steels was 
tested, ranging in chromium content from 0.88 to 2.25 per cent, 
and in molybdenum content from '/; to 1 per cent. No evi- 


dence of graphite formation was found in any of these steels after 
5000 hr at 1125 F. 

The information collected thus far suggests that about '/, per 
cent vanadium in a 1.15 per cent molybdenum steel and as little 
as 0.039 per cent titanium in a carbon-molybdenum steel are very 
effective inhibitors of graphitization. 
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The evidence obtained in this investigation regarding the 
effectiveness of postweld stress-relief above the lower critical 
temperature, as a means of preventing the formation of segre- 
gated graphite, was largely negative. It was found that the 
higher test temperature of 1125 F produced a general trend away 
from the formation of segregated: graphite and toward random 
graphitization, so that most of the specimens tested as-welded 
without postweld heat-treatment showed random graphitization 
(when they showed any evidence of graphite formation). How- 
ever, no specimen, postwelded stress-relieved, showed any tend- 
ency toward segregated graphite formation. 

Efforts to learn more about the influence of plastic deformation 
and elastic strain upon the graphitization process were unsuccess- 
ful. Some graphite was found in the specimens prepared to in- 
vestigate this phase of the general problem, but that could not be 
construed as having a direct relationship to stress or strain. 

It has been suggested that steels which contain appreciable 
amounts of free carbon or graphite in the as-received condition 
will graphitize severely in service, while those which do not 
initially contain much free carbon will be resistant to graphitiza- 
tion and, perhaps, those which are entirely graphite-free at the 
start will not graphitize at all. This line of thought is supported 
at least indirectly by the results of the kinetic studies of the proc- 
ess which have been made to date. The shapes.of the reaction 
curves, obtained for those steels which graphitize, do not show a 
nucleation period of any appreciable duration. In other words, 
the results of the application of chemical kinetics are consistent 
with the concept of initial nuclei in those steels which graphitize. 
Such nuclei could very well be minute particles of carbon. 

Further investigation of this point has left the issue somewhat 
in doubt, though it gave some indication that those steels which 
contain appreciable initial quantities of graphite (more than 
0.02 per cent) are likely to graphitize in service or under test. 
On the other hand, the data indicated that small initial amounts 
of free carbon (i.e., about 0.1 per cent or less) were not a guarantee 
that the steel would be resistant to graphitization. 

Further application of chemical kinetics to the graphitization 
process showed that the curves, relating the life of the process to 
temperature, are complex and have shapes which change with 
composition and heat-treatment prior to test. While this pre- 
cluded the establishment. of a precise relation between tempera- 
ture and graphitization rate, there is an indication of a factor 
of 3.7 per 100 F or 13.8 per 200 F for the plain-carbon 
steel, and 3.9 per 100 F or 15 per 200 F for the carbon- 
molybdenum steel under study. In a general way, these factors 
suggest that the 5000-hr test period at 1125 F, used in this in- 
vestigation, was roughly equivalent to about 8 years at 925 F. 

At this point in the investigation of graphitization in low- 
carbon low-alloy steels, one type of steel has emerged which war- 
rants serious consideration for applications involving long-time 
service at the higher steam-line temperatures of about 1000 F, 
as a Maximum, in so far as its resistance to graphite formation is 
concerned. This is the chromium-molybdenum type. The 
vanadium-molybdenum steels and the carbon-molybdenum steels 
titanium-deoxidized have shown no tendency to graphitize in the 
tests which have been run at Battelle to date. In our opinion 
they both warrant further consideration, and it would perhaps 
be in order to investigate their commercial availability and amena- 
bility to fabrication and welding. The cost of the vanadium 
addition in the composition tested might be too high but much 
smaller amounts might be effective if other conditions are cor- 
rect. 

Experience with the vanadium-molybdenum and _ titanium- 
deoxidized carbon-molybdenum steels is still quite meager but 
is nonetheless indicative of a high order of resistance to graphi- 
tization. Apparently, it is inadvisable to attempt to specify 


an aluminum-free steel, either wrought or cast, and therefore 


the completely normal silicon-killed class is not included. Plain- 
Greater testing experience has been accumulated on the oo 
chromium-molybdenum steels, and the results strongly indicate f Plain- 
C-Mo, 

that a steel containing over per cent chromium with per 
cent molybdenum may give satisfactory service over long periods & me 
of time at temperatures up to 1000 F. With the higher amounts |} C-Mo, 
of chromium, the tests indicate that the use of aluminum deoxi- ome 
dation does not induce graphitization. In this connection, the tb 
work of other investigators strongly indicates the advisability of } Welde 
using more than !/, per cent chromium. J. J. Kanter has reported Walde. 
small amounts of graphite in an aluminum -deoxidized 0.52 per wi 


cent Cr-Mo steel tested 10,000 hr at 1025 F and it has been re- pi 


ported to us that others have found about the same thing. os 
Finally, some modifications might be offered at this time in —— 
the maximum safe operating temperatures suggested by Sabin Wel ec 
Crocker (6) for various classes of steam-pipe steel. He has indi- wae 
cated the following maximum temperatures: wae 
Carbon steel, 750 F wel 
Carbon steel, low-aluminum- or silicon-deoxidized........... S25F 
Carbon-molybdenum, high-aluminum-deoxidized........... 900 
Carbon-molybdenum, low-aluminum-deoxidized............ 925F Welded 
per cent Cr-'/2 per cent 950 F 
Welded 
Further investigation indicates that low-aluminum-deoxidized 
plain-carbon steel is more resistant to graphitization than is high- wei 
aluminum carbon-molybdenum steel, although this would not A% 
necessarily permit higher safe operating temperatures. Wiig 
Again, as mentioned, additional experience with the chromiun- [ ie 
molybdenum steels strongly indicates that a steel containing [ anaes 
1/, per cent molybdenum together with more than '/2 per cent WA% 
chromium can be safely used at 1000 F instead of 950 F. Woes 
EXPERIMENTAL PROCEDURE Welded 
MATERIALS 
Welded Specimens. Both bead-welded specimens and speci: f Welded j 
mens of welded joints were selected from materials which had 
previously been tested at Battelle or were on hand in stock [) Welded j 
In addition, several new specimens of commercial steels were ol F 
tained from other interested and co-operating organizations | ents 
The steels included in the test program are listed in Table 1. es 
The bead-welded specimens were prepared in such a manne! f Cr-Mo st 
as to produce a narrow weld-heat-affected zone. This was don [7 Mo st 


by surrounding the specimens with cooling water to within !/;in Mo. cas 
of their top surfaces during welding. A single bead weld was thet Mo ste 


made. ste 
Upset Specimens. In an effort to throw more light on the effet PF Ti-deoxia 
. of plastic deformation and strain upon the rate of graphitizatio. |} —— 
cubes, approximately */, X */4 X */¢ im. representing rate 
high-aluminum-deoxidized carbon-molybdenum steel and a hig! [ 
aluminum-deoxidized chromium-molybdenum steel were hot uP 
set at 1000 F, and cold upset at room temperature, prior to tht} . Type 
graphitization test, as indicated in Table 2. Upsetting ™ 9c me hi 
carried out on a 1500-lb compressed-air forging hammer. The® Me, 
cubes which were to be upset at 1000 F were heated in an opt Cr Lo, hi 


muffle electric furnace at 1100 F, a temperature drop estims!® 


at 100 F being incurred in transferring from furnace to die s Cr-Mo, hij 

in resting on the die before the drop of the hammer. The * 

cent upset was computed as per cent reduction in height. = Fy} Molybder 
Cantilever Specimens. To study the effect upon graphitizati® F¥for the te 

rate of stresses within the elastic limit of the steel, a test spe P¥lever-loac 

men in the form of a simple rectangular bar to be loaded #! §§molybder 

cantilever, was decided upon. The load was to be sufficient "P¥to give 9 


place the bar under considerable stress, but not enough to ¢* Blever, T 
appreciable creep during the 5000-hr test period at 1125 F. 
A plain-carbon, carbon-molybdenum, and a_ 


bined effe 


+4 

ak 

: 

yd 

My 

4 

AS 

agers 


HOYT, HALL—E.F.1.-A.E.1.C. INVESTIGATION ON GRAPHITIZATION OF PIPING 41 
TABLE 1 STEELS TESTED IN THE FORM OF WELDED SPECIMENS 
ype of stee Source Sondition revious test 
f 1 8 Conditi Previ 
National Tube Co. Bead-welded and stres-relieved at 1425 F None 
National Tube Co. Bead-welded None 
National Tube Co. Bead-welded and stress-relieved at 1425 F None 
Springdale Bead-welded and stress-relieved at 1425 F None 
C-Mo, low-aluminum........... National Tube Co. Bead-welded and stress-relieved at 1200 F None 
C-Mo, low-aluminum...... National Tube Co. Bead-welded 6700 hr at 1025 F 
C-Mo, silicon-deoxidized. Babcock & Wilcox Co. Bead-welded 6700 hr at 1025 F 
Babcock & Wilcox Co. Bead-welded None 
f Welded joint between hizh-aluminum and low-aluminum C-Mo 
j Welded joint between high-aluminum and low-aluminum C-Mo 
Detroit Edison Co. As-welded and stress-relieved at 1425 F None 
r Welded joint between high-aluminum and low-aluminum C-Mo 
Welded joint between high-aluminum and low-aluminum C-Mo 
Detroit Edison Co. As-welded 5000 hr at 1025 F 
Welded joint between high-aluminum and low-aluminum C-Mo 
n Detroit Edison Co. As-welded, normalized at 1650 F 5000 hr at 1025 F 
Welded joint between experimental high-Al and low-Al !1/4% Cr- 
- Welded joint between experimental high-Al and low-Al, !/2% Cr 
Welded joint between experimental high-Al and low-Al, 1% Cr- 
F Welded joint between experimental high-Al and low-Al, 1!/:% Cr- 
Welded joint between experimental high-Al and low-Al, 1/4% Cr- 
Fy [1% M 1 B Il A lded and lieved at 1425 F N 
FP} Welded joint between experimental high-Al and low-Al, !/2% Cr- 
F Battelle As-welded and stress-relieved at 1425 F None 
Welded join‘ between experimental high-Al and low-Al, 1% Cr 
Welded joint between experimental high-Al and low-Al, 11/2% Cr- 
4 Welded joint between experimental high-Al and low-Ai, 1/2% Cr- 
ot Battelle As-welded 5000 hr at 925 F 
Welded joint between experimental high-Al and low-Al, '/:% Cr- 
Welded joint between experimental high-Al and low-Al, !/2% Cr- 
MT) Welded joint between experimental high-Al and low-Al, 1/2% Cr- 
nt Battelle As-welded and stress-relieved at 1200 F 5000 hr at 1025 F 
Welded joint between experimental high-Al and low-Al, '/2% Cr- 
654 Battelle As-welded and stress-relieved at 1300 F 5000 hr at 1025 
Welded joint between experimental high-Al and low-Al, '1/2% Cr- 
Battelle As-welded and normalized at 1650 F 5000 hr at 1025 F 
Welded joint between commercial high-Al and low-Al Cr-Mo pipe Consolidated Gas, 
Electric Light and 
Power Co. of Balti- 
more As-welded None 
i Welded joint between commercial high-Al and low-Al Cr-Mo pipe Consolidated Gas 
Electric Light and 
ad Power Co. of Balti- 
; : more As-welded and stress-relieved at 1300 F None 
ck. } Welded joint between commercial high-Al and low-Al Cr-Mo pipe Consolidated Gas, 
be Electric Light and 
, Power Co. of Balti- 
ns, more As-welded and stress-relieved at 1425 F None 
, Equip. Co. As-welded None 
ne ; Equip. Co. As-welded and stress-relieved at 1425 F None 
ne stee 4 enera viectric oO. ead-weide sone 
7 Cr Mo steel (21/, C 1% G 1 El ic C Bead lded N 
: Cr-Mo steel (21/4% Cr-1/2 National Tube Co. Bead-welded None 
In. Mo-V cast steel (iG V-11/4% Mo)? General Electric Co. Bead-welded None 
3 0. Bead-welded 1700 hr at 1025 F 
Co. Bead-welded 1700 hr at 1025 F 
fect Ti-deoxidized, C-Mo Titanium Alloy Mfg. 
——— 10. Bead-welded 1700 hr at 1025 F 
A ; * Tested 4000 hr at 1125 F. 
Tested 3300 hr at 1125 F. 
igh 
TABLE 2 UPSET SI A pair of specimens loaded and mounted on the testing plat- 
oy PEG Mo, high-aluminum ........... Upset 20 per cent at 1000 F form is shown schematically in Fig. 1. They measured */s in. in 
c “Mo, high-aluminum Wetec eae, Upset 5 per cent at 1000 F width X '/,in. indepth. Though a different over-all length was 
ov high-aluminum.......... U 5 cent at roo 
hoe 1 used for each different steel, as a means of identifying it, the same 
per Ee ie, high-aluminum........... Upset 45 per cent at 1000 F “gage length” of 43/, in. was used throughout. The specimens 
ated 4 high-aluminum ie Upset 5 per cent at 1000 F 
~ oe high-aluminum........... Upset 40 per cent at room temperature were sawed from the stock and production-ground to size with a 
ant lo, high-aluminum........... Upset 5 percent at room temperature toJerance of + 0.001 in. 
) pet The specimens were so designed and loaded as to sustain a maxi- 
reAnpeng steel, all high-aluminum-deoxidized, were selected mum fiber stress of about 780 psi. Weights were cut from 1!/,- 
sti Stor the test. The three steels were tested as-received and canti- in-square steel bar stock and ground to the proper size, where- 
pe lever-loaded, while the carbon-molybdenum and the chromium- upon they were tack-welded to the specimens, as indicated in 
a! molybdenum steels were also placed on test after cold-rolling Fig. 1. The tack welds gave a small increment of stress which 
nt WE ° give a 10 per cent reduction in area, and then loaded in canti- was not considered in the calculations. The design was checked, 
aut BI , ver. The latter specimens were prepared to study the com- before the assembly was placed in the graphitization furnace, 
| i ined effect of plastic strain and elastic stress. by means of bonded wire resistance strain gages pasted over the 


a. 2 
i 
4 
int 
ith 
Toe 


GAGE LENGTH 


a SPECIMEN 


TACK 


T 


WEIGHT SUPPORT 


PLATFORM 


Fic. 1 ScHematic D1aGRAM OF CANTILEVER-LOADED SPECIMENS 


positions of maximum fiber stress. The stress calculated from the 
strain obtained from these gages was about 800 psi, which was 
considered to be a good check on the calculated value. 


Test TEMPERATURE AND TIME 


A single test temperature of 1125 F was used in this investiga- 
tion. This temperature was decided upon because the results of 
earlier kinetic studies had indicated that it would have a great 
accelerating effect without introducing unknown or complicating 
factors. 

A test period of 5000 hr was used and most of the specimens 
were held at temperature for that length of time. However, 
the cold-rolled cantilever specimens were not tested the full 
5000 hr because of the time required to prepare them before test. 
A few of the specimens of new materials were likewise unavoida- 
bly tested for a shorter time. 


EqQuipMENT 


The specimens were placed inside 4-in. IPS threaded steel tubes 
closed at both ends by threaded caps. Because of the air inside 
of the tubes, the containers did not entirely prevent the speci- 
mens from oxidizing, but it was considered that the limited 
oxygen supply kept scaling to a satisfactory minimum. 

The capped steel tubes containing the specimens were charged 
into an electric muffle furnace whose temperature was held to 
within +8 F of 1125 F. . 


METHOD OF EXAMINATION 


After removal from the furnace at the end of the test period, 
the specimens were sectioned and polished for metallographic 
examination. The sections were cut sufficiently far from the ends 
of the specimens to avoid any effects due to scaling or decarburi- 
zation. Examination was made at 100, 1000, and «1500 
after etching lightly with 2 per cent nital. 


RESULTS OF TESTS 


MATERIALS 


Plain-Carbon Steels. The high-aluminum-deoxidized plain- 
carbon steel showed very heavy random graphite formation both 
as-welded and as postweld stress-relieved at 1425 F, virtually all 
of the carbon present being converted into the graphite. The 
low-aluminum-deoxidized plain-carbon steel showed no graphite 
either as-welded or as postweld stress-relieved at 1425 F. 

Carbon-Molybdenum Steel. The high-aluminum-killed carbon- 
molybdenum steels graphitized very considerably during the 
test, although not so much as the high-aluminum-deoxidized 
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plain-carbon steel. No tendency toward segregation of graphite 
in the range of the lower critical temperature of the steels was 
shown by any except two ef the high-aluminum specimens. Both 
of these had been placed on test as bead-welded. 

In only one of the low-aluminum-deoxidized carbon-molybde- 
num steels was any graphite observed after test. In this speci- 
men the amount was considered to be a trace. 

The silicon-killed carbon-molybdenum steel showed no indica- 
tion of graphitization even after almost 12,000 hr of testing 
(6700 hr at 1025 F, and 5000 hr at 1125 F). To check on the possi- 
bility that the immunity shown by this steel might be due in part 
at least, to the action of some other factor, such as the presence of 
a strong graphitization inhibitor, the steel was analyzed spec- 
trographically for chromium, vanadium, and titanium. Only a 
small amount of chromium was found (0.045 per cent), while 
vanadium and titanium were not detected. 

Chromium-Molybdenum Steels. A series of experimental high- 
aluminum-deoxidized and silicon-deoxidized chromium-molybde- 
num steels had been prepared in the earlier investigation for the 
purpose of determining the effectiveness of chromium as an in- 
hibitor of graphitization. The chromium content of the series 
was varied from 0 to 1'/2 per cent. 

In numerous instances, involving even the 1'/2 per cent chro- 
mium-molybdenum steel, a few spots resembling graphite had 
been found in specimens held 2500 hr and 5000 hr at temperature. 
These traces could not be identified at the time. Many of the 
specimens in which they were found were placed back on test for 
an additional 5000 hr at 1125 F, with the thought that, if the 
“black spots” were to increase in size or number there might be 
some chance of identifying them. 

Most of these specimens showed a few randomly distributed 
black spots after the additional 5000-hr treatment. They did 
not appear to be either more numerous or larger than those ob- 
served previously, and hence they were no more readily identi- 
fied than before. Examples of these black spots are shown in 
Fig. 2. 

In an effort to throw more light on the nature of the black 


spots, several specimens in which they appeared were analyzed iY 
chemically for graphite. Up to 0.02 per cent graphite was found 
in some of the specimens. These amounts are small, especially 
when the fact that the specimens had been on test 10,000 hr is 
taken into consideration, and the results are considered indicative 
of the effectiveness of chromium in inhibiting graphitization in 
these steels. The chemical results indicate that while very small 
amounts of free carbon may exist or be formed in these steels, 
they are not to be construed as being the black spots. 
To check the possibility that the black spots might actually 
be graphite, several specimens in which they had been observed r’ 
were sealed in vacuo in a fused-quartz tube and heated 5 hr at f L. 
1800 F, or well within the austenite range, and furnace-cooled. Fic 
Since graphite is readily soluble in austenite, the black spots 
should have disappeared had they been graphite. In fact, cavities 
where they would have been should be surrounded by pearlite ring’ speci 
formed by the reprecipitation of dissolved carbon as carbide § num 
during cooling from the austenite range. Actually, howevel, § low-s 
the black spots appeared to be unchanged by the heat-treat 
ment. An example of one is shown in Fig. 3. Note that the Me 
carbides are now in the form of pearlite; the graphitization tes' § cent 
had spheroidized them. 1125 
Actual graphite was observed in one of the specimens in this & tizati 
series of experimental steels. It was found in the high-aluminut Tit 
deoxidized per cent chromium-molybdenum steel. The grap! steels 
ite is illustrated in Fig. 4. per cx 
Among the commercial chromium-molybdenum steels place! JF br on 
on test, no evidence of graphitization was observed. In om J) shows 
specimen, however, an occasional black spot was found. Th* § tobe 
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specimen was the high-aluminum-deoxidized chromium-molybde- 
num steel member of a joint made between high-aluminum- and 
low-aluminum-killed chromium-molybdenum steels and placed on 
test as postweld stress-relieved at 1425 F. 

Molybdenum-Vanadium Steel. This steel, containing 1.15 per 
cent molybdenum and 0.23 per cent vanadium was heated at 
1125 F for 4000 hr, after which it showed no indication of graphi- 
tization, 

Titanium-Molybdenum Steels. Two titanium-molybdenum 
Steels, containing appreciable amounts of titanium (0.30 and 0.75 
Per cent), showed no indication of graphite formation after 5000 
hr on test. Two titanium-deoxidized carbon-molybdenum steels 


showed traces of graphite-like areas, but these were too small 
to be positively identified. 
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DEFORMATION AND ELastic StrREss 


With one exeption, all of the upset specimens graphitized to 
about the same extent as did other specimens of the same steels 
tested for a similar period at 1125 F, as-welded or as-welded 
and postweld heat-treated. The exceptional case was a carbon- 
molybdenum specimen in which only a trace of graphite was 
found when at least moderate graphitization was expected. In 
all the specimens, the distribution of graphite was entirely ran- 
dom. 

No effect. upon graphitization rate could be discerned in the 
cantilever-loaded specimens which could be attributed either to 
the action of elastic stress operating alone or in combination with 
cold-work. These specimens graphitized to about the same ex- 
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tent as they would have had they been in the form of unstressed 
welded specimens. Moreover, no significant difference, either in 
the number or in the size of the graphite nodules, in any of the 
specimens could be observed between the location of maximum 
fiber stress and that of zero fiber stress. 


INITIAL GRAPHITE 


The results of chemical analysis for graphite in the steels as 
received are given in Table 3. Included in this table are the re- 
sults of determinations made by J. W. Bolton of the Lunken- 
heimer Company, which have been discussed in earlier papers. 


TABLE 3 INITIAL GRAPHITE IN TEST MATERIALS 
Per cent 
graphite Extent of 
before graphitization 
Material test Analyzed by after test 
C-Mo, unused Springdale... 0.038 Lunkenheimer Co. Severe 
C-Mo, low-aluminum....... 0.012 Lunkenheimer Co. None 
Plain-C, high-aluminum..... 0.010 LunkenheimerCo. ‘Severe 
Plain-C, low-aluminum...... Lunkenheimer Co. None 
C-Mo, high-aluminum. Battelle Severe 
C- Mo, silicon-killed......... Battelle None 
Cr-Mo, silicon-killed........ Battelle None 


Table 3 shows that no clear-cut distinction between graphitiza- 
ble and nongraphitizable steels can be made on the basis of 
initial graphite content, except that the two steels, which con- 
tained considerable initial free carbon (0.02 per cent or more), 
graphitized quite readily. 


KINETICS OF GRAPHITIZATION 


MaTERIALS 


Application of the principles of chemical kinetics to the graphi- 
tization process was continued using specimens of bead-welded 
high-aluminum-decxidized plain-carbon and carbon-molybde- 
num steels, which had been tested earlier and reported in pre- 
vious papers. Lack of graphitization prevented similar studies 
of the chromium-molybdenum steels, and the low-aluminum- 
deoxidized and silicon-killed steels. 


PROCEDURE 


In most of the specimens a metallographic determination of 
graphite was made. Nine fields from each of three different 
polished sections per specimen were projected on the ground-glass 
screen of a metalloscope at 250 and each nodule of graphite 
found in each field was traced on a sheet of thin paper taped on 
the screen. In this manner, the graphite in each specimen was 
represented by tracings of 27 fields from three different planes of 
polish. From the tracings the area percentage of graphite was 
obtained. This was considered to be the same as the volume per- 
centage. The volume percentage was, in turn, converted to 
weight percentage using 7.8 and 2.22 as the densities of the steel 
and the graphite, respectively. Since the metallographic method 
tended to give determinations which were too high, it was ‘‘cali- 
brated”’ by a few chemical determinations and a curve between 
the true or chemical percentage and the metallographic percentage 
was established. 

In addition, a considerable number of the specimens were 
analyzed chemically for graphite without also being analyzed 
metallographically. 

The fraction of carbon transformed to graphite during the 
period at temperature was obtained as the ratio of per cent graph- 
ite to the total carbon content of the specimen. 


RESULTS 


The results of the graphite determinations are listed in Table 
4, where they appear as per cent graphite and as fraction of total 


TABLE 4 DETERMINATIONS OF GRAPHITE FOR KINETIC 
STUDIES 


Fraction of 


Test Test carbon trans- 
; temp, time, Per cent formed to 
Material Condition deg F r graphite graphite 

Plain-C, high-Al As-welded 925 1500 0.03 0.14 
Plain-C, high-Al As-welded 925 3000 0.04 0.18 
Plain-C, high-Al As-welded 925 5500 0.08 0.36 
Plain-C, high-Al As-welded 925 7700 0.12 0.55 
Plain-C, high-Al As-welded 1025 1500 0.10 0.45 
Plain-C, high-Al As-welded 1025 3000 0.15 0.68 
Plain-C, high-Al As-welded 1025 5500 0.21 0.96 
Plain-C, high-Al As-welded 1025 7700 0.19 0.86 
Plain-C, high-Al As-welded 1125 500 0.09 0.41 
Plain-C, high-Al As-welded 1125 1500 0.19 0.86 
Plain-C, high-Al As-welded 1125 3000 0.22 1.00 
Plain-C, high-Al SR1370F 925 1500 0.07 0.32 
Plain-C, high-Al SR1370F 925 3000 0.08 0.36 
Plain-C, high-Al SR1370F 925 5500 0.15 0.68 
Plain-C, high-Al] SR1370F 1025 1500 0.12 0.55 
Plain-C, high-Al SR1370F 1025 3000 0.18 0.82 
Plain-C, high-Al SR1370F 1025 5500 0.22 1.00 
Plain- Cc high-Al SR1370F 1025 7700 0.20 0.91 
Piain- C, high-Al SR1370F 1125 1500 0.21 0.96 
Plain-C, high-Al SR1370F 1125 3000 0.22 1.00 
Mo, high- Al As-welded 925 500 0.01 0.06 

C-Mo, high-Al As-welded 925 3000 0.02 0.12 

C-Mo, high-Al As-welded 925 7500 0.05 0.29 
C-Mo, high-Al As-welded 1025 500 0.03 0.18 
C-Mo, high-Al As-welded 1025 3000 0.08 0.47 
C-Mo, high-Al As-welded 1125 1500 0.08 0.47 
C-Mo, high-Al As-welded 1125 3000 0.10 0.59 
C-Mo, high-Al SR 1380 F 925 500 0.02 0.12 
C-Mo, high-Al SR 1380 F 925 3000 0.02 0.12 
C-Mo, high-Al SR 1380 F 925 7500 0.04 0.24 
C-Mo, high-Al SR1380F 1025 500 0.02 0.12 
C-Mo, high-Al SR1380F 1025 3000 0.05 0.29 
C-Mo, high-Al SR1380F 1025 7500 0.09 0.53 
C-Mo, high-Al SR 1380 F 1125 500 0.02 0.12 
C-Mo, high-Al SR1380F 1125 3000 0.06 0.35 
C-Mo, high-Al SR1310F 925 500 0.03 0.18 
C-Mo, high-Al SR1310F 925 1500 0.04 0.21 
C-Mo, high-Al SR 1310F 925 3000 0.05 0.29 
C-Mo, high-Al SR1310F 925 7500 0.09 0.50 
C-Mo, high-Al SR 1310 F 925 9700 0.08 0.47 
C-Mo, high-Al SR1310F 1025 500 0.06 0.32 
C-Mo, high-Al SR 1310 F 1025 1500 0.07 0.41 
C-Mo, high-Al SR1310F 1025 3000 0.11 0.65 
C-Mo, high-Al SR1310F 1025 5000 0.08 0.47 
C-Mo, high-Al SR1310F 1025 7500 0.14 0.79 
C-Mo, high-Al SR1310F 1025 9700 0.14 0.79 
C-Mo, high-Al SR1310F 1125 500 0.08 0.47 
C-Mo, high-Al SR1310F 1125 1500 0.11 0.62 
C-Mo, high-Al SR1310F 1125 3000 0.14 0.79 


Nore: SR = stress-relieved. 


carbon transformed from carbide to graphite. The determina- 
tions refer only to the graphite which was randomly distributed 
in the specimens and not to any graphite which might, as was the 
case in most of the plain-carbon steel specimens, have segregated 
at the low-temperature edge of the weld-heat-affected zone. 
For the plain-carbon steels, the graphite determinations refer 
only to that portion of the graphite observed in them which was 
distributed at random in the metal unaffected by welding. 

It did not appear possible to devise a consistent and adequate 
method of treating segregated graphite kinetically, however 
desirable this would have been in view of the importance of 
graphite segregation in welded pipe joints in the field. 

The values of fraction of carbon transformed to graphite are 
plotted against time in Fig. 5 for the plain-carbon steel, and in 
Fig. 6 for the carbon-molybdenum steel. The solid-line portion 
of each curve represents the experimental data. The broken-line 
portions were added to show the probable form of the complete 
curves. 

A better idea of the shape of the rate curve may be obtained 
by plotting all the data on a single curve. This, at the same time, 
establishes the general shape that the family of curves 
should assume. Fig. 7 shows this kind of plot for the plain- 
carbon steel. 

The half-life time (that is, the time required for one half of the 
total carbon to be converted from carbide to graphite) was used 
to illustrate the effect of temperature on the rate of graphitization. 
The plots of half-life time versus reciprocal of absolute temper 
ture for the plain-carbon steel and for the carbon-molybdenum 
steel are shown in Fig, 8. The half-life values are recorded in 
Table 5. 
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TABLE 5 HALF-LIFE PERIODS OF GRAPHITIZATION PROCESS 


Temperature, Half-life, 
Material Condition eg F hr 
Plain-C, high-Al As-welded 925 7500 
Plain-C, high-Al As-welded 1025 1900 
Plain-C, high-Al As-welded 1125 640 
Plain-C, high-Al SR 1370 F 925 3500 
Plain-C, high-Al SR 1370 F 1025 1300 
Plain-C, high-Al SR 1370 F 1125 430 
C-Mo, high-Al As-welded 925 28000 
C-Mo, high-Al As-welded 1025 3500 
C-Mo, high-Al As-welded 1125 1800 
C-Mo, high-Al SR 1310 F 925 9100 
C-Mo, high-Al SR1310F 1025 1600 
C-Mo, high-Al SR 1310 F 1125 650 
C-Mo, high-Al SR 1380 F 925 31000 
C-Mo, high-Al SR 1380 F 1025 7400 
C-Mo, high-Al SR 1380 F 1125 5500 


Note: SR = stress-relieved. 


Discussion 


It had been thought that the additional 5000-hr test at 1125 F 
might possibly provide further information on the manner in 
Which segregated graphite develops at the Ac; isotherm, and 
further, that this additional information might aid in setting up 
a method of evaluating segregated graphite kinetically. How- 
ever, examination of the treated specimens indicated that the 
high test temperature tended to promote a trend away from 
Segregation and toward random distribution of graphite. 

On the role of nucleation, the time intervals used in the first 
Stages of the graphitization tests, carried out in the previous 
studies, were too large to provide an accurate picture of the be- 
ginnings of graphitization. General observations suggest that 
either the nuclei for nodule development are already present and 
available in the steel before heating, or there is a relatively high 
rate of nucleation at the start which decreases quite rapidly with 
lume at temperature. This is suggested by the steepness of the 
reaction curves as plotted in Fig. 9, on uniform rectangular co- 
ordinates. 


Examination of the reaction curves for the high-aluminum- 


w ae 
4 
a 
§ 
a 
3 
« 
z LEGEND 
= 
MARK CONDITION 
aS WELOEO 
= ° 
O 
2 0 


00 1900 10,000 
TIME IN HOURS 


8 
3 
8 


Fig. 6 Reaction Curves FoR H1iGH-ALUMINUM-DEOXIDIZED 
C-Mo STEEL, G30 
100 900 - 
z 
wo 4 4 4 
00:0 OOr2 coors 


RECIPROCAL OF ABSOLUTE TEMPERATURE °K 


Fic. 8 Errect or TEMPERATURE Upon Ha tr-Lire or GRAPHITI- 
ZATION REACTION 


deoxidized plain-carbon steel given in Fig. 5 shows that for each 
temperature the curve for the specimens postweld stress-relieved 
at 1370 F lies to the left of the curve for the specimens tested as- 
welded. In other words, stress-relieving the plain-carbon steel 
at 1370 F prior to testing accelerated general random graphitiza- 
tion at each temperature. This is in accordance with previous 
qualitative observations. 

Examination of Fig. 6 shows that a postweld stress relief at 
1310 F has a similar accelerating effect upon the graphitization 
of the high-aluminum-deoxidized carbon-molybdenum steel. 
However, stress-relieving the carbon-molybdenum steel at 
1380 F after welding, produced a strikingly different effect, in - 
that it had a generally retarding influence. 

The various effects produced by postweld heat-treatment and 
the manner in which they are influenced by temperature are shown 
very clearly in Fig. 8. 

The mechanism whereby postweld stress relief affects the 
graphitization process is not clear. In neither the plain-carbon 
steel nor the carbon-molybdenum steel did it seem to change 
anything fundamental in the process because, in so far as the data 
permit judgment of the point, it did not alter the shape of the re- 
action curves, as would be expected had a fundamental factor 
been added or eliminated. 

It is not unreasonable to suggest that, since postweld stress 
relief of the plain-carbon steel at 1370 F, and of the carbon- 
molybdenum steel at 1310 F produced effects similar to each 
other and in the same direction, the mechanism of the effects 
was the same for the two steels and was probably not dependent 
upon composition. On the other hand, stress relief of the carbon- 
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molybdenum steel at 1380 F produced a sharply different effect. 
Since molybdenum is the distinguishing element. of this steel, it 
is logical to suggest that this effect is related to its presence. In 
view of the investigations of G. V. Smith and co-workers (7, 8, 9), 
in which they demonstrate increased stability in carbon-molyb- 
denum steels after heat-treatment in the 1800 F range, it may be 
suggested further that the 1380 F treatment increased the sta- 
bility of this steel and thus retarded graphitization. Perhaps, in 
line with the findings of G. V. Smith, the 1310 F treatment would 
have produced an effect similar to that of the 1380 F treatment 
had it been carried out for a long enough period of time. The 
specimens were at temperature only a few minutes, while Smith 
recommended 4 hr at temperature. Presumably, the treatment 
in the 1300 F range either converts iron carbide to molybdenum 
carbide or, more probably, promotes the formation of an alloy 
carbide in the steel, 

Figs. 9 and 10 show that the shape of the reaction curves in 
the plain-carbon steel differs markedly from that for the carbon- 
molybdenum steel. This difference suggests that the process of 
graphitization is fundamentally different in the two steels. Again 
molybdenum seems to be the most logical variable with which to 
correlate the difference. 

An object of the application of kinetic methods to the problem 
was the possibility of securing a quantitative relation for ex- 
trapolation from accelerated laboratory tests to lower tempera- 
ture service conditions. Examination of Fig. 8 shows, however, 
that the present data do not permit a precise extrapolation. 
However, for purposes of approximation, in the range 925 to 
1125 F, a factor of 3.7 per 100 F or 13.8 per 200 F, could 
be used for the plain-carbon steel, and 3.9 per 100 F or 15 for 
200 F for the carbon-molybdenum steel. Using the factor 
for 200 F, the present test of 5000 hr at 1125 F would be 
roughly equivalent to 72,000 hr (about 8 years) of service at 
925 F. 

In Fig. 8 a series of straight solid lines were drawn through the 
data. However, there may be considerable justification for 
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passing curved lines through the sets of points, such as the dotted 
lines drawn through the carbon-molybdenum-steel data. This 


would yield a family of curves, one for each steel and each condi- 
tion prior to test, curving in such a manner as to produce a point 
of minimum half-life (maximum rate) in the range 1200 F to 
1250 F, and sloping asymptotically to a temperature co-ordinate 
in the neighborhood of 825 F. Such plots would possess a certain 
amount of experimental support, but much more information is 
required for their establishment. 
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Influence of Postweld Heat-Treatment 
on Graphitization 


By I. A. ROHRIG! ann ARTHUR McCUTCHAN,? DETROIT, MICH. 


This paper presents the results of a comprehensive series 
of laboratory tests designed to establish suitable time- 
temperature relations for postweld heat-treatment for 
prevention of graphitization at arc-welded joints in car- 
bon-molybdenum and plain-carbon pipe steels. The 
variation in response of individual heats to various heat- 
treatments renders the findings indicative rather than 
conclusive, but support is given for heat-treatments at 
temperatures around 1400 F. 


HE investigation described in this paper was made to es- 

tablish the most suitable time-temperature relations for 

postweld heat-treatment of arc-welded joints in carbon- 
moly and plain-carbon pipe steels. Information presented at 
the three previous A.S.M.E. sessions on graphitization of piping 
has indicated the desirability of postweld heating of joints at 
temperatures higher than the conventional 1150 to 1250 F stress- 
relieving temperatures. In addition to relieving stresses more 
effectively, such higher-temperature heating was thought by 
some investigators to prevent or retard graphitization in the 
peculiarly susceptible structure that results from the heat of 
welding. 


opinions as to the most suitable postweld heating practice, it 
was stated by the E.E.I.-A.E.I.C. Subcommittee in its Progress 
Report No. 5: “Final decision as to the postweld heat-treat- 
ment most degrable for a graphitizable steel must await further 
service experience and findings from other laboratory investiga- 
tions.”’ 

This paper presents the findings of a series of laboratory tests 
that should contribute to an appreciation of the complexity of 
the problem and give an indication of the difference in response of 
individual heats and types of steel to heat-treatment. It was 
reported in a previous paper (2) that, with specimens of welded 
low-aluminum-deoxidized carbon-moly pipe, a 1350 F postweld 
heat-treatment was effective in preventing graphite formation 
in the metal adjacent to the weld, but that such heat-treatment 
did not prevent the precipitation of distributed graphite in similar 
specimens of high-aluminum-deoxidized carbon-moly pipe. This 
finding was obtained from specimens that had been on test for 
3300 hr at 950 to 1100 F. Re-examination of these specimens 
after a further 4600 hr of test-heating showed a few graphite 
nodules in the weld-heat-affected zone of the low-aluminum-de- 
oxidized material as well as in the high-aluminum-deoxidized ma- 
terial. The findings of the present investigation essentially con- 


TABLE 1 CHEMICAL COMPOSITION OF CARBON-MOLY AND CARBON-STEEL PIPE 
MATERIALS TESTED 


Analysis, per cent 


McQuaid-Ein 


Heat no. Cc Mn Si Mo P 8 Al structure 
(metallic) 
CarBon-MOLYBDENUM STEEL 

2490 (high Al) 0.15 0.57 0.20 0.50 0.010 0.030 0.042 Slightly abnormal 
8502 (low Al) 0.17 0.45 0.24 0.51 0.015 0.027 * Abnormal 

8055 (low Al) 0.17 0.48 0.23 0.51 0.009 0.037 * Abnormal 

5059 ) Al) 0.15 0.45 0.20 0.50 0.012 0.022 * Abnormal 

3099 (low Al) 0.18 0.44 0.26 0.50 0.015 0.022 * Slightly abnormal 
10600 ne A]) 0.19 0.51 0.26 0. 0.012 0.019 * Abnormal 

6347 (low Al) 0.15 0.44 0.25 0.51 0.016 0.019 * Normal 

Meprum-CarBon STEEL 

6449 0.34 1.01 0.26 0.016 0.028 
1155 (unused) 0.27 0.89 0.23 0.011 0.023 * 


* Not reported by manufacturer. 


On the basis of evidence accumulated to February, 1946, the 
Joint E.E.1.-A.E.1.C. Subcommittee on Graphitization of Piping 
concluded that a 1400 F postweld heat-treatment appeared 
promising as a means of preventing the formation of the segre- 
gated type of graphite in a graphitizable steel. It was noted by 
that body, however, that the practice of heating at 1300 F was 
strongly advocated by certain groups. Where the pipe had been 
normalized before welding, instances were reported in which this 
postweld heating had been found by laboratory tests to be ef- 
fective in preventing the formation of both the distributed and 
the segregated types of graphite (1).? In view of the variety of 
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firm the difference previously noted in the response of these two 
types of carbon-moly steels to postweld heat-treatments and 
show that, because of the variation in response of individual 
heats, results can only be considered as a general indication of 
the influence of postweld heat-treatment on graphitization. 


SpecIMENS TESTED 


In all, six heats of low-aluminum-deoxidized carbon-moly 
steel, one heat of high-aluminum-deoxidized carbon-moly steel, 
and two heats of medium-carbon silicon-aluminum-deoxidized 
steel were tested. The chemical composition of the steels is 
shown in Table 1. The high-aluminum (heat No. 2490) and low- 
aluminum-deoxidized (heat No. 8502) carbon-molybdenum pipe 
material both in the as-received condition and after normalizing 
at 1900 F and 1800 F, respectively, which were reported on in 
1944, have been maintained in a laboratory furnace at 950 to 
1100 F. Examinations have now been made after 3300 hr, 
10,300 hr, and 16,000 hr. Short rings of 12-in. schedule 100 and 
120 carbon-moly pipe from three different heats of steel, Nos. 
2490, 8055, and 5059, were butt-welded together and torch-cut 
along the chalked lines shown in Fig. 1. Each of the welds shown 
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in Fig. 1 was cut into 19 segments. The fact that the center 
ring was common to.the two welds made possible a double check 
on the graphitizing tendency of that particular pipe section, heat 
No. 8055, after different postweld heat-treatments. 

In addition to the tests on thc across-the-weld samples, the 
center portion of the ring was quartered and each quarter was 
given a different heat-treatment prior to the application of bead 
welds on the pipe cross section. Subsequent test-heating of the 
bead-welded samples, which had been subjected to four different 
postweld heat-treatments, gave an indication of the influence 
of the various preweld heat-treatments on the amount of graphite 
produced by furnace-heating of the samples. 

In addition to the work on the samples just described, sections 
from pipe of heats Nos. 3099, 10,600, and 6347 were cut in half 
circumferentially, and one portion of each was normalized by 
heating at 1725 F for 1 hr. A weld simulating a pipe butt weld 
was then made hetween the two halves of each pipe section. 
Each weld was cut into four specimens. Three specimens were 
postweld heated at 1200, 1300, and 1400 F, respectively. The 
as-welded specimens and those given the different postweld heat- 
treatments were heated in a furnace at 950 to 1100 F to promote 
graphitization. Examinations were made at the end of 1500, 
2500, and 5600 hr. 

In order to obtain information on the best postweld heating 
practice for carbon-steel welded joints, a ring was cut from a 10-in. 
schedule No. 80 medium-carbon steel (heat No. 6449) pipe filler 
that had been in service for 57,800 hr at 825 F. This section was 
welded to a short section of unused medium-carbon steel pipe 
(heat No. 1155). The two pipe sections had been made from dif- 
ferent heats of steel. The welded section was cut into segments 
and given a variety of postweld heat-treatments. 


oF HEATING 


In order to accelerate graphitization in the welded samples de- 
scribed in the preceding section, the samples were heated in a 
furnace of the electric-resistance type which consisted of a num- 
ber of heating chambers stacked one on top of the other. The 
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temperatures of the different chambers were established over a 
period of several days by adjusting rheostats to supply slightly 
less current to the elements than would be required to maintain 
the desired temperature. The additional current required was 
regulated automatically by a Leeds and Northrup controller. 
It was not possible to obtain control of temperatures closer than 
+15 deg F with this arrangement, but it has the advantage that 
the temperature cannot become excessive as a result of controller 
difficulties. The chambers used for these samples were closed 
by means of a double door which was opened only a few times 
during test. The outer door was sealed with asbestos to mini- 
mize infiltration of outside air. No difficulty was experienced 
with oxidation of the samples. 


REsuLts OF GRAPHITIZATION TEST 


The results of examination of welded specimens of carbon- 
molybdenum and plain-carbon steels after prolonged heating in 
the laboratory furnace are given in the following sections: 


Carbon-Molybdenum Steel. The results obtained from exami- 
nation of butt-welded specimens of low-aluminum-deoxidized 
carbon-moly (heats Nos. 8055 and 5059) and high-aluminum-de- 
oxidized (heat No. 2490) are plotted in Fig. 2. In considering 
these results, it should be noted that the rings from heats Nos. 
8055 and 5059 were in the as-received condition which was as- 
rolled plus a 1200 F draw at the pipe mill. The ring from heat 
No. 2490 had been normalized at 1650 F and drawn at 1200 F 
by the pipe mill. Fig. 2 shows the influence of higher-tempera- 
ture postweld heat-treatments and the effect of maintaining the 
postweld heat for different periods of time, in relation to the 
suppression of graphitization. 

Despite minor discrepancies, the general improvement resulting 
from raising the postweld heat-treatment temperature is quite 
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evident. The length of time at postweld heat to produce the 
optimum result for a given temperature would appear to range 
from 4 hr at 1300 F to 1 hr at 1450 F. The 1300 F treatment 
appears to be more effective for the high-aluminum material 
than for the low-aluminum material. A partial explanation of 
the greater effectiveness of the 1300 F treatment in the case of 
the high-aluminum heat may be that this particular pipe section, 
heat No. 2490, was normalized at 1650 F by the pipe mill whereas 
the low-aluminum heats were drawn only at 1200 F. 

All the materials heated 1 hr at 1450 F chanced to show no 
graphite in the particular sections examined. Since one speci- 
men that had been heated 3 hr at 1450 F showed a trace of 
graphite, it is probable that some graphite also existed in the 
specimens that had been heated 1 hr at 1450 F. If these were the 
only samples tested, it would be reasonable to conclude that 1 hr 
at 1450 F would be the most desirable postweld heat-treatment. 
The results on other heats, which follow, do not lend themselves 
to such a conclusion. 

As previously stated, sections of pipe from low-aluminum-de- 
oxidized carbon-moly, heats Nos. 3099, 6347, and 10,600, were cut 
into two parts. One part of each section was normalized at 1725 
F, and the other left in the condition as received from the pipe 
mill (as-rolled plus drawn at 1200 F). The two parts were then 
butt-welded together and samples of each were given three dif- 
ferent postweld heat-treatments. The results after 1500 and 
5600 hr of test-heating at 950 F to 1100 F are plotted in Fig. 3. 
A confirmatory test was made on heat No. 10,600 using chrome- 
moly electrodes instead of the carbon-molybdenum electrodes 
customarily used in welding these materials. 

It is difficult to draw definite conclusions from the results ob- 
tained, but at least it can be said that normalizing these particu- 
lar heats made little difference in their resistance to graphitiza- 
tion. Heating periods of 5600 hr developed considerably more 
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graphite than those of 2500 hr and much more than 1500 hr. 
No clear-cut advantage for higher temperatures in postweld 
heat-treatments was shown from these tests. In fact, a compari- 
son of the amount of graphite evident after 5600 hr in the sample 
from heat No. 3099 that was given the 1200 F postweld treatment 
with that given the 1400 F treatment shows more graphite in the 
latter, Fig. 4. Heat No. 10,600, however, showed less graphite 
after the 1400 F treatment than after the 1200 F treatment. 

In order to obtain further information on the effect of different 
heat-treatments prior to welding on the amount of graphite after 
various postweld heat-treatments, a ring cut from a pipe of low- 
aluminum carbon-moly, heat No. 8055, was quartered as men- 
tioned previously. One quarter was normalized by heating 1 hr 
at 1725 F; the second, 1 hr at 1650 F; the third, 1 hr at 1650 F 
plus 4 hr at 1300 F; the fourth, 2 hr at 1400 F. After applica- 
tion of three weld beads on the edge of the ring segments, the 
segments were cut into four parts and given postweld heat- 
treatments of 2 hr at 1200 F, 4 hr at 1300 F, 2 hr at 1350 F, and 
5 min at 1400 F, respectively. 

As indicated in Fig. 5, all the postweld treatments were effec- 
tive on the segments normalized at 1725 F and at 1650 F before 
welding. The most graphite was found in the sample normalized 
at 1650 F and drawn 4 hr at 1300 F before welding and given the 
1200 F postweld heat-treatment. This is designated as sample 
“M” in Fig. 5. 

There is a general indication in Fig. 5 of improvement in 
graphitization resistance as the postweld heat-treatment tempera- 
ture is increased. Since the holding time at 1400 F was only 5 
min, it may not have been sufficiently long to give best results as 
judged by data in Fig. 2. For such a short holding time, 1450 F 
might have given better results than 1400 F. In analyzing the 
test results obtained from these four test sections, it appeared 
that the heat-treatments prior to welding had a greater influence 
on subsequent graphitization than postweld heat-treatment. 
In the preceding set of samples from heats Nos. 3099, 6347, and 
10,600, normalizing prior to welding appeared to have little effect 
on the graphitizing character of the material. 

Medium-Carbon Steel. The results obtained by laboratory 
heating at 950 to 1000 F for 3800 hr of welded specimens of used 
and new medium-carbon-steel pipe after different postweld heat- 
treatments are plotted in Fig. 6. The used steel sample, heat No. 
6449, had been in service for 57,800 hr at 825 F. A weld was 
made between this piece and a section of unused pipe, heat No. 
1155. Both heats graphitized to various degrees in spite of the 
postweld heat-treatments tried. It was quite noticeable, how- 
ever, that the used pipe graphitized to a greater extent than the 
unused pipe. The higher-temperature postweld heat-treatments 
were indicated as being beneficial, but the general improvement 
was not as marked as in the case of the carbon-molybdenum 
steels. ‘ 

Re-examination of 1944 Test Specimens. In 1944, laboratory 
test results were reported (2) for samples from two heats of 
carbon-molybdenum pipe material, one designated as high- 
aluminum-deoxidized, the other low-aluminum-deoxidized. Sec- 
tions of pipe representing these two materials had been welded 
together with carbon-moly electrodes (2) and with two types of 
austenitic chromium-nickel electrodes (3). Portions of these 
samples were maintained under test at accelerated graphitizing 
temperatures and were re-examined as part of this study in order 
that the effect of continued exposure at high temperature might 
be observed. Test results after 16,000 hr of exposure at 950 to 
1400 F are summarized in Table 2. 

The principal finding from the samples that had been on test 
for 16,000 hr was that normalizing after welding, although not 
completely effective in preventing the occurrence of graphitiza- 
tion in the weld-heat-affected area, was definitely beneficial. 
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Normalizing as a postweld heat-treatment was more effective 
for the low-aluminum material than for the high-aluminum car- 
bon-moiybdenum pipe material. 

Kanter (4) reported graphitization after 4500 hr heating at 
1025 F in the weld-heat-affected areas of high-aluminum-de- 
oxidized carbon-moly cast steels due to a “‘persistent effect” of 
the heat of welding which remained even after normalizing. 
Normalizing at 1725 F, according to the present work, was found 
to be quite effective in preventing graphitization in the weld- 
heat-affected area of low-aluminum carbon-moly pipe material. 

The long-time laboratory tests continue to substantiate the 
earlier indication of the effectiveness of the austenitic chromium- 
nickel weld metal in preventing the formation of graphite in the 
weld-heat-affected area of the low-aluminum carbon-molybdenum 
pipe material and in preventing the formation of segregated 
graphite in the case of the high-aluminum pipe material. 


SUMMARY 


Postwelding heat-treatments at 1300 F appear from these 
tests to be relatively more effective for the high-aluminum car- 
bon-molybdenum pipe material than for the low-aluminum ma- 
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TABLE 2 GRAPHITIZATION IN WELD-HEAT-AFFECTED AREA 
OF CARBON-MOLYBDENUM PIPE MATERIAL AFTER 16,000 HR 
OF TEST AT 950-1100 F 


-—Postweld treatment—— 
molybeenum Drawn 1200 F, Normalised 
electrode 2hr 1725 F, Lhbr 
Heat No. 8502, (low-Al) Segregated Segregated 
hot-rolled, drawn graphite graphite 
Heat No. 2490, (high-Al) Segregated Segregated 
normalized 1650 F, graphite graphite 
draw 1200 F 
Heat No. 8502, (low-Al) —............ Segregated Few _ scattered 
normalized 1800 F graphite nodules 12 
former weld- 
heat-affect 
area 
Heat No. 2490, (high-Al) Segregated Fine segregated 
normalized 1900 F graphite graphite 


WELDED WITH 18-8 ELECTRODE; NO POSTWELD TREATMEN! 
Heat No. 8502, (low-Al) No graphite in weld-heat-affected ares, 
hot-rolled, drawn few scattered nodules in basis mets 
Heat No. 2490, (high-Al) Few nodules in weld-heat-affected ares 
normalized 1650 F, numerous scattered nodules in bss* 
draw 1200 F metal. ; 
WELDED WITH 25-20 ELECTRODE; NO POSTWELD TREATMENT! 
Heat No. 8502, (low-Al) No graphite in weld-heat-affected st 
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terial. This may be because the high-aluminum material tested 
had ben normalized at 1650 F prior to welding, which is in line 
with the ideas proposed by Smith and Brambir (5), whereas the 
low-aluminum material was in the hot-rolled and drawn condi- 
tion. Test results indicated that, for low-aluminum carbon- 
molybdenum material in the hot-rolled and drawn condition, 
post welding treatments of 2 or 3 hr at 1350 F, 1400 F, or 1450 F, 
appeared to be as effective as 4 hr at 1300 F, in preventing the 
formation of segregated graphite. It is recognized that certain 
difficulties may be encountered in using higher-temperature 
stress-relieving treatments, but such difficulties do not appear to 
be insurmountable. 

Results obtained from a 16,000-hr laboratory test have shown 
that normalizing welded joints does not entirely prevent graphi- 
tization, particularly in high-aluminum material. The data in- 
dicate, however, that normalizing after welding is highly effec- 
tive for low-aluminum material. 

Further laboratory heating has substantiated the earlier claim 
that the use of austenitic chromium-nickel weld metal will pre- 
vent segregation of graphite in the weld-heat-affected area of 
carbon-0.50 per cent molybdenum steel used for high-tempera- 
ture-steam piping. 

More general graphitization may be expected to occur in used 
medium-carbon-steel piping after rewelding than would occur 
in new material. Some graphitization occurred in all the samples 
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of medium-carbon stee’ ‘rrespective of the postweld heat-treat- 
ment used. However, as judged by individual samples, stress- 
relieving for 1 hr at 1350 or 2 hr at 1400 F does appear to con- 
tribute to the prevention of graphitization of the segregated type 
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-in medium-carbon-steel pipe material. 


In general, the test data support the recommendation of the 
Joint E.E.1.-A.E.1.C. Subcommittee on Graphitization of Piping 
that a 1400 F postweld heat-treatment be used for preventing 
the formation of the segregated type of graphite at arc-welded 


joints. 
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Cutter Life as Affected by the Mounting of 
Cemented Carbide Blanks 


By FRED W. LUCHT,' DETROIT, MICH. 


This paper presents an investigation on the cutter life 
obtained from cemented carbide blanks when mechani- 
cally held versus carbide blanks when brazed to cutter 
blades. The equipment and procedure used, the details 
of operation, the observations, and the test results are 
given. 


UCH trouble was experienced when the milling of steel 
M with carbides was first introduced. Engineers who were 

familiar with carbide application work had tooled up 
many single-point-tool interrupted turning, facing, and boring 
jobs by using the negative engagement-angle method when ma- 
chining steel. When the milling of steel with carbides started, 
no one appreciated the similarity between the way the face of a 
cutter tooth approached the work and the way an interrupted 
cut on the work approached the cutting edge on a single-point 
tool. In brief, no one fully appreciated the importance, in milling 
steel, of the double-negative engagement angle between the cut- 
ting edge and the work outline. 

When miling steel there was a tendency to use the thinner car- 
bide blanks similar to those which had been used for milling cast- 
iron or nonferrous materials. When the entire cutting face of 
these thinner carbide blanks was set at the necessary double-nega- 
tive rake angles, there was a tendency for the heavier impact 
loads developed from milling steel to crack the tips because the 
direction of the cutting pressure was across the tips. Some car- 
bide-cutter users claim that when they took extremely heavy cuts 
with face mills, having solid cast-iron bodies, many cracked 
tips resulted. Others mentioned that they were not able to 
reduce their steel-milling difficulties until they had brazed thicker 
carbide blanks to heat-treated alloy-steel bodies. Even then 
there was still trouble with occasional braze cracks developing 
in the carbide tips due to a lack of braze control. These cracks 
would practically always be parallel to the braze line. The 
thicker tips would also crack occasionally. This was caused by 
localized heat developing when too much stock was removed per 
Wheel pass from the entire tip face during the sharpening opera- 
tion. 

Some cutter manufacturers tipped their standard blades with 
carbide blanks for use on steel. 


Most of them used carbide 
blanks which were too thin. 


Because it was not easy to remove 
the blades from the cutter bodies for grinding the steel behind the 
carbide blanks, this work was done on a cutter grinder. This 
created much localized heat which resulted in cracked tips. 
Also, the grinding time was excessive. This tended to discour- 
age some cutter manufacturers from applying their particular 
— blade-locking devices to cutters for milling steel with 
carbides. 


' Development 


Engineer 
AS.M.E, ; 


Carboloy Company, Inc. Mem. 


Migs > jointly by the Research Committees on Metal Cutting 
ata and Bibliography and on Cutting Fluids and the Production 


Engineering Division and presented at the Semi-Annual Meeting, 


Detroit, Mich., June 17-20, 1946, of THe AMERICAN Society OF 
M ECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


The availability of carbide at reduced prices also encouraged 
the use of solid carbide blades which were clamped into the cutter 
bodies with wedges. This did eliminate the so-called brazing 
difficulties but also created new problems. To maintain the re- 
quired accuracy in the body, it was found necessary to mill the 
blade slots in the heat-treated bodies with carbide-tipped slot- 
ting cutters. No comment will be made concerning the grinding- 
block method for sharpening the blades and the method used for 
assembling the blades in the cutter body other than to say that 
it is a highly controversial subject, and the only way to obtain an 
accurately finish-milled surface with a multitooth face mill is to 
grind the face of the cutter and the chamfer on a cutter 
grinder. 

The advisability of using a straight. diamond wheel on a surface 
grinder for sharpening solid carbide blades is questionable because 
it never leaves as smooth and as accurately ground surface as a 
cupped-type of diamond wheel. The reason for this is the same 
as that for a face-milling cutter which always produces a better 
surface than a plain-milling cutter. 

During the recent war many cutter users made face mil!s by 
inserting standard carbide single-point tool bits into steel bodies. 
They found that this happened to be the quickest way to handle 
many of their rush steel-milling jobs because they could not 
wait for the extremely long delivery dates quoted by the milling- 
cutter manufacturers at that time. This practice also elimi- 
nated the brazing problem because the tool bits which they used 
were brazed using the simple everyday high-production tech- 
nique as practiced by the carbide manufacturers. These mills 
gave outstanding results when the tool bits were new but the 
carbide tips usually cracked after a few grinds. 

The reason for this was that the standard '/.2, 5/s, and 4/,-in- 
square tool bits which were ordinarily used for this work had car- 
bide tips that were much too thin for this type of operation. It 
was found that when carbide blanks not less than */, in. thick 
were brazed to */, and 1-in-square shanks, there was no braze 
problem. See Fig. 1. When these carbide blanks were posi- 
tioned on the tool bits to produce a negative angle in the axial 
direction and a 10 to 15-deg positive angle in the radial direction, 
and when these tool bits were properly positioned in the cutter 
body and finally sharpened, the entire carbide face-milling 
problem took on an entirely new aspect. 

The carbide and the steel behind the cutting edge along the 
corner angle and along the face of the cutter can be quickly re- 
moved on a single-point tool grinder when using a 60-grit silicon- 
carbide wheel by grinding one tool bit at a time. A grinding 
template can be used to maintain the proper tooth shape. 

The face or ridge on each tooth can also be ground to the proper 
negative radial-rake angle with a 180 or 220-grit diamond cup 
wheel on a single-point tool grinder. 

The relief angle behind the cutting edge can be finish-ground 
along the corner angle with a 189 or 220-grit diamond cup wheel 
on the single-point tool grinder. 

All the tool bits in the face-mill body can be assembled to a 
common indicator reading taken at the corner angle. 

A 180 or 220-grit diamond cup wheel on a cutter grinder can 
be used to grind the face relief angle and flat along the face of the 
cutter, and finally the chamfer relief angle. The stock removal is 
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Fic. 1 ApprRovepD NOMENCLATURE AS APPLIED TO CuTTING EDGES 


ON FacCE-MILLING CUTTERS 


light, the operation is fast, and the face of the cutter will run true 
within 0.0003 to 0.0005 in. without difficulty. 

A face mill ground in this manner will mill a smooth and flat 
surface and will give maximum cutter life. 

It has been claimed that any tool bit or inserted-blade type of 
face mill, which is designed to simplify the sharpening opera- 
tion, will produce as many parts per grind as any face mill which 
uses the mechanically held solid-carbide blades. The tool bits 
should be well proportioned and should have a thick carbide 
blank with the cutting-face side of the blank set to give a positive 
radial setting angle and a negative axial-rake angle. 

Because there has been considerable controversy over the use 
of brazing or the mechanical holding of cemented carbide blanks 
in face-mill bodies, the investigation to be discussed resulted. 


EQUIPMENT AND PROCEDURE 


A No. 5HM Vertical Milling Machine as used in the former 
investigations was again employed. It is shown in Fig. 2. This 
illustration also shows the 8-in-diam single-tooth fly cutter and 
the 18'/in-diam 57/s-in-thick sectional type of flywheel. 
The combined weight of the cutter flywheel unit was 515 Ib. 

The workpiece consisted of 5 X 6 X 12-in. S.A.E. 1045 forged- 
steel billets which were heat-treated to give a hardness of 190 to 
210 Brinell. These billets were rigidly held in a plain vise. A 
tool bit is also shown in the flycutter body. 

Fig. 3 shows the two types of tool bits used. These tool bits 
are identical in every detail with the exception of the method of 
attaching the carbide blanks to the tool-bit shanks. Easy Flo No. 
3 was used to braze the carbide blanks into the cavity on one set 
of tool bits. The other set of tool bits had the carbide blanks 
mechanically clamped into the cavity. All the carbide 
blanks were made from Carboloy Grade 78B, a general steel- 
milling grade. 

Fig. 4 shows the grind used on all the tool bits. This tooth 
has a 10-deg negative radial-rake, 10-deg negative axial-rake, 15- 
deg corner angle, 5-deg flat, '/s. X 45-deg chamfer, 7-deg relief 
along the corner angle, and the chamfer. The face of the carbide 
blank has a 10-deg positive radial blade-setting angle and the 
ridge is 0.100 in. wide. The clearance angles were ground with a 
60-grit silicon-carbide wheel. The ridge on the face of the teeth, 
the peripheral relief angle, the face relief angle, the flat, and the 
chamfer relief angle were ground with a 220-grit diamond cup 
wheel. 
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The cutting edges were inspected at 21.5 magnifications with 


toolmaker’s microscope and reground if necessary until th | 


cutting edges were free from flaws. 
The cutting edges along the corner angle and the cham er wel 


brushed lightly with a 220-grit silicon-carbide hone which ¥* | 


held at about a 45-deg angle to the face of the tooth. Durité 


the stoning operation the hone was not only moved in the 4” 


deg direction but also parallel to the cutting edges. This ope" 


tion removed any slight irregularities along the cutting edge 


gave more stable results. 
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LUCHT—CUTTER LIFE AS AFFECTED BY MOUNTING OF CEMENTED CARBIDE BLANKS 3 


Every mechanically clamped carbide blank was inspected for 
movement during the cut. This was accomplished by taking a 
measurement from a prominent well-protected point on the 
carbide blank to another prominent point on the tool-bit shank 
after the cutting edge was stoned and just before the tool was run. 
This measurement was taken with the toolmaker’s microscope and 
recorded. The graduations on the toolmaker’s microscope en- 
abled the readings to be taken within a fraction of 0.0001 in. 
The same measurement was repeated after each run was com- 
pleted and recorded. It was interesting to find that none of the 
mechanically held carbide blanks moved, which indicated that 
the method of clamping was satisfactory. 

The tool bits were positioned in the tool-bit slot in the cutter 
head by the aid of two sets of shims which had various thicknesses. 
This provided a means for maintaining not only the 8-in. cutting 
diameter but also the 10-deg negative radial-rake constant for all 
runs. 

Fig. 5 shows an outline of the plan view of the entire milling 
setup. Particular attention was given to maintaining the 1/,-in. 
dimension, which is the amount the outside diameter of the face 
mill overhung the work at the side where the cutting edge en- 
tered it. 
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hic. 6 A Negative ENGAGEMENT ANGLE Was OBTAINED BETWEEN 
THE Curtinc EpGe AND THE WorK IN BoTH THE AXIAL AND THE 
RapiaAL D1irREcTIONS 


Fig. 6 is an enlargement of the portion of the cut at the instant 
when the face of the tooth first contacts the work. This givesa 
hegative engagement angle in both the radial and the axial direc- 
tion. This type of tooth contact gives the longest cutter life 
when face-milling steel 


OPERATING DETAIL AND OBSERVATIONS 


The 8-in. face mill was operated at 238 rpm (498 sfpm). A 
2'/.-in. per min table travel was used. This gave 0.0105 in. 
of feed per tooth. A depth of cut of 0.150 in. was taken on all 
runs to facilitate a comparison with previous test runs. 

A tool bit was considered dull as soon as the cutting-edge 
showed the first sign of breakout. This was detected either 
from the marking on the inner side of the chip which came from 
the cut, from the lines left on the work surface by the corner 
angle, or from the change in sound made by the milling operation. 

A record was made of all operating detail including the dis- 
tance traveled to tool breakdown. Enlarged to scale, sketches 
were made of the wear developed in the vicinity of the cutting 
edges along the corner angle, the chamfer, and the face of the 
cutter to aid in determining why the tool bit failed. This pro- 
cedure has been discussed in previous papers. 


ReEsULTs oF TEstTs 


At the conclusion of the series of runs, the results of the tests 
were graphically portrayed, as shown in Fig. 7, by plotting the 
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number of linear inches milled by each tool up to the time that the 
cutting edge first. showed signs of failure. 

Under the specific conditions of the test, the following conclu- 
sions have been reached: 


1 Based on averages, the brazed-tip design runs about 20 
per cent longer than the mechanically held tip design before it 
reaches the failure point. 

2 The brazed-tip design gives consistently longer runs than 
the mechanically held tip design even though in some cases the 
maximum length of runs for both designs were identical. 

3 The brazed-tip design gives more consistently uniform re- 
sults since there is a minimum difference between the longest 
and the shortest runs when compared with the mechanically 
held tip design. 


The general trend of these results is extremely interesting be- 
cause most of the thought in the past seems to have been centered 
about mechanically clamped carbide blanks in contrast to car- 
bide blanks brazed to solid bodies. 

These results also offer a challenge for the continuation of this 
work to determine why the carbide blanks brazed to stecl shanks 
or blades should indicate an improvement in face-mill perform- 
ance when compared with mechanically held carbide blanks. 


Discussion 


A, O. Scumipr.2. Mr. Lucht’s investigation is an interesting 


2 Research Engineer, Charge Metal Cutting, Kearney & Trecker 
Corporation, Milwaukee, Wis. Mem. A.S.M.E. 
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contribution which contains many valuable points. However, 
with regard to the type of tools used in these tests the comparison 
between the brazed tip and mechanically held carbide tip is 
limited to a particular design of single-point tools which can be 
used as a lathe tool and also in a milling cutter body. This com- 
parison initially places mechanically held tips in general at a 
disadvantage since the particular type of arrangement used is 
really not as rigid as it should be to take the shock of interrupted 
cutting as it occurs in face milling and therefore is not representa- 
tive of the performance of mechanically held tips. 

We agree with the author that properly dimensioned brazed 
tips are very efficient and strong and we also use them. However, 
we have found that a solid carbide blade mounted properly in a 
milling-cutter body will stand up at least equally well and in the 
long run will be more economical. 

Had the holder for the mechanically held carbide tips used in 
these tests been designed for milling, the graph in Fig. 7 and the 
conclusions would have been somewhat different. 


AUTHOR’s CLOSURE 


The author was skeptical about the mechanically clamped 
carbide blank moving during the cut. This is another reason why 
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the cutting face side of the carbide blank was given a 10-deg 
positive radial blade-setting angle and the edge of the carbide 
blank was given a face blade-setting angle. The carbide blank 
was also set at a 10-deg negative axial-rake. The ridge along 
the cutting face side of the carbide blank was ground at a 10-deg 
negative radial-rake combined with a 10-deg negative axial-rake. 
The cutting pressure along the 15-deg peripheral cutting-edge 
angle and the '/3:-in. x 45-deg chamfer combined with the pres- 
sure of the tooth face forces the carbide blank into a.pocket. The 
mechanical clamp also forces and maintains the carbide blank 
into the same pocket. This dual clamping action obtained from 
the cutting and clamping pressures has been found to be effective 
in keeping carbide blanks in position. 

It was mentioned in the paper that the carbide blank was in- 
spected for movement immediately before a test run and immedi- 
ately after it. This inspection was done on a toolmakers micro- 
scope which was calibrated in 0.0001 in. No movement was ob- 
served. As mentioned before, carbide blank movement was 
anticipated and every precaution was taken to prevent any pos- 
sibility of its actually happening. If carbide blank movement 
was present, it must have been practically a_ negligible 
amount. 
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THREE Basic Cuip Types AccorpING TO ERNST 


[Type 1 (left) discontinuous or segmental chip; Type 2 (center) continuous chip without built-up edge; Type 3 (right) continuous 
chip with built-up edge.] 


The Distribution of Hardness in Chips | 
and Machined Surfaces 


By NORMAN ZLATIN! ann M. EUGENE MERCHANT? 


This paper covers the results of a study of the hardness, 
on a microscale, of sections taken through chips and ma- 
chined surfaces obtained under various machining condi- 
tions, and of the relation of this hardness to the geometry 
and mechanics of chip formation. A Tukon microhard- 
ness tester employing a Knoop indenter was used for these 
studies. It was found that steels may be severely hard- 
ened by the cutting process; increases in hardness of as 
much as 300 per cent having been observed. Various 
phases of the hardness distribution in various types of 
chips were studied and found to have a number of prac- 
tical implications in regard to the wear of the cutting tool 
and the serviceability of machined surfaces produced 
under various cutting conditions. Further, it appears 
that the hardening effects produced by the cutting process 
can be predicted semiquantitatively from the work-hard- 
ening properties of the metal being machined, as measured 
by the Meyer exponent. All of this indicates the useful- 
ness of microhardness tests as an aid in the study of the 
machinability of metals. 


Me Research Engineer, The Cincinnati Milling Machine Co., Cin- 
cinnati, Ohio. Jun. A.S.M.E. 

_* Research Physicist, The Cincinnati Milling Machine Co., Cin- 
cinnati, Ohio. Mem. A.S.M.E. 

Contributed by the Research Committee on Metal Cutting Data 
and Bibliography and the Research Committee on Cutting Fluids 
and presented at the Semi-Annual Meeting, Detroit, Mich., 
June 17-20, 1946, of Tue American Society oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society, 


G. HERBERT (1),? in his now classic paper given before 
EK the A.S.M.E. twenty years ago, showed that metal may 
* be severely hardened by the cutting process, and pointed 
out some of the implications of this fact. Advances made since 
that time in microhardness testing equipment and in knowledge 
of the mechanism of the metal-cutting process open the way to a 
more detailed study of the hardness distribution produced in 
chips and machined surfaces by the action of a cutting tool, and 
to a fuller correlation of the resulting data with the geometry 
of chip formation. In the present paper are reported the results 
of a fairly extensive study of this problem in relation to the three 
basic types of chips, together with the practical implications 
of the experimental and theoretical findings. 


EXPERIMENTAL METHODS 


In the process of chip formation, the cutting conditions deter- 
mine the type of chip resulting from the operation. The various 
kinds of chips have been classified into three basic types by Ernst 
(2). An example of each is shown in Fig. 1. Type 1 represents 
the discontinuous chip; while types 2 and 3 are both continuous 
chips without and with a built-up edge, respectively. 

Hardness measurements were made on all three types of chips. 
These chips were obtained from cutting tests in which the tool 
and workpiece relationship was similar to that shown in Fig. 2. 
In order that the hardness measurements made on the chip be 
characteristic of conditions existing during cutting, the cutting 
process had tobe stopped almost instantaneously. The chips 
used for these measurements were obtained by employing the 
“shear-pin” method of quick-stopping as described by Ernst (3). 


3 Numbers in parentheses refer to the Bibliography at end of paper, 
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RELATIONSHIP OF CuTTING TOOL TO CHIP AND WORKPIECE IN 
PHOTOMICROGRAPHS 


Fic. 2 


After the cutting process was abruptly stopped, the section of the 
workpiece to which the chip was still attached was cut out and 
then copper-plated to prevent the edges of the specimen from 
rounding over during subsequent polishing. The specimen was 
then mounted in lucite and sectioned on a plane perpendicular to 
the original cutting edge of the tool. After polishing and etch- 
ing, the specimen was photographed at suitable magnifications 
and then subjected to a microhardness exploration, sometimes 
being first repolished. On some of the speciméns, hardness 
measurements were made on the chip in both the etched and un- 
etched condition in order to determine the effect, if any, of these 
two types of surfaces on the measurements. The results ap- 
peared identical for the two surfaces. In the photomicrographs 
shown, the copper plating referred to is not visible, having been 
blocked out by retouching. 

The microhardness distribution as found on the various chip 
specimens was obtained with a Tukon tester, using loads of 
25 and 1000 grams. This unit, shown in Fig. 3, employs a sensi- 
tive diamond-indenting tool termed a Knoop indenter (4) to 
which may be applied various loads from 25 to 3600 grams. This 
indenter has a pyramidal form that produces a diamond-shaped 
indentation having a ratio of long to short diagonals of approxi- 
mately 7 to 1. The depth of indentation is approximately */, 
the length of the long diagonal. By suitable choice of load, the 
length of indentation may be made so small as to permit hardness 
determinations even on individual grains in metallographic speci- 
mens. For instance, the long diagonals of a number of the in- 
dentations that were made at a load of 25 grams on some of the 
harder chips studied here were less than 0.001 in. in length. In 
making a hardness determination, the specific microarea to be 
indented may be accurately selected by use of the microscope 
mounted on the instrument, and after the indentation has been 
made its length may be measured with this same microscope. 

The hardness values presented throughout this paper are 
“Knoop” hardness numbers which are expressed by the formula 


L 
where J = Knoop hardness number 
. -L = load applied to indenter in kilograms 
l = Measured length of long diagonal of the indentation 
(in mm.) 
C, = Constant relating | to the projected area = 7.028 X 
10-2 


Martin and Wiley (5) have presented a conversion chart show- 
ing the relation between Knoop numbers and the Rockwell “C” 
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Fic. 3) Tue Tukon MicroOHARDNESS TESTER 

scale when using a load of 500 grams. However, over the range 
of hardness values covered in this paper, Brinell hardness numbers 
may be taken as approximately equal to 0.9 of the Knoop num- 
bers given in the various diagrams. It may be noted in the 
diagrams which follow that slightly higher Knoop hardness 
values are obtained with 25-gram loads than with 1000-gram 
loads on the same specimen. This is characteristic of the Knoop 
indenter. 


Tue Tyrr-3 Cure 


The first type of specimen to be subjected to microhardness 
surveys was that of the continuous chip with built-up edge, 
known as type 3. _ This type proved to be extremely interesting 
for a number of reasons which will each be discussed in detail. 
The type-3 chip, as pointed out by Ernst and Merchant (6), is 
produced when the coefficient of friction between the tool and the 
chip exceeds a certain minimum value depending upon the metal 
being cut. Under theSe conditions, the stress on some plane in 
the chip (a plane extending from the tool face down to the base 
of the chip) becomes equal to the shear strength of the chip metal. 
Failure then occurs on that plane and a section of the chip re- 
mains anchored to the tool face to form the built-up edge. As 
this built-up edge continues to increase in size during the cutting 
process, it soon reaches such proportions that it can no longer be 
carried en masse by the tool; hence fragments pass off with both 
the chip and the workpiece. 

The results of microhardness surveys on three type-3 chip spec 
mens produced by broaching are illustrated in Figs. 4, 5, and 6. 
The photomicrographs show the structural features of the speci 
mens and some of the hardness indentations also. may be dis 
cerned. However, actual hardness values and their exact loca 
tion are shown in the corresponding line drawings which form 4 
part of each illustration. The large indentations outlined in the 
diagrams in their true diamond shape were made with the 1000- 
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HarpNess Distripution Type 3 BRoacuinc From 8.A.E. 1112 20 


(Cutting speed 40 fpm, rake angle plus 15 deg, high-speed steel tool.) 


bia. 5 


SAME AS Fic. 4 Except For 8.A.E. 1020 STEEL: X 50 


(Note massive built-up edge passing off with chip.) 


Kia. 6 


gram load, while those represented by a short heavy line were 
made with the 25-gram load. The first point of interest to be 
noted from these specimens is that even the chip proper, exclu- 
sive of built-up edge, is surprisingly hardened. For example, 
the S.A.E. 1020 steel specimen cut with a positive 15-deg-rake- 
angle tool, shown in Fig. 5, exhibits an increased hardness of 
the chip over the parent metal of 113 per cent. This hardening 


SAME as Fic. 4 Except ror S.A.E. 3115 STeet; X 50 


of the chip may be attributed to the large shearing strain to 
which the metal has been subjected. A discussion will follow. 

Probably the most interesting feature of a type-3 chip specimen 
is the built-up edge itself. The hardness of this was therefore 
explored quite thoroughly in each case. Here even higher values 
of hardness are found than in the chip proper. For example, the 
hardness of the S.A.E. 1112 steel presented in Fig. 4 was 212 to 
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567 av’G 


Fic. 7 Harpness VaLuges Founp IN FRAGMENT OF EpGe Lert on FINISHED SURFACE OF SPECIMEN 
SHOWN IN Fig. 6; X250 


217 before machining; afterward, values of 548 and 607 are found 
at the base of the built-up edge. Further, the average hardness 
for this region is 477. Attention is also called to the fragment of 
built-up edge which is just detaching itself and passing off with 
the chip. This fragment, which must shortly scrape over the 
tool face, has a hardness of 461. The chip specimen shown in 
Fig. 5, produced from a low-carbon steel (S.A.E. 1020) with a 
high-speed steel tool cutting at 40 fpm, represents a very unusual 
case. Cutting happened to be stopped at just the right moment 
to catch an entire built-up edge passing off with the chip, and 
about to scrape over the tool face, while a new built-up edge is 
in the process of formation below. The soft steel which was be- 
ing cut in this case is strain-hardened to such an extent that the 
hardness of some sections of the upper built-up edge reach values 
well over 600 Knoop number. In fact, the average hardness over 
the whole of this escaping built-up edge is 573, while the average 
for the newly forming one is only 474. The increase in hardness 
is just as phenomenal in the case of the S.A.E. 3115 chip specimen 
shown in Fig. 6. This showed an increase in hardness from under 
250 to values of more than 700 in the built-up edge. Even the 
average microhardness of the built-up edge is, in this case, 599. 
The cause of the extreme hardness of the metal in any built-up 
edge, such as the foregoing may be attributed to the high shearing 
strain which it has undergone. This point is discussed later. 

Another interesting feature of the type-3 chip is found in the 
fragments of built-up edge which are sloughed off onto the finished 
surface. One or more of these transverse irregularities may be seen 
on the machined surfaces of each of the type-3 chip specimens 
shown in Figs. 4, 5, and 6. The detrimental effects of these as- 
perities on a bearing surface can be imagined and is greatly ag- 
gravated by the fact that the fragments are extremely hard. 
This is illustrated most clearly in Fig. 7 which shows, at high 
magnification, a fragment left on the surface of the S.A.E. 3115 
chip specimen during cutting. The extreme hardness reached in 
this highly strain-hardened piece of metal is evident. Values 
exceeding 750 Knoop number are indicated. The average hard- 
ness of the entire fragment is 567. Further, the hardness of 
many of the fragments shown in Fig. 4 is in excess of 400 Knoop 
number. It is interesting to note also the hardness of the ma- 
chined surface between the fragments in the afore-mentioned 
specimens. In the case of the S.A.E. 1020, values of hardness 
ranging from 314 to 445 are obtained at the surface. The hard- 
ness of the metal is normal 0.005 in. below the surface. 

The harmful effects which the presence of the built-up edge has 
on the life of the cutting tool can hardly be overemphasized. 
Since this built-up edge continually sheds very hard fragments 
which pass off with the chip and the work surface, these asperities 
must rub over the face and flank of the cutting tool. Being of a 
hardness approaching that of the tool, these fragments cause 
craters to form on the face df the tool and excessive wear on the 
flank which of course results in short tool life. 

In the preceding discussion of the type-3 chip, the high values 
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Fic. 9 STRUCTURE OF FRAGMENT ON MACHINED SURFACE OF SPECI 
MEN SHOWN IN Fia. 5; X 1000 


of hardness found in the built-up edge and in fragments thereof 
have been attributed to strain-hardening only. However, the 
question naturally arises as to whether some of this hardening 
may not actually be due to metallurgical phase changes brought 
about by the severe deformation. In order to investigate this 
possibility, the structure of a portion of the built-up edge and of # 
fragment thereof, as found in the 8.A.E. 1020 steel specimen of 
Fig. 5, was studied at a magnification of 2000. Figs. 8 and 9 are 
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Fig. 11 


Fic. 10 Harpness DistriBuTION IN Type-2 HiGH-SpeeD MILLING 
Cup From 8.A.E. 1112 Steet; X125 

(Note hard smooth finished surface. Cutting speed 1180 fpm, rake angle 
minus 10 deg, sintered-carbide tool.) 


the resulting photomicrographs. While an unequivocal evalua- 
tion of the structure is not possible from these photomicrographs, 
it does appear that the severely elongated black areas are still 
lamellar in nature and thus apparently pearlitic. If this is true, 
then the strikingly high values of hardness found for such areas 
must indeed be attributed entirely to the severe straining of the 
metal. A discussion of the relation between this increased hard- 
ness and strain is given later in the paper. 


Tue Type-2 


The microhardness exploration was continued with a study of 
the type-2 chip. This type is represented by a continuous chip 
without built-up edge. Figs. 10 and 11 represent the results of 
hardness explorations on this type of chip. The chip speci- 
mens were obtained from an 8.A.E. 1112 steel with carbide tools 


Type-2 Mititinc Cuip From S.A.E. 1112 Street; X50 
(Cutting speed 780 fpm, rake angle plus 10 deg, sintered-carbide tool.) 


at a cutting speed of 1180fpm. It is at once apparent from the 
photomicrographs in these two figures that the elimination of the 
built-up edge results in a smooth-machined surface and also a 
smooth surface on the side of the chip which passes over the 
tool face. A further study of these figures shows that both of 
these smooth surfaces have been severely hardened in the cutting 
process. However, the life of the tool should be greater here 
than in the case of a type-3 chip, for no fragments of built-up 
edge are present on either surface to cause excessive gouging of 
the flank or face of the tool. 

The machined surface pictured in Fig. 10, which was produced 
with a 10-deg negative-rake-angle tool, has an average hardness of 
more than 300. Since it is a smooth hard surface, however, it 
should have excellent abrasion resistance in service. It is inter- 
esting to note that its appearance is similar to that of a thor- 
oughly “run-in”’ surface. 


Tue Cure 


The study of the hardness distribution in chip specimens was 
continued with a survey of the type-1 or discontinuous chip. 
This type prevails when in the process of chip formation the 
deformation of the metal becomes so great that fracture occurs. 
The chip then consists of a series of separate segments. The re- 
sults of a hardness survey on this type of chip are illustrated in 


Fic. 12 HarpNness DistrRiBUTION IN TypE-1 From 8.A.E. 1020 Steet; X50 
(Cutting speed 5 ipm, rake angle plus 15 deg, high-speed steel tool.) 
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Fig. 12. Here the chip, cut from an 8.A.E. 1020 steel at a very 
low speed, shows evidence of this severe strain-hardening. The 
hardness within the body of the chip has been increased 54 per 
cent and on the surface of the chip the increase is 123 per cent. 
From the hardness measurement made on the machined surface, 
the increase there is found to be 98 per cent. The start of a new 
segment of chip may be seen at the cutting edge in Fig. 12, and 
even this shows a 125 per cent increase in hardness. 


RELATION OF HARDENING TO CHIP GEOMETRY 


Earlier in the paper, attention was called to the fact that the 
chip proper is considerably hardened by the cutting process. 
This behavior is of course to be expected because of the strain- 
hardening which accompanies the deformation that the chip 
metal has undergone. However, it is of interest to relate the dis- 
tribution of this hardness specifically to the geometry of chip 
formation in the case of a continuous chip (types 2 or 3). It is 
known that this type of chip is produced by a process of plastic 
flow or shear, without rupture, confined to a narrow zone ex- 
tending from the cutting edge of the tool to the work surface, 
and known as the “shear plane.’’ This plane of transition 
between the relatively undeformed crystal structure of the work 
material and the severely distorted structure present in the chip 
is evident in all the photomicrographs of continuous chips shown 
in this paper. It may be seen very clearly at high magnifications 
as shown in Fig. 13. This plane of shear is further illustrated 
diagrammatically in Fig. 14 as the line running from the tool point 
to the work surface and making an angle with that surface. 
Angle ¢@ is known as the shear angle and will be discussed in 
more detail in the next section. 

The results of an exploration of the hardness distribution in 
the vicinity of the plane of shear, using a 25-gram load on the 
Knoop indenter, are shown in Figs. 11, 15, and 16. The shear 
plane and the microhardness indentations made in its vicinity are 
evident in each cf the three photomicrographs, and the actual 
values of the hardness in the vicinity of each plane of shear are 
indicated on the corresponding line drawings. In these draw- 
ings a fine line has been used to indicate the location of the shear 
plane. Itisevident from all three of the chip pictures that at 
the shear plane the hardness of the] metal changes abruptly 
from that of the undeformed work material to that of the severely 
deformed chip. These measurements thus serve to demonstrate 
the narrowness of the zone in which oceurs the process of shear 


Fic. 13 PHOTOMICROGRAPH SHOWING APPEARANCE, AT HiGH Mac- 
NIFICATION, OF SHEAR PLANE WHICH CONSTITUTES THE TRANSITION 
REGION BETWEEN A CONTINUOUS CHIP AND THE WORKPIECE; 


X 250 


(Cutting speed 310 fpm, rake angle minus 10 deg, sintered-carbide too! 


WORK PIECE 


Fic. 14 DIAGRAMMATIC REPRESENTATION OF SHEAR PLANE 
GEOMETRY OF FORMATION OF CoNnTINUOUS CHIP 


Fic. 15 Harpness DistriBUTION IN THE VICINITY OF THE SHEAR PLANE IN TypE-2 MILLING CHIip From S.A E. 
1112 X50 
(Cutting speed 140 fpm, rake angle plus 10 deg, sintered-carbide tool.) 
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Fig. 16 


SaME As Fig. 
whereby a continuous chip is generated. Practically all of this 
plastic deformation must be confined to this shear plane. Thus 
is further confirmation given to a fact previously inferred from 
chip photomicrographs alone. 

It may also be noted from Figs. 11, 15, and 16 that the chip 
itself is harder in the region close to the face of the cutting tool 
than it is elsewhere throughout its bulk. This is particularly 
apparent in Fig. 15. The increased hardness of the chip in the 
vicinity of the tool face may be attributed to an additional 
plastic deformation of the chip metal that is produced by the 
large force of friction acting between the sliding chip and the 
tool. This deformation occurs subsequent to that taking place 
on the shear plane, the shear occurring in a direction approxi- 
mately parallel to the face of the tool. This process of shear is 
evidenced in the photomicrographs by the curving downward of 
the stringers of deformed pearlite (black stringers) in the vicinity 
of the tool face. The deformation is evidently most severe in a 
thin layer immediately adjacent to the tool face, a fact whic! 
accounts for the high values of hardness found in this innermost 
layer, as already pointed out in Fig. 10. It is of interest to note 
that it is this process of shear in a direction roughly parallel to the 
tool face which, when carried to extremes by a high force of fric- 


tion, is responsible for the formation of a stable built-up edge ad-' 


jacent to the tool face, and thus of a type-3 chip, in the manner 
previously described. 


RELATION OF HARDENING TO SHEARING STRAIN 


It is now @ well-established fact that the shear angle ¢, defined 
in the previous section (see Fig. 14) is variable in magnitude, its 
value depending upon the cutting conditions. It has been shown 
by Merchant (7) that the natural shearing strain, e, to which the 
metal going into a continuous chip is subjected is a function of 


this shear angle, ¢, and of the tool rake angle, a (see Fig. 14), as 
follows 


cot + tan (@— {1] 


The larger the angle of shear and the larger the rake angle of 
the tool, the less will be the strain to which the metal in the chip 
- subjected. The relation between this calculable shearing 
strain and the resulting hardening of the chip metal was investi- 
gated experimentally. Measurements were made of the hardness 
of fifteen different chip specimens prepared from cold-rolled 
SALE, 1112 steel under different conditions of cutting speed and 
with three different rake angles. Of these specimens, one was a 
broaching chip cut at a speed of 40 fpm with a high-speed steel 
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CurrinG Speep 310 Fem; «50 


tool having a rake angle of plus 15 deg (see Fig. 4), while the 
remainder were milling chips made with sintered-carbide cutters 
having either plus-10-deg or minus-10-deg rake angles and operat- 
ing at various speeds. The observed shearing strains ranged from 
2.3 to 9.5, as determined by substituting the measured shear angles 
and known rake angles into Equation [1]. The resulting relation- 
ship between these shearing strains and the corresponding per- 
centage increase in the hardness of the chip over that of the 
work material is represented by the solid portion of the lowest of 
the three curves shown in Fig. 17. It is at once evident that the 
amount of hardening increases in an essentially linear manner 
with increasing plastic shearing strain, irrespective of the cutting 
conditions. This is a somewhat surprising result in view of the 
widely different temperatures which must have existed in the 
chips taken under different cutting conditions. Apparently 
cooling of the chip is so rapid after removal that the amount of 
annealing which occurs is inconsequential. 

The fact that the hardening of a chip removed by a cutting tool 
depends directly and only upon the amount of shearing strain 
which it has undergone makes it evident that the hardness of 
chips coming from machining-operations will be a function of the 
cutting speeds, feeds, rake angles, etc., that are used, because 
these va-iables affect the shearing strain by producing variations 
in the shear angle. The hardening of the chip should in turn af- 
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fect the life of the cutting tool by influencing its ability to abrade 
the tool face, though the additional hardening arising from the fur- 
ther deformation of the chip metal in the vicinity of the tool 
face (as previously discussed) also must be borne in mind. How- 
ever, it can be shown that, for a given material, the amount 
of this additional deformation is closely related to the amount of 
initial deformation occurring on the shear plane. Therefore 
* it is to be expected that, if other machining conditions are kept 
constant and the shearing strain ¢ is decreased, tool life will be 
increased. This can be accomplished, for example, by the appli- 
cation of an effective cutting fluid to a machining operation, 
thereby increasing the shear angle. P 

The linear relationship between hardening and shearing strain 
demonstrated for S.A.E. 1112 steel in Fig. 17 may be extrapolated 
to furnish an estimate of the approximate value of shearing strain 
undergone by the metal in the built-up edge of the chip shown in 
Fig. 4, and in the hard layer adjacent to the tool face in the chip 
shown in Fig. 10. This extrapolation has been made by means of 
the dotted line which extends the curve for S.A.E. 1112 in Fig. 17. 
On this line have been plotted, using ‘‘x’’ as a symbol, the hard- 
ness increases represented by the average hardnesses of the 
built-up edge and hard layer. It is thereby evident that a 
shearing strain of the order of 15 is indicated for the built-up 
edge of Fig. 4, and a shearing strain of the order of 18 for the 
hard layer adjacent to the tool face in Fig. 10. These are strik- 
ingly high values of shearing strain for a metal to undergo with- 
out fracture and are possible only because of the high values of 
compressive stress acting on the metal at the time of deformation. 
High values of compressive stress are known to permit the occur- 
rence of large shearing strains without rupture, Bridgman (8) 
having observed shearing strains of more than 100, obtained 
without fracture under the influence of severe compressive stres- 
ses. 
It is perhaps doubtful whether the linear relationship made 
use of in the foregoing extrapolation actually persists to such high 
values of strain, but such an extrapolation at least gives a fairly 
good estimate as to the values of shearing strain undergone by 
the metal in the regions in question. Further, the estimated 
values also are consistent with the observed deformation of the 
structure in the regions in question, as seen in the photomicro- 
graphs. To illustrate this point, it must first be explained that 
in photomicrographs of severely deformed metal, the cotangent of 
the angle between the elongated pearlite stringers and the direc- 
tion of shear is approximately equal to the shearing strain. Refer- 
ring now to Fig. 10, it may readily be seen that the angle between 
the tool face and the pearlite stringers in the hard region adjacent 
thereto is not more than 3 deg. The cotangent of 3 deg is 19. 
Referring to Fig. 4 it may be seen that the angle between the 
direction of chip flow and the pearlite stringers in the upper part 
of the built-up edge, or between the direction of tool motion and 
the pearlite stringers in the lower part of the built-up edge, is also 
of the order of 3 or 4 deg. 

Two other curves are plotted in Fig. 17, in addition to that for 
the S.A.E. 1112 steel. These are for the chip specimen of S.A.E. 
3115 cold-rolled steel, shown in Fig. 6, and the one ot S.A.E. 1020 
hot-rolled steel shown in Fig. 5. As might be expected, the hot- 
rolled steel exhibits more strain-hardening than either of the 
cold-rolled materials. Unfortunately only one experimental 
point is available for use in determining the slope of each curve, 
since only one chip specimen from each material was available. 
It is therefore necessary to assume that these steels also give 
strain-hardening curves which are linear up to fairly high values 
of strain, though this is not unreasonable. The experimenta! 
points relating the observed shearing strain to the observed 
hardening of the chip proper for these two specimens are indi- 
cated by the ‘‘x’s’”’ lying at the ends of the solid portions of the 


TRANSACTIONS OF THE A.S.M.E. 


corresponding curves in Fig. 17. These curves were then 
extrapolated, as indicated by the dotted lines, to obtain estimates 
of the approximate shearing strains undergone by the metal in 


the built-up edge seen in Fig. 6; in the previously studied frag-' 


ment of built-up edge on the finished surface of the 3115 steel, 
seen in Fig. 7; and in the large built-up edge which is just pass- 
ing off with the chip in Fig. 5. Each built-up edge apparently 
was subjected to a shearing strain of roughly 9, while the fragment 
experienced a slightly higher value as might be expected. These 
values of shearing strain are roughly in agreement with the ob- 
served deformation of the regions in question as seen in the photo- 
micrographs. In all three regions the angle between the pearlite 
stringers and the direction of shear is of the order of 7 deg and the 
cotangent of 7 deg is 8.1. 


RELATION OF HARDENING TO THE MEYER EXPONENT 


The fact that different metals exhibit different strain-harden- 
ing characteristics of the type shown in Fig. 17 is of general 
practical significance. For instance, if two similar steels which 
have similar initial hardnesses should show widely different strain- 
hardening characteristics when machined, then it is to be ex- 
pected that the one which strain-hardens most rapidly (i.e., 
has the greatest slope to its strain-hardening curve) would be 
the more destructive to the cutting tool under similar conditions of 
shearing strain. 

For this reason it becomes important to be able to determine 
the strain-hardening properties of a metal from simple tests, 
before machining. Probably the simplest known way of measur- 
ing the strain-hardenability of a metal is by means of the so-called 
“Meyer analysis.” This is carried out by using a spherical 
hardness indenter, indenting the metal at a series of different 
loads, and measuring the diameters of the resulting indentations. 
The relationship between load and diameter was shown by Meyer 
(9) to be of the form 

L=ad" 


where L = load on indenter 
d = diameter of indentation 
a a constant characteristic of the metal and 
the diameter of the ball 
n = Meyer exponent 


Thus if load is plotted against indentation diameter on double- 


log paper a straight line results, and the slope of this line gives © 
This Meyer exponent, which must be | 


the Meyer exponent n. 
equal to or greater than 2 for an isotropic metal, is a direct mea- 
sure of the strain hardenability of a material, higher values of n 
being indicative of greater work-hardening ability and vice versa, 
as may be readily appreciated from the nature of the Meyer equa- 
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tion. It is to be expected therefore that the slope of strain- 
hardening curves found from cutting tests, such as those in Fig. 
17, should be directly related to the Meyer exponent, a greater 
slope being associated with a higher value of the exponent. 

This was found to be the case. When the slopes of the three 


' curves shown in Fig. 17 were plotted against Meyer exponents 
determined from measurements (using a '/s-in-diam ball) on the 
> three corresponding steels, the curve shown in Fig. 18 resulted. 
> A curve of this type should be of practical value in machina- 
> bility determinations, for it allows easily measured Meyer ex- 


ponents to be used to predict the slopes of the strain-hardening 
curves applicable to the cutting process. From these may be 
found the amount of hardening to be expected from the different 
materials when they are subjected to equivalent strains in 
cutting. As already pointed out throughovt this paper, the 
amount of hardening which the metal undergoes during the 
process of chip formation should have an appreciable influence 


* on the wear of the cutting tool. 


Admittedly this picture is still incomplete, in that it is not as 
yet possible to predict unequivocaily the shearing strains to 
which the various types and phases of chip formation will subject 
ametal. Nevertheless, fair estimates of these can be made in the 
light of the data presented in this paper, and these in turn used to 
predict the hardness which the metal will attain, that its effect 
on tool life and other phases of machinability may be judged. 
Thus it is felt that the present study constitutes a further step 
toward the goal of being able to predict the machinability of 


’ materials from simple measurements of their physical prop- 
erties. 


SUMMARY 


The main findings reported in this paper may be summarized as 
follows: 

1 Metal may be severely hardened by the cutting process, 
because of the high plastic shearing strains to which it is sub- 
jected. | This fact has an important bearing on the wear of cut- 
ting tools. 

2 Inthe case where a built-up edge is present in the machining 
of steel, the fragments thereof which escape under the flank of the 
cutting tool and are left on the finished work surface are often 
comparable in hardness to the cutting tool itself. This fact 
accounts for the ease with which the flank of the tool is worn away 
by the escaping fragments, and high lights the damaging effect 
which these fragments must have on any finished surface which 
may later run in contact with the completed surface. 

3 The fragments of built-up edge which escape with the chip 


) and scrape over the tool face are also often comparable to the 


tool in hardness, thus accounting for the ease with which even 
mild steels can wear and “crater” a high-speed steel tool. 
4 In the case where a continuous chip without built-up edge 


) is produced, as in the high-speed milling of steels with carbide 


cutters, the surface produced is extremely hard but free from frag- 
ments and thus very smooth. This accounts, at least in part, 
for the similarity of these surfaces to a well “run-in” surface and 
for their good abrasion resistance. 

5 Even in the absence of a built-up edge the chip surface 
which slides over the tool face is severely strain-hardened, though 
smooth, thus accounting in part for the ability of even a mild 


steel to wear away a carbide tool with surprising rapidity. 


6 At the shear plane, which constitutes the boundary be- 
tween a continuous chip and its workpiece, the hardness changes 


) abruptly from that of the undeformed work material to that of 


the severely deformed chip, indicating the narrowness of this 
zone of transition. 


7 The amount of hardening produced in a continuous chip by 


the shearing strain which it undergoes during formation is di- 


rectly proportional to that strain, irrespective of cutting condi- 
tions, on the basis of all tests on steels made to date. It is to be 
expected therefore that with a given work material maximum 
tool iii can be assured only when the shearing strain is kept to a 
minimum. This necessitates keeping the coefficient of friction 
between chip and tool at a minimum. 

8 Inthe case of steel, the metal present in a built-up edge may 
have undergone shearing strains of 15 or more in magnitude. 
This accounts for the extreme hardness of this metal. 

9 The Meyer exponent of a steel can be used to predict its 
strain-hardening behavior when machined; materials with the 
higher values of exponent strain-hardening more severely. It is 
to be expected therefore that of two materials with the same 
initial hardness, that one which has the higher Meyer exponent 
will be the more destructive to the cutter, if both are machined 
under conditions giving similar shearing strains. 

10 Microhardness tests are a useful aid in analyzing the 
machinability behavior of a metal, and in correlating that be- 
havior with the physical properties of the material. 
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Discussion 


A. O. Scumipt.t’ The authors have tontributed another fine 
account of their metal-cutting research which they carry out 
in a unique way. They have given those interested in the theo- 
retical and experimental side of chip formation much valuable 
information. 

Although Herbert made a study of the hardening in workpiece 
and chip due to the action of a tool, this report concerns itself 


4 Research Engineer, Kearney & Trecker Corporation, Mil- 
waukee, Wis. 
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with particular points which were considered of lesser impor- 
tance 20 years ago when Herbert carried out his tests. Today 
questions concerning the effects of negative rake in cutters as 
well as cutting speeds are much more in the foreground and it 
will be of wide interest and benefit if the authors can correlate 
the observations presented here with tests conducted with 
chips of a larger size, i.e., as they occur in most metal-cutting 
operations. There is very little reason to suspect that the small 
chip the authors have chosen to investigate is formed differently 
from a heavier chip, but the temperature of a chip such as is 
shown in Fig. 10 would be very high. The writer has found 
that chips of S.A.E. 1020, 0.0005 in. thick, when cut with a blade 
of 6 deg negative radial-rake angle at speeds more than 200 fpm, 
would sometimes attain temperatures of about 1600 F as checked 
by calorimetric measurements. No doubt the authors are well 
aware of the fact that a tool will rapidly change its cutting edge 
when removing very thin chips at high cutting speeds. After 
only a small amount of métal has been removed with sharp blades 
there is usually a large increase in power consumption which 
means more strain-hardening and deformation probably take 
place in the chip and workpiece. ' 

It would be very interesting to see some hardness readings 
nearer the ragged edges of the chip on the side away from the 
tool. The deformation on that side has often been observed to 
be more pronounced than near the face of the tool. 

The strain-hardening effect on the workpiece is comparatively 
shallow which also indicates that more work was done in form- 
ing the chip than in the separation from the workpiece. There 
is a wide variation in the hardness readings within a small area, 
which probably is due to differences in the original microstruc- 
ture. It might prove interesting to see how much more uni- 
form the hardness readings would be when the material being cut 
is a pure metal. 

The writer agrees with the authors in their description of 
cratering on pages 6 and 7 and would only add that the tool point 
will increase its temperature with the time of cutting and the 
cutting speed. The zone near the cutting edge on which the 
strain-hardened chip scrubs attains the highest temperature 
and is then not as resistant to abrasion as at low temperatures. 
Therefore high cutting speeds and fine feeds entail the most 
rapid breakdown of any tool whether high-speed steel or 
cemented carbide. 


5**Measurement of Temperatures in Metal Cutting’? by A. O. 
Schmidt, O. W. Boston, and W. W. Gilbert, Trans. A.S.M.E., vol. 
68, no. 1, 1946, pp. 47-49. 
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ALS. 


AuTHORS’ CLOSURE 


The authors wish to thank Dr. Schmidt for his discussion, 
His comments are helpful in bringing out additional points of 
interest. 

Dr. Schmidt evidently concluded that the chips used by te 
authors in this study were only about 0.0005 in. thick. He ap- 
parently arrived at this figure by measurements made on the chip 
photographs which appeared in the preprint. Unfortunately, 
the pictures used for this preprint were considerably reduced in 
size and the magnification factor did not correspond to the photo- 
graphs. Thus they could not be scaled for correct dimensions. 
Actually, in all of the tests, an attempt was made to obtain a chip 
corresponding to a feed of 0.005 in. per tooth (giving a thickness 
of approximately 0.005 in. for the undeformed chip). This feed 
is of course within the range of many practical metal-cutting 
operations. 

Dr. Schmidt raises the question as to whether the side of the 
chip away from the tool is not more severely deformed than the 
rest, and thus harder. As pointed out in the paper, the amount 
of deformation or strain to which the metal in the chip has been 
subjected may be quickly estimated from a photomicrograph. 
It depends on the angle between the elongated pearlite stringers 
and the direction of deformation. From the photomicrographs 
given in the paper it can be seen that the side of the chip away 
from the tool is no more severely strained than the interior of the 
chip. Only the side next to the tool is further deformed as it rubs 
over the tool face during cutting. Thus there is no reason to 
expect the side of the chip away from the tool to show increased 
hardness. Further, the hardness of that side of the chip is not a 
factor in tool wear; therefore it was given no detailed study. 
However, such tests as have been made indicate that the hard- 
ness at the ragged outside face of the chip does not differ from that 
in the interior of the chip. 

The authors agree with Dr. Schmidt that wide variations in 
hardness readings within a small area are due in large part to 
difference in microstructure of the metal. The size of the micro- 
scopic impression obtained with the 25-gram load depends some- 
what on whether it is located in a grain of ferrite or pearlite or 
even in an inclusion. However, the average of a number of these 
impressions does indicate the average hardness of the area 
Note the uniformity of the 1000-gram load impressions which «are 
nearly independent of the structure of the individual grains. 

Even with pure metals there is some variation in the hardness 
values obtained with a 25-gram load, for the size of the impres- 
sions is affected by the orientations of the individual grains. 
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What’s New in Honing 


By LAWRENCE S. MARTZ,! DETROIT, MICH. 


While recent events have been unfavorable to any exten- 
sive retooling, they have definitely served to hasten new 
installations in some plants, and in many others have crys- 
tallized determination to retool at the earliest opportun- 
ity. This report covers a number of new honing installa- 
tions in automotive, aircraft, gear, antifriction bearing, 
electrical refrigeration, Diesel engine, drill-jig bushing, and 
various other branches of manufacturing industry. 


NDER the relatively greater freedom of prewar produc- 

tion practice only a few companies were urgently con- 

cerned in minimizing the total amount of metal removed 
in machining practice. Generous allowance was usually made 
or considered desirable for metallurgical variances and for dis- 
tortions resulting from stress-strain relief-in metal removal. 
This practice carried over into war production. It was star- 
tlingly dramatized in the making of radial-aircraft-engine master 
connecting rods, which weigh about 17 or 18 lb completely finished 
after starting out as an 80-lb forging. War production de- 
manded and produced a flurry of developments in higher cutting 
speeds and heavier feeds to remove metal faster. 

Recently it has become increasingly obvious that heavier feeds 
and faster speeds, even when tripled and quadrupled, can be of 
little benefit without lessening the amount of time required for 
loading and unloading the work for inspection, travel time, and 
down time for replacement, adjustment, and similar factors. 
Also, the benefits of faster cutting operation can be quickly 
nullified by a continuing rate of labor inefficiency, arbitrary inter- 
ferences with production planning and scheduling, and increases 
in material costs. 

Many production executives now believe that production per 
man-hour can be satisfactorily raised only by more carefully 
controlled stock removal and less of it, combined with automatic 
work handling, machine operation, and work inspection.? It is 
considered equally necessary to assure more dependable repro- 
ducibility and interchangeability of parts. 

Members of the maching-tool industry recognize that this is-a 
logical next step in counteracting at least some of the sins and 
evils which beset our production system today. In the honing 
process, this specification has inspired two important new de- 
velopments: (1) The possibility of removing from 25 to 30 
times as much stock as was formerly practicable, at rates up to 
10 or 12 times as fast as in prewar practice; and (2) the develop- 
ment of dependable, automatic size controls which hold final 
diameter size uniformly within 0.0003 in. in most applications. 


AUTOMATIC S1zE CONTROL 


The new size controls used in honing are either of mechani- 
cal or fluid-pressure types. The basic elements of the mechanical 
type are shown in Fig. 1. Each abrasive honing stone is socket- 
molded in plastic, which serves as the stoneholder. An extended 


: Micromatic Hone Corporation. Mem. A.S.M.E. 

2 “W ar Turns a Page in Machining” by John Haydock, American 
Machinist, March 28, 1946, pp. 113-128, inclusive. 

( ontributed by the Research Committees on Metal Cutting Data 
and Bibliography and on Cutting Fluids and the Production Engi- 
heering Division and presented at the Semi-Annual Meeting, De- 
troit, Mich., June 17 20, 1946, of Tue AMERICAN Society oF Me- 
CH ANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 
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Fig. or Mrcrosize'! CONTROL 


Fig. 2 


ScHEMATIC AND Pitot Mopget or Hyprosize* Controu 


plastic tab at each end of the stick which wears away as the 
stone wears down, is allowed to enter a precision sizing ring at 
the end of each complete reciprocating stroke. Then, when the 
stones have expanded to the desired or sizing-ring size, frictional 
resistance of the tabs on the sizing ring turns the ring, trips a 
microswitch and stops the honing operation. 

Fluid-pressure-type size control is based on the Solex principle 
of metering the back pressure on a fluid escaping from a number of 
orifices in or adjacent to the hone body. In the pilot develop- 
ment, Fig. 2, the diagram shows the basic arrangement used in 
these applications. 

Heavy Stock ReMovAL 


Honing has long been regarded as a final finish and polishing 
operation. Some typical honing chips are shown in Fig. 3 to 
exemplify that honing may also be a shear-cntting, heavy-metal- 
removing process. Heavier faster stock removal in honing is ac- 

3 Trademark Reg. U. S. Patent Office. 
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Fie. 3) Typrcat Hontne Cups From 8.A.E. 4130 STEEL 


complished by either or both of two new developments: The first 
is an additive treatment of the abrasive bond, as indicated in 
heavy black line in the top center sketch of Fig. 4. An additional 
bonding compound is added throughout the structure of a vitri- 
fied-bonded abrasive of relatively soft strength. This additive 
treatment when solidified provides a finer control of bond struc- 
tural strength and makes it possible to equalize variations in 
vitrified-bond strength in the stone. It therefore provides more 
uniform self-dressing and cutting action, less waste, and greater 
production per set of stones. The second is the use of either 
multiple or progressive honing operation on multispindle 
machines, as shown in Fig. 5, with better balance of abrading 
action in solid metal which accomplishes increased stock removal 
per unit of time. 

The first successful production use of Microsize was in our 
own plant during the war. Using the equipment shown in Fig. 
6, the entire quantity of a silver-plated bearing, used in the Rolls- 
Royce Merlin engines, being made in this country was produced. 
Microsize control is available for bores up to about 2 in. in diame- 
ter, and for some shallow bores over 2 in. 

The first production installation of Hydrosize, Fig. 7, which 
starts at about 2 in. in diameter in bores of at least normal pro- 
portions, is in the plant of a truck-engine manufacturer. The 
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block is a high-chrome cast-iron and the cylinder-bore wall thick- 
ness is only ®/;, in. The bores are 37/s in. in diameter X 9*/s in. 
long. There are no struts in the entire length of the jacket. 
Approximately 0.003 in. of stock is removed on diameter, honing 
one bore at a time on single-spindle machines in a roughing and 
finish-honing operation. Both geometric and size accuracy are 
automatically held within 0.0003 in. This control has been 
found so dependable that even spot checking, except for once or 
twice per shift, is reported to have been discontinued. 

It is interesting to note that there is an example where equip- 


ment capable of its desired accomplishment in a time cycle of | 


not more than two minutes has been arbitrarily timed at six 
minutes by unidentified nonsupervisory elements. As_ usual, 
some time will be required to reach the full benefit of this equip- 
ment. 


REvIseD Postwar PROCESSING OF AUTOMOTIVE ENGINE BLOcKS 


Shown in Fig. 8 is a typical prewar automotive-engine cylinder- 
bore honing line. Average honing practice formerly called for 
0.001 to 0.0035 in. stock removal in ore or two operations, at the 
rate of 90 to 100 blocks per hr. Size was usually graded within 4 
range of 0.002 in. for four selective sizes of pistons. Geometric 
accuracy was usually maintained within the range from 0.0003 


Fig. 6 OriGinaL INSTALLATION OF MicrosizeE Controt 
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Fic. 7) Prror oF Hyprosize IN Propuc- 


TION 
to 0.0007 in. for out-of-round and taper. Surface finishes ranged 
from 2 or 3 to 8 or 10 microinches, rms. 

Table 1 gives the range of typical prewar machining practice 
on automotive-engine cylinder blocks. It represents automobiles 
in the entire range from lowest to highest selling-price brackets. 
It should be noted that a majority had about '/, in. or more of 
metal removal on diameter, in five or six operations. A few 
plants were pioneering in a lesser amount of metal removal in 
fewer operations but in all cases there were at least three cutting 
operations prior to honing. 

Table 1 also indicates the projected plan for what will probably 
be the first postwar installation of these new honing controls in 
this field. It should be noted that only two boring operations are 
to precede honing. The benefits include: Less metal removal 
in fewer operations; more and faster metal removal by honing 
in from 50 to 60 per cent less time and under automatic size con- 
trol; an over-all production increase of not less than 20 to 25 
per cent; elimination of selectively sized pistons in parts inven- 
tory. This installation is planned for 1947 production. 


ConnectinG-Rop-Bore Honina 


The prewar method of honing the crankpin bores in auto- 
motive connecting rods is shown in Fig. 9(a). These four-station 
fixtures in most high-production plants have produced at the 
rate of 300 to 350 rods per hr per machine, removing about 0.001 
to 0.0015 in. of stock from ground or precision-bored holes. How- 


hia. PrRewarR AUTOMOTIVE ENGINE-BLOocK CYLINDER 
Batrery 


ever, without size control, salvage for size and accuracy varia- 
tions have sometimes run as high as 20 to 25 per cent. 

Several new postwar installations, similar to the one in Fig. 9(6), 
have already been made, but recent. interferences have prevented 
Trial runs 


demonstration of this equipment in full production. 


(a) (b) 
TyercaL Prewar (a) AND Postwar (b) Connectine-Rop 
HoninG INSTALLATIONS 


Fie. 9 


TABLE 1 TYPICAL PREWAR CYLINDER-BORE PROCESSING 
Stock removed on diameter, in. 


Semi- Preci- Semi- 
Rough- finish- Finish- sion-  finish- Finish- 
Car Cyl Bore bore bore bore bore ream ream Rough-hone Finish-hone Total 
A 6 0.131 0.084 ‘ate 0.021 0.007 0.0015 to0.002 0.0005 to0.0007 0.245 
B 6 3'/s 0.187 0.060 0.038 a 0.012 0.0035 to0.005 0.0005 to0.0007 0.391 
Cc 6 33/16 0.175 0.058 eles 0.013 0.001 to 0.0025 0.0005 to0.0007 0.244 
D 6 23/16 0.221 0.061 0.028 0.003 to 0.0035 0.0005 to0.0007 0.314 
6 35/2 0.120 0.050 0.008 0.002 to 0.0025 0.0005 to0.0007 0.181 
F 8 27/s 0.118 0.050 0.010 0.001 to 0.0025 0.0003 to0.0005 0.180 
G 8 31/6 0.168 0.061 0.024 0.001 to0.0015 0.254 
H 8 24/6 0.120 0.020 0.015 0.001 to0.001 0.156 
I 6 33/16 0.120 0.080 ee 0.0035 0.235 
Indicated postwar processing 
J 6 0.150 0.022 0.003 to 0.004 0.0005 0.176 
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(a) (b) 
Fic. 10 OnperR (a) AND NEWER (b) INSTALLATIONS FOR HONING 
Borges IN AUTOMOTIVE SECOND-SPEED TRANSMISSION GEARS 


indicate that with size control and automatic inspection, salvage 
will be easily reduced to well within 5 per cent. 


HonitnG Grear-BLANK Bores 


Manufacturers of many kinds of gears have adopted honing 
for better control of final accuracy, size, and for increased pro- 
duction. Fig. 10(a) shows a prewar single-spindle installation 
for honing automotive second-speed transmission gears. Stock 
removal in these 60 to 62 Rockwell hardness ground bores 
was from 0.001 to 0.0015 in. Accuracy was held within 0.0002 
to 0.0003 in., and’ production was about 40 pieces per hr per 
machine. 

The postwar multispindle installation, Fig. 10(b) removes 
approximately the same amount of metal in the multiple honing 
of two pieces at a time. Not only accuracy but size is held 


hic. 11 Jos-Honine INsTALLATION FOR HONING STEERING-SECTOR 
GEAR BLANK 
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within 0.0002 to 0.0003 in., and production has increased more 
than 100 per cent. 

Fig. 11 shows the honing of a steering-sector gear tandem bore. 
It is 0.5973 to 0.5985 in. in diameter and 0.968 in. in length with a 
5/\e-in. gap between the bores, case-hardened to 60 to 62 Rock- 
well “C”’. This shows a pilot-model machine used for job-honing 
a trial run of these parts. In actual production a two-spindle 
machine is used, with six-station rotating fixture. For some time 
this production installation has been operating 24 hr per day, 
averaging about 250 pieces per hr, removing a maximum of 


“0.002 in. stock following bearingizing. Size accuracy is about 


80 per cent within 0.0002 in. and the balance within 0.0003 in. 


Utinity Enaine-Bore HONING 


The installation shown in Fig. 12 may be considered typical for 
a large number of various kinds of smaller motors used on motor- 
cycles, outboards, powered lawnmowers, and similar units. 
This particular cast-iron block of 187 to 207 Brinell hardness 
has bores 2.250 in. in diameter X 4!/i5 in. long. In a 30-sec 
cycle, single operation, honing two bores at a time, 0.002 to 0.003 
in. of stock is removed. The roundness and straightness of the 
bore are held within 0.0002 in., the diameter is held within 0.0003 
in., and the surface finish is held within 10 to 15 microinches. 
Here again, reports indicate that only one or two spot checks per 
shift are necessary in production. 


REVISED PROCESSING FOR AIRCRAFT-EXNGINE BARKELS AND Parts 


The processing for the radial-aircraft-engine barrel shown in 
Fig. 13 was revised in the latter part of the war to reduce process- 
ing time and the total number of operations as follows: The 
barrels were honed in the green immediately after boring— 
removing from 0.025 to 0.035 in. of stock on diameter in about 
1 min 45 see. After some other machining operations on other 
sections of the part, a second, semifinish honing operation re- 
moved from 0.007 to 0.010 in. more stock in about one minute. 


Fic. 12 Postwar InstTaLLaTION FOR HonING Borges OF SMALL 
Utitity ENGINE 
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hig. 13) Arrerar?-ENGiINE CYLINDER BARREL PROCESSED FOR 
Heavy Srock Removat By APTER INITIAL BORING 


This was followed by a third or finish-honing operation, remov- 
ing 0.004 in. of stock in one minute for a total of 0.036 to 0.049 
in. in about four minutes. All cylinder-bore grinding was elimin- 
Final surface finish was 6 to 8 microinches rms 

Though not yet in production the pilot hon ng of a jet-propul- 
sion-engine shaft is shown in Fig. 14, 'o exemplify that in this 
industry precision control of accuracy and size, combined with 
the desired surface finish, is vitally necessary with each successive 
increase in the operating speeds of aircraft power units. Honing 
is used in this industry to assure good fitting of parts, to elimi- 
nate vibration, and to prevent fatigue failure. 


ated. 


NEW ProcessiNG IN ELECTRICAL REFRIGERATION UNITS 


Fig. 15 shows a ten-year-old installation for honing refrigera- 
tor compressor cylinder bores. About 0.002 in. of stock was re- 
moved in one operation following boring, and accuracy was held 
within 0.0001 to 0.0003 in. Even at that time some manufac- 
turers were sealing up their units and distributing them under 
trouble-free guarantees for periods of from five to ten years. 

The electrical-refrigeration industry has been about the only 
one in the postwar period to undertake extensive retooling. To 
date all the major producers have installed new equipment. 
Until recently, many plants have been operating three shifts 
per day on 6 and 7-day-week schedules. 

Two typical new honing installations for cylinder bores are 
shown in Fig. 16. Most of these bores vary from 1 to 2 in. in 
diameter and from 15/, 40 3’/s in. in length. Stock removal, 


Fig. 14 Jos-Honine SHAFT BorE 


REFRIGERATOR CyYLINDER-BorE Honine_ In- 


STALLATION 


Fic. 15 Prewar 


usually following diamond boring, is from 0.001 to 0.0015 in. 
in most applications. Accuracy and size is held well within 
9.0003 in., and production in some jobs runs as high as 100 to 
150 pieces per hr per machine. 

Piston (or slide) pin bores, as shown in Fig. 17, are usually 
cast iron, approximately °/s in. ia diameter and °/, to 7/s in. long. 
With 0.001 to 0.0015 in. of stock removal production rates are 
approximately 175 pieces per hr per machine. 

The roller or bearing in some units is steel, in others cast iron. 
Bores vary from 5/s in. to 1 in. in diameter and 7/1}, in. to !°/j¢ in. 
in length. In the installation shown in Fig. 18 a cast-iron bore 
has stock removal of 0.001 to 0.0015 in., and production is ap- 
proximately 400 pieces per hr. Accuracy is held within 0.0003 in. 
and size within the allowed 0.0004 in. 


Fic. 16 Two Postwar REFRIGERATOR CYLINDER-BORE HONING 
INSTALLATIONS 
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RECENT REFRIGERATOR PistTON-BORE HONING APPLICA- 
TION 
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Fig. .19, of cast iron or 
malleable iron, range from */s to 3!/. in.~in diameter, and from 
%/y to 1'/s in. in length, Aceuracy and size accomplishment 
data are about the same as for the parts previously mentioned 
and production is from 300 to 350 pieces per hr per machine. 


Compressor connecting-rod bores, 


New HoninGa PRaActTice FOR ANTIFRICTION BEARINGS 


The highly competitive antifriction-bearing industry has for a 
long time production-honed some roller-bearing sleeves and sal- 
vage-honed some bearing cones. 
ing about revised processing is the installation shown in Fig. 20 


Typieal of the postwar think- 


for honing the bores of ball-bearing cups and cones, made from 


MULTIPLE HONING OF REFRIGERATOR CON- 
NECTING-Rop Borers 


Fig. 19 MULTISPINDLE 
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Meutip.e Honing oF REFRIGERATOR 


Br vRING Borers 


Fig. IS MUWTISPINDLE 


S.A.Ee. steel 52100 having «a 60 to 62 Roekwell “C” hardness 

For the honing operation these bearings are usually stacked 
in shuttles, holding from 3 to 10 in each loading. Stock removal 
may vary from 0.0001 to 0.005 in. in the length of any one stack 
Production varies from 450 to upward of 900 cones or cups pel 
8-hr day. 

In this installation the bores are reamed after heat-treatment 
and are progressively honed, removing 0.005, 0.004 and 0.003 in., 
respectively, at the first, second, and third spindles in a 65-sec 
cycle for production estimated at 500 to 550 pieces per lr per 


machine. Final accuracy is about 80 per cent within 0.00005 in., 
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and they are all well within the 0.0003-in. limit allowed for uni- 
form size. 


FOR OruerR Parts 


A new postwar installation is shown in Fig. 21 for honing the 
tandem bores in a fuel-pump rocker arm, 0.325 in. in diameter 
0.625 in. in length and 0.312-in. gap between bores. An average 
of 0.003 in. of stock is removed ina 15 to 18-see eyele for a pro- 
duction rate of about 180 pieces per hr. Bore aceuraey and size is 
within 0.0002 to 0.0003 in. 

Diesel fuel injectors are now being honed as shown in Fig. 22, 
a typical installation. This bore, 0.375 in. in diameter & 5!!/¢, 
in. long, and 32 to 34 Rockwell ‘‘C” hardness, has 0.005 to 0.006 in. 
total stock removal in two operations. Final aceuraey is held 
within 0.00005 in. for roundness and straightness, and size within 
0.0003 in. Production is at the rate of 50 to 60 pieces per hr. 

Fig. 23 shows a new installation for honing the bores in hard- 
ened and ground drill-jig bushings. Diameters range variously 
from '/, to 13/, in. and lengths from !/. to 3'/2 in. in these 58 to 62- 
Rockwell “C” hardness bores. Stock removal in one operation 
ranges up to 0.006 to 0.008 in., honed directly after serew- 
machine operation and heat-treating. Accuracy is held within 


0.0001 to 0.0002 in. and size is held well within 0.0003 in. 


HONING roR NoNrerRoUS MATERIALS 


In addition to the foregoing diversified ferrous parts, a number 
of new installations have been or are being made for the honing 
of nonferrous materials as represented by the parts shown in 
Fig. 24. They include: Porcelain insulators for use an mag- 
neto brush holders—honed to obtain precision fit and prevent 
electronic leakage, and the development of a corona around 
brush holders; brass and bronze bushing parts; combination 
bronze and steel in the same bore: paper and fiber insulators for 
electrical units; aluminum piston-pin bores, and other parts; 
carbon bearing blanks; and some plastic bearing-bushing parts 


FUNCTIONAL SURFACE FINISHES 


Most of the discussions on honing in past years have stressed 


re ati 
Reneration of bore accuracy, selective-controlled stock removal 


Fic. 21) Honing Pia. 22.0 or -Fic. 23 Recent INSTALLATION FOR HONING: 
or RockKeR-ARM TANDEM Borges ENGINE BoRES AND SizinGc Borges 


for correction of errors in previous machining. and the genera- 
tion of surface-finish smoothness. In the past few years compris- 
ing tne most valuable practical experience under all degrees of 
service conditions, it has been recognized that surface finish is 
directly relative to functional service use in operation, and that 


there is no universal answer for all the mechanical units now being 
used. It may vary from a very smooth finish of 1 to 5 micro- 
inches fer some precisely accurate journal bearings to a coarsely 
serrated surface finish in a loosely fitted engine-cylinder-bore 
assembly where there is a wide operating-temperature range, 
amazing distortions, chemieal reactions, and landing-field dust. 
To meet this wide range of conditions, honing is now able to 
provide a variety of characterized surface finishes which have 
been found qualified in use to maintain maximum efficiency. 
They are truly “working finishes,” Fig. 25, and investigations 
as to why some of them work are presently being conducted. 


CONCLUSION 


The few new installations illustrated in this report are shown 
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to emphasize that new developments in the honing process now 
provide more valuable control and economies in production. 

Automatic uniform size control insures better efficiency of as- 
sembled parts, less opportunity for human errors in machining 
and inspection, and substantial reductions in parts manufacture 
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CHARACTERIZED 


SUPERIMPOSED 


Fic. 25 PHOTOMICROGRAPHS OF TyPICAL SURFACE FINISHES —CONVENTIONAL AND CHARACTERIZED 


and inventories. Heavy rapid stock removal by honing now 
permits other equipment requiring higher maintenance and 
operating cost to be released for less intensive production 
needs, reduces the total number of machining operations re- 
quired, and increases production per man-hour. 
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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Sections, the Journal of Applied Mechanics (contribu- 
tions of the Applied Mechanics Division), certain records of the Society of permanent 
value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is published as a supplement to one of the regular monthly 
issues of the Transactions. For 1947, the first of these, the present issue, contains 
the personnel of the Council, boards and committees for the year, lists of awards, 
and other records. Another supplement, issued from time to time, contains memorial 
notices of deceased members. The indexes to miscellaneous publications, Mechanical 
Engineering, and to the Transactions themselves, must, necessarily, be issued in 1948, 
and will probably be mailed as a supplement to the January issue of that year. 

In binding the 1947 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for some years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 
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Eugene William O’Brien 


Eugene William O’Brien was born at West Warwick, R.I., on June 20, 1897, son 
of John Joseph and Mary (Flynn) O’Brien. His early education was obtained in the 
public schools of Warwick and he was graduated from Brown University in 1919 with 
the degree of Sc.B. in electrical engineering. Two years later the degree of Sc.M. in 
mechanical engineering was conferred upon him by the same institution and in 1925 
the degree of M.E. by Yale University. 

From 1918 to 1922 Mr. O’Brien was a member of the engineering faculty at Brown 
University, leaving to accept a similar position at the Sheffield Scientific School of 
Yale University. During his period of service as college instructor, he spent much 
of his time in consulting engineering, working part time in a number of consulting 
offices in New England, including those of John R. Freeman, Thayer P. Gates, and 
Warren B. Lewis, who were Providence members of the A.S.M.E. He also undertook 
independent commissions in the fields of mechanical, electrical, and power design 
and construction. 

From 1925 to 1927 he was with Jenks & Ballou, Engineers, Providence, directing . 
design, construction, and plant-management projects. 

Attracted by the industrial growth of the South, Mr. O’Brien went to Atlanta, Ga., 
in 1927 to become editor of the Southern Power Journal (which later was renamed 
Southern Power and Industry, with Mr. O’Brien as managing director). Since 1933 he 
has been vice-president and director of the W. R. C. Smith Publishing Company, 
Atlanta, publishers of this and other periodicals. He has himself been a frequent 
contributor to the technical press. 

Mr. O’Brien served as engineering consultant to the War Production Board and 
War Manpower Commission during World War II. He has been active in Atlanta’s 
civic affairs, being chairman of its Smoke Abatement Commission for several terms, 
vice-president of The Bonehead Club, and director of the Atlanta Athletic Club and 
East Lake Country Club. He is at present chairman and long-time member of the 
Fulton County (Atlanta, Ga.) Planning and Zoning Commission and a charter mem- 
ber of the Georgia Engineering Society. He is national director of the American Society 
of Planning Officials; a member of the American Institute of Electrical Engineers and 
chairman of its national Committee on Student Branches; and a member of the 
American Society for Engineering Education, Society of American Military Engineers, 
The Newcomen Society, and the Sigma Xi, Tau Beta Pi, and Pi Tau Sigma fraterni- 
ties. He is a board trustee of Brown University. 

He became a junior member of the A.S.M.E. in 1921 and advanced through the 
various grades to that of Fellow in 1946. He has devoted considerable time and effort 
to the interests of the Society, serving as secretary and chairman of the Providence, 
New Haven, and Atlanta Sections and on a number of committees of the national 
organization, such as Local Sections, Relations With Colleges, Honors and Awards, 
Education and Training for the Industries, and, in an advisory capacity, on Publi- 
cations, Meetings and Program, and various code committees. As A.S.M.E. repre- 
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sentative on the American Engineering Council he was chosen vice-president by his 
fellow representatives. 

Mr. O’Brien comes to the presidency of the A.S.M.E. through the offices of manager, 
1931-1934, and vice-president, 1934-1936. 
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The American Society of Mechanical Engineers 


HEADQUARTERS: 29 West 39TH St., New York 18, N.Y. 
MID-WEST OFFICE: Room 2441, 400 W. Mapison St., Cuicago 6, ILL. 


The members of the Council and of its standing and special committees given on the 
following pages are those in office on January 1, 1947, serving for the official year 1946-1947. 
The terms of office of members of other committees are not fixed by the official calendar. 


OFFICERS AND COUNCIL 
PRESIDENT DIRECTORS AT LARGE 
W. O'BRIEN Term erpires 1947 
Dante. S. 
PAST-PRESIDENTS 
Terms expire December Lewis K. SILtcox 
JAMES W. PARKER (1947) 
Haroip V. Coes (1948) Term expires 1948 
Rosert M. Gates (1949) 
D. Ropert YARNALL (1951) 
VICE-PRESIDENTS Term expires 1949 
} Term erpires 1947 Epear J. Kates 
ALton C. Cuick—I * J. Note Lanois 
NEVIN E. FunK—III 
SAMUEL R. BEITLER ad Term expires 1950 
J. Catvin Brown—VII FREDERICK S. BLACKALL, JR. 
Term erpires 1948 FS 
> SURE ay 
Apert R. Mumrorp—II TREASURER 
Epwakrp E. WILLIAMS—IV K. W. Jappre 
Tuomas McEwan—VI 
LInN HELANDER—VIII SECRETARY 
* Roman numerals indicate Region. C. E. Davies 
CHAIRMEN OF BOARDS AND COMMITTEES 
| Representatives on Council without vote 
Finance, W. H. SAWYER Board on Honors, L. W. WALLACE 
Organization, WALLACE CLARK Board on Membership (To be appointed) 
Constitution and By-Laws, A. M. Gompr Board on Education and Professional Sta- 
Library, E. F. Caurcn, Jr. tus, R. L. GorrTzENBERGER 
Board on Technology, R. F. Gage Board on Public Affairs (To be appointed) 
Board on Codes and Standards, Howarp 
COONLEY 


EXECUTIVE COMMITTEE OF THE COUNCIL 


EvuGene W. O'BRIEN, Chairman 
J. LANpIS, Vice-Chairman 
F. S. BLACKALL, JR. 

A. C. CHICK 

A. R. MumrFrorp 


Advisory Members: Chairmen of the Fi- 
nance and Organization Committees 


SECRETARIAL STAFF 


ErNesT Hartrorp, Erecutive Assistant Secretary (Sections, Divisions, Student Branches, 
Membership, Meetings, etc.) 

C. B. LePage, Assistant Secretary (Technical Committees) 

George A. Stetson, Editor 

FREDERICK LASK, Advertising Manager 

D. C. A. Boswortnu, Comptroller 
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(Dates in parentheses denote expiration of terms) 


FINANCE 


W. H. Sawyer, Chairman * (1947) 
F. E. Lyrorp, Vice-Chairman (1949) 
A. J. Kerr (1947) 

H. V. Cores (1948) 

G. L. Knient (1948) 

J. H. LAwWReENcE (1950) 

H. E. Wuiraker (1951) 


ORGANIZATION 


WALLACE CLARK, Chairman (1948) 
R. M. Gates (1947) 

A. M. Gomer (1947) 

FE. J. Kares (1947) 

G. L. KNIGHT (1947) 

E. W. O'BRIEN (1947) 

D. RoBERT YARNALL (1948) 
K. H. Conpir (1949) 

H. E. Martin (1950) 

W. P. SAUNTER (1951) 
President-Elect, Ex-Officio 


CONSTITUTION AND BY-LAWS 


A. M. Gomer, Chairman * (1947) 
F. W. MILier (1948) 

H. H. SNELLING (1949) 

L. C. SmitruH (1950) 

K. P. Hanson (1951) 


Junior Adviser 
A. H. GorrEsMAN (1947) 


LIBRARY 


E. F. Cuurcn, Jr., Chairman * (1947) 
P. H. Harpre (1948) 

G. F. BATEMAN (1949) 

C. E. Davies, ficio 


ORGANIZATION OF ENGINEERING 
PROFESSION ** 
W. L. CISLER 
G. E. 
K. M. 
T. S. McEwan 
P. T. ONDERDONK 


PENSION ** 


G. L. Knient, Chairman 

K. W. Treasurer 

W. H. Sawyer, Chairman, Finance Com- 
mittee, E.c-Officio 


BOARD ON TECHNOLOGY 


R. F. Gage, Chairman * (1947) 
J. N. LaAnpis (1947) 

L. N. Rowtey, Jr. (1947) 

J. M. (1947) 

D. S. WALKER (1947) 

HERMAN WEISBERG (1947) 

C. B. Peck (1948) 


* Representative on the Council. 

** Special Committees approved by the 
Council; all others Standing as provided in 
the By-Laws. 


AS.M.E, SOCIETY RECORDS 


BOARDS AND COMMITTEES 


MEETINGS 


D. S. WALKER, Chairman (1947) 
P. W. THompson (1948) 

G. B. WarREN (1949) 

W. H. Kusanick (1950) 

J. W. BARKER (1951) 


Junior Advisers 


H. J. SCAGNELLI (1947) 
A. J. Hugues (1948) 


PUBLICATIONS 


L. N. Row ey, Jr.. Chairman (1947) 
H. L. DrypEN (1948) 

J. M. (1949) 

B. (1950) 

Joun Haypock (1951) 


Adrisory Members (1947) 
N. C. Epaven 
H. R. Huaues, Jr. 


Junior Advisers 


J. H. (1947) 
Lovis FeELp (1948) 


BIOGRAPHY 


Roy V. Wricut, Chairman 
G. F. BATEMAN 

R. E. FLANDERS 

J. M. JurRan 

J. W. Roe 

R. B. 


METAL CUTTING DATA 
F. W. LucHtT 

ERIK OBERG 

R. F. Onsrup 

W. H. Smita 


PROFESSIONAL DIVISIONS 


J. M. TALBor, Chairman (1947) 
W. L. H. DoyLe (1948) 

B.S. Carn (1949) 

T. R. Outve (1950) 

J. M. Lessetis (1951) 


Junior Advisers 


R. M. Titus (1947) 
C. H. CARMAN, JR. (1948) 


(Personnel of Professional Divisions Com- 
mittees, p. RI-10) 


RESEARCH t 


HreRMAN WEISBERG, Chairman (1947) 
G. A. HAWKINS (1948) 

E. L. Roprnson (1949) 

W. A. NEWMAN (1950) 

J.P. Magos (1951) 


LECTURESHIPS ** 


C. B. Peck, Chairman 
A. G. CHRISTIE 

H. N. Davis 

W. F. Ryan 

F. L. WILKINSON, JR. 


METALS ENGINEERING 
HANDBOOK ** 


L. K. Chairman 
F. B. BELL 

SABIN CROCKER 

O. J. Horcer 

H. B. Lewis 

P. E. NeEepHAM 

ERIK OBERG 

T. H. WIcKENDEN 

J. F. Youne 


NUCLEAR ENERGY APPLICATION ** 
A. D. BAILEY, Chairman 

H. S. AURAND 

A. L. BAKER 

H. G. Bowen 

G. B. 

W. I. WESTERVELT 

H. A. WINNE 


Navy Representatives 


A. SOLBERG J. B. CocHRAN 


PLANNING COM MITTEE 


E. CHAMBERLAIN 
R. DUNNING 

. G. DYKE 

FARRELL 

. M. IRwIn 

. O. C. Nrer 

H. S. 


SURVEY ** 


R. F. Gaeg, Chairman 
C. B. Puck 


BOARD ON CODES AND 
STANDARDS 


Howarp Cooney, Chairman * (1947) 
F. S. BLAcKALL, JR. (1947) 
E. J. Bryant (1947) 
A. G. CHRISTIE (1947) 
H. W. Ganor (1947) 
W. (1948) 
Alternate: W.C. MUELLER 
H. B. Oattey (1947) 


STANDARDIZATION 


Kk. J. Bryant, Chairman (1947) 
D.S. (1948) 

Moreneap (1949) 

F. K. (1950) 


GRANGER DAVENPORT (1951) 


— 


SAFETY t¢ 


H. W. Ganor, Chairman (1947) 
I. J. GRAF (1948) 

H. W. Hernricu (1949) 

J.J. ZEITNER (1950) 

E. R. GRANNISS (1951) 


+ Personnel of all Technical Committees, 
pp. RI-26-41. 
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BOILER CODE 4 


H. B. Oatiey, Chairman 
Kk. Atpricu, Vice-Chairman 
D. S. Jacosus, Honorary Chairman 
ADAMS 
C. BOARDMAN 


. R. Cassipy 
2. Ceci. 
F. W. Davis 
A. J. ELY 
V. M. Frost 
W. P. GERHART 
W. D. HALsey 
W. F. Hess 
C. O. Myers 
C. W. OBERT 
JAMES PARTINGTON 
A. L. PENNIMAN, JR. 
D. B. RosSHEIM 
D. L. Rover 
WALTER SAMANS 
J. W. TURNER 
S. K. VARNES 
A. C. WEIGEL 
F.S. G. WILLIAMS 


Honorary Members 


W. H. 

W. F. DuRAND 

E. R. 

C. Gorton 

A. M. GREENE, JR. 
W. G. HuMptTon 


J. O. Leecu 
M. F. Moore 


POWER TEST CODES t¢ 


A. G. CHRISTIE, Chairman 
W. A. Carter, Vice-Chairman 
THEODORE BAUMEISTER 
PAUL DISERENS 

W.L. H. DoyLe 

Louis ELLiorr 

S.N. FIALA 

C.C. FRANCK 

A. E. GRUNERT 

P. H. HarpIE 

S. LoGaN KERR 

R. V. KLEINSCHMIDT. 
E. S. Lee 

.. F. Moopy 

1. B. OATLEY 

+, A. ORROK, JR. 

BE. 

E. B. Ricketts 

A. SHERMAN 

BL 

M.C. Stuart 

P.W. Swain 

W.J. WoHLENBERG 


BOARD ON HONORS 


L. W. WALLACE, Chairman * (1947) 
L. F. Moopy (1947) 

J. M. Topp (1948) 

(. M. ALLEN (1949) 

CLARKE FREEMAN (1950) 

E. C. Hutcninson (1951) 


C. L. Huston 
W. F. KIgseL, JR. 


I. E. Mouttrop 
H. LERoy WHITNEY 


AS.M.E. SOCIETY RECORDS 


MEDALS 
Term erpires 1947 
L. W. WaLiacr, Chairman L. H. Fry 
F. H. Cotvin P. Ho_peN 
Term 1948 
F. M. Ferker J. M. Topp 
L. C. T. RIPLey 
Term erpires 1949 


C. M. ALLEN 
N. E. 


WARNER SEELY 
3. R. Van LEER 
Term erpires 1950 
J.B. ENNIS B. P. GRAVES 
CLARKE FREEMAN H.R. Wesrcorr 
Term expires 1951 


M. P. O'BRIEN 
R. M. Van Duzer. JR. 


TOMLINSON Fort 
C. HurcHinson 


FREEMAN AWARD ** 
CLARKE FREEMAN, Chairman 


C. HuTCHINSON 
W. H. McBrype 


BOARD ON MEMBERSHIP 


D. S. (1947) 

T. M. Knoop (1947) 

D. W. R. Morgan (1947) 
W. M. SHEEHAN (1947) 
T. H. WICKENDEN (1948) 
A. M. Gompr (1950) 


ADMISSIONS 


D. W. R. Morgan, Chairman (1947) 
G. E. (1948) 

J. P. Korrcame (1949) 

H. Bartow (1950) 

L. N. Guiick (1951) 


Advisory Member 
T. H. WICKENDEN (1947) 


MEMBERSHIP DEVELOPMENT 
W. M. SHEEHAN, Chairman 


Regions I—J. F. Youne 
C. R. Cartson 
IlI—J. J. McCartuy 
IV—E. M. 
V—A. C. PASINI 
VI—R. A. Carr 
VIL-—R. G. Rosnone 
VIII—J. M. Topp 


MEMBERSHIP REVIEW 


T. M. Knoop, Chairman (1947) 
A. D. BLAKE (1948) 
R. B. Purpy (1949) 
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BOARD ON EDUCATION AND 
PROFESSIONAL STATUS 


R. L. Chairman (1949) 
W. A. Carrer (1947) 

J. A. McPuerson (1947) 

J. W. Parker (1947) 

M. M. Bortne (1947) 

D. Ropert YARNALL (1948) 


ENGINEERS REGISTRATION 


J. A. McPuerson, Chairman (1947) 
F. H. Proury (1948) 

S. H. Grar (1949) 

W.G. Curisty (1950) 

Darrow Sage (1951) 


EDUCATION 


M. M. Borne, Chairman (1949) 
L. J. Feercner (1947) 
C. J. Freunp (1948) 

G. R. Cowrne (1950) 

A.C. Monteirn (1951) 


Advisory Members (1947) 


T. A. ABBorT 
B. DALE 
LILLIAN M. GILBReTH 
R. L.. GOETZEN BERGER 
A.C. HARPER 
W.J. KING 
S. D. Moxey 
J.T. RETTALIATA 
E. D. SmMiru 
S.G. SMITH 
F. L. WILKINSON, JR. 


BOARD ON PUBLIC AFFAIRS 


L. K. 

A. D. BAILey 

A. A. PoTrrer 

J. L. WaALsH 

M. X. WILBERDING 
Roy V. 


ENGINEERS CIVIC RESPONSIBILITY 


Roy V. Wricut, Chairman (1949) 
LILLIAN M. GILsretTH (1947) 

IF. A. FAVILLE (1948) 

W. E. Jounson (1950) 

P. W. Norpt, Jr. (1951) 


Junior Adviser 


J. M. SExTon 


DUES-EXEMPT MEMBERS’ 
CONTRIBUTIONS ¢ 


F. D. Hersert, Chairman 
C. F. Dietz 

L. H. Fry 

S. M. MARSHALL 

N. T. McKee 

C. W. OBERT 

E. B. RIcKetTts 

J. W. Roe 

K. W. Jappe, Treasurer 


t Committee at Large. 
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NOMINATING COMMITTEE FOR 1947 


J. B. Jones, Chairman 
L. J. Secretary 


Region I 


L. J. Hooper, Worcester, Mass. 
L. C. Smiru, Hartford, Conn., 1st Alternate 
J. A. Powe, Boston, Mass., 2nd Alternate 


Region II 

J. H. SENGSTAKEN, New York, N.Y. 

R. W. Frynn, New York, N.Y., 1st Alter- 
nate 

Alternate 


CarLson, Brooklyn, N.Y., 2nd 


Region III 


R. C. DANNETTEL, Baltimore, Md. 

F. S. ErpMaAn, Ithaca, N.Y., 1st Alternate 

P. C. OSTERMAN, Elizabeth, N.J., 2nd Alter- 
nate 


Region IV 


J. B. Jones, Blacksburg, Va., Chairman 

P. R. Yopr, Atlanta, Ga., 1st Alternate 

J. Mack Tucker, Knoxville, Tenn.., 
Alternate 


2nd 


Region V 
E. J. Martin, Cincinnati, Ohio 


M. R. BoweRMAN, Homeworth. Ohio, 1st 
Alternate 


Region VI 

H. O. Crort, Iowa City, Iowa 

R. W. MERKLE, Edwardsville, IIl., 1st Alter- 
nate 

C. F. Moutton, Omaha, Neb., 2nd Alternate 


AS.M.E. SOCIETY RECORDS 


Region VII 

R. G. Rosuone, North Hollywood, Calif. 

H. E. Prescott, San Francisco, Calif., 1st 
Alternate 

I. A. SuHirk, Spokane, Wash., 2nd Alternate 


Region VIIT 

L. J. Cucuttvu, New Orleans, La., Secretary 

O. L. Lewis, Tulsa, Okla., 1st Alternate 

G. H. Woetsine, Denver, Colo., 2nd Alter- 
nate 


SECTIONS IN NOMINATING 
COMMITTEE REGIONS 


REGION I 
Boston PROVIDENCE 
BRIDGEPORT WATERBURY 
GREEN MOUNTAIN WESTERN MAsSa- 
HARTFORD CHUSETTS 


New HAvEN WORCESTER 


New Lonpon 


REGION II 


METROPOLITAN (N.Y.) AND MEMBERS 
OUTSIDE THE UNITED STATES 
(Except ONTARIO SECTION MEMBERS) 


REGION III 


ANTHRACITE-LEHIGH PHILADELPHIA 
VALLEY PLAINFIELD 

BALTIMORE ROCHESTER 

BUFFALO SCHENECTADY 

CENTRAL PENNSYL- SUSQUEHANNA 
VANIA SYRACUSE 

ITHACA Wasurineton, D.C. 


REGION IV 

ATLANTA PiEDMONT-NORTH 
BIRMINGHAM CAROLINA 
East TENNESSEE RALEIGH 
FLORIDA SAVANNAH 
GREENVILLE VIRGINIA 
MEMPHIS 

REGION V 
AKRON-CANTON ONTARIO 
CINCINNATI PENINSULA 
CLEVELAND PITTSBURGH 
CoLUMBUS TOLEDO 
DAYTON WEsT ViRGINIA 
DETROIT YOUNGSTOWN 
ERIE 

REGION VI 
CENTRAL ILLINOIS MINNESOTA 
CENTRAL INDIANA NEBRASKA 


CENTRAL Iowa Rock. River VALLEY 


CHICAGO St. JOSEPH VALLEY 
Fort WAYNE St. Louis 
LOUISVILLE Tri-CITIES 
MILWAUKEE 


REGION VII 


INLAND EMPIRE UTAH 
OREGON WESTERN WaASH- 
SAN FRANCISCO INGTON 


SOUTHERN CALI- 
FORNIA 


REGION VIII 


COLORADO 
Kansas City 
Mip-ConTINENT 


NEW ORLEANS 
NortH TEXAs 
Soutw Texas 
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A.S.M.E. REPRESENTATIVES ON OTHER ACTIVITIES 


See also A.S.M.E. Representatives on Other Research Committees, ete., pages RI-28, 33, 35, 38, 41 
(Dates in parentheses denote erpiration of terms) 


AMERICAN ASSOCIATION FOR THE 
ADVANCEMENT OF SCIENCE 


SECTION M, ENGINEERING 
F. D. CARVIN 


AMERICAN DOCUMENTATION 
INSTITUTE 


R. H. PHELPS 


AMERICAN GEOPHYSICAL UNION 


SUBCOM MITTEE ON PERMEABILITY 


B. A. BAKHMETEFF 


AMERICAN ROCKET SOCIETY 


R. F. Gage R. T. SAWYER 
L. 


ROWLEY, JR. 


AMERICAN STANDARDS 
ASSOCIATION 


W. H. Hitt (1948) 
W. C. MueLier (1949) 


Alternate 
L. W. KATTELLE (1947) 


AMERICAN YEAR BOOK 
CORPORATION 
C. E. 
CENTER FOR SAFETY 
EDUCATION 


FE. R. GRANNISS 


THE ENGINEERING FOUNDATION 


J. Casey (1947) 
A. A. Porter (1947) 
J. F. Downie (1948) 


COLUMN RESEARCH COUNCIL 


L. H. DoNNELL 
S. P. TIMOSHENKO 


H. L. WHirre MORE 


RESEARCH PROCEDURE COM MITTEE 
J.F. Downie (1947) 


E.1.C.-A.S.M.E. JOINT CONFERENCE 
(The Engineering Institute of Canada) 


A. G. CHRISTIE A. E. WHITE 


J. W. PARKER 


ENGINEERING SOCIETIES LIBRARY 
BOARD 


E. F. Cuurcn, Jr. (1947) 
P. H. Harpre (1948) 

G. F. BareMan (1949) 

C. E. Davies, Ex-Officio 


ENGINEERING SOCIETIES MONOGRAPHS 
COM MITTEE 
T. R. OLtve (Professional Divisions) 
J. M. Juran (Publications) 


AS.M.E. SOCIETY RECORDS 


ENGINEERING SOCIETIES 
NEL SERVICE, INC. 


PERSON- 


ERNEST Hartrorp, President of the Corpo- 
ration and A.S.M.E. representative, 
Metropolitan Advisory Committee 

R. N. OsterMAN, Chicago Advisory Com- 
mittee 

C. J. Freunp, Detroit Advisory Committee 

H. J. Bera, San Francisco Advisory Com- 
mittee 


ENGINEERS’ NATIONAL RELIEF FUND 
I-RNEST HARTFORD 


ENGINEERS’ COUNCIL FOR PROFES- 
SIONAL DEVELOPMENT 


J. W. ParKer (1947) 
D. Ropert YARNALL (1948) 
L. GOETZENBERGER (1949) 


Subcommittees 


COMMITTEE ON EMPLOYMENT CONDITIONS 
FOR ENGINEERS 


WARNER SEELY 


COMMITTEE ON PRINCIPLES OF 
ENGINEERING ETHICS 
W. F. Ryan 


ENGINEERS JOINT COUNCIL 
(Presidents and Secretaries of National 


Societies) 
President | 
Junior Past-President Exr-0 fiicio 
Secretary } 
Subcommittees 
ECONOMIC STATUS OF THE ENGINEER 


EF. G. BAILEY 
L. J. FLETCHER 


P. T. ONDERDONK 


ORGANIZATION OF ENGINEERING PROFESSION 


W. L. CISLER 
N. E. Funk 


P. T. ONDERDONK 


JOHN FRITZ MEDAL BOARD 
OF AWARD 


H. V. (1947) 

R. M. Gates (1948) 

A. D. BAILEY (1949) 

D. Robert YARNALL (1950) 


GANTT MEDAL BOARD OF AWARD 


J. M. Jurnan (1947) 

D. B. Porter (1948) 

J. A. (1949) 
To be appointed (1950) 


DANIEL GUGGENHEIM MEDAL 
BOARD OF AWARD 


C. B. (1947) 
F. K. TEICHMANN (1948) 
F. E. Weick (1949) 
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JOSEPH A. HOLMES SAFETY 
ASSOCIATION 


J. F. BARKLEY 


HOOVER MEDAL BOARD OF AWARD 


W. H. Kenerson (1947) 
S. F. Voornres (1949) 
H. N. Davis (1951) 


INTERNATIONAL ELECTROTECH- 
NICAL COMMISSION 


U.S. NATIONAL COM MITTEE 


A. G. CHRISTIE S. Logan Kerr 
PAUL DISERENS 


Alternates 


W. E. CALDWELL K. M. Irwin 


MARSTON AWARD 
A. A. Porrer (1949) 


NATIONAL BUREAU OF ENGINEER- 
ING REGISTRATION 


J. A. McPHERSON 


NATIONAL FIRE WASTE COUNCIL 


J. A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


J. M. Juran (1948)—F. A. Turck, Al- 
ternate 

W. R. MuLiee (1949)—D. B. Porter, Al- 
ternate 

J. K. Loupen (1950)—G. M. Varea, Alter- 


nate 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL 
RESEARCH 


A. E. WHrIte (1948) 


ALFRED NOBLE PRIZE 
C. R. SoperBere (1949) 


UNITED ENGINEERING TRUSTEES, 
INC. 


G. L. Knieunt (1947) 
J. Casey (1948) 
K. W. (1950) 


WASHINGTON AWARD COMMISSION 


J. R. (1947) 
R. E. TurNeER (1948) 


WORLD POWER CONFERENCE 


EXECUTIVE COMMITTEE, U.S. NATIONAL 
COM MITTEE 


President, Ex-Officio 
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AS.M.E. SOCIETY RECORDS 


PROFESSIONAL DIVISIONS 


ArticLeE B6A, Par. 15-c: The Professional Divisions Committee, under the direction of 
the Board on Technology, shall organize, foster, and co-ordinate the activities of the Pro- 
fessional Divisions and Groups of the Society. 


PROFESSIONAL DIVISIONS 
COMMITTEE 


J. M. TaLsot, Chairman (1947) 
W. L. H. Doyte (1948) 

B. S. Carn (1949) 

T. R. (1950) 

J. M. (1951) 


Junior Advisers 


R. M. Trrvus (1947) 
C. H. CarMAN, Jr. (1948) 


Applied Mechanics 


Organized, 1927 


H. W. Emmons, Chairman 


EXECUTIVE COMMITTEE 


H. W. Emmons, Chairman 
W. M. Murray, Secretary 
L. H. DonNELL 

MarTIN GOLAND 

R. P. Kroon 


Associates 


J. H. KEENAN 
H. Poritsky 


Research Secretary 


JESSE ORMONDROYD 


Liaison Representatives 


Aviation Liaison Group, J. C. HUNSAKER 

Co-ordination Committee of Heat Transfer 
Division, H. W. Emmons 

Railroad Division Group, W. I. CANTLEY 

San Francisco Section, W. M. Moopy 


JOURNAL OF APPLIED MECHANICS 
J. M. Editor 


SPONSORS 


Computing Devices and Techniques, 
CHARLES CONCORDIA 

Dynamics, F. M. Lewis 

Elasticity, N. J. Horr 

Experimental Stress Analysis, 
Lipson 

Fluid Mechanics (to be appointed) 

Lubrication, L. M. Tichvinsky 

Plasticity, A. L. NApar 

Strength Properties of Materials, R. E. 
PETERSON 

Thermodynamics, NEWMAN HALL 


CHARLES 


Aviation 
Organized, 1920 


R. P. Kroon, Chairman 


EXECUTIVE COMMITTEE 


R. P. Kroon, Chairman 

To be appointed, Secretary 
T. E. CoLvIn 

HerRMAN HOLteriTH, JR, 
F. K. TeEIcHMANN 

E. S. THomMPpson 


Junior Adviser 
R. E. SMALL 


GENERAL COMMITTEE 


West Coast Committee 


T. E. Cotvin, Chairman 
L. M. K. 

B. E. Det Mar 

JOHN DELMONTE 

W. E. Mason 
WILLIAM SCHROEDER 


Southwest Committee 
M. J. Tuompson, Chairman 
M. V. BARTON 
Central and East Committee 


LuIs DE FLOREZ 
MartTIN GOLAND 
R. S. HARTENBERG 


J.T. RETTALIATA 
J. K. SALispury 
R. G. STANDERWICK 


R. B. Lea F. L. YERZLEY 
D. C. PRINCE 

Associates 
E. E. ALpRIN ALEXANDER KLEMIN 
J. M. CLark E. A. Sperry, JR. 
C. H. Dotan, IT F. E. Weick 
R. F. 


Liaison Representatives, Professional 
Divisions 

Applied Mechanics, M. V. Barton, MARTIN 
GoLanpb, J. N. Goopter, R. E. Peterson 

Heat Transfer, L. M. K. Boerter, H. S. 
Gorpon, R. H. Norris, W. W. REASER 

Hydraulic, R. G. Fotsom, THEODORE VON 
KARMAN 

Industrial Instruments, Ep 8. SmitH 

Management, R. E. GILLMoR 

Metals Engineering, R. G. Sturm, R. F. 
TEMPLIN 

Oil and Gas Power (Gas Turbines), R. F. 
Gaae, C. W. Goon 

Production Engineering, R. F. Gace 

Rubber and Plastics, JoHN DELMONTE, 
G. M. Kung, J. F. Downre SMITH 

Wood Industries, ALEXANDER KLEMIN 


Liaison Representatives, Other Activities 


Daniel Guggenheim Medal Board of Award, 
F. K. TetcHMANN, C. B. VEAL, F. E. 
WEICK 


L. D 


BIOMECHANICS COMMITTEE 


. TEICHMANN, Chairman 
. CARSON 


DuBois 


R. F 
Cc. M 


. Gace 
. GRATZ 


L. E. GrirFitH 
P. E. Hovearp 


NOISE CONTROL 


HERMAN HOLLERITH, JR., Chairman 
MARTIN GOLAND 
KENNETH JACKSON 


F.K 


. TEICHMANN 


Consulting Engineering Group 


Organized, 1948 


M. X. WILBERDING, Chairman 


EXECUTIVE COMMITTEE 


M. X. WILBERDING, Chairman | 


PD 


J.G. 


BATTEY 
BERGER 


S. Logan Kerr 


. PROUTY 


Fuels 
Organized, 1920 


D. C. Weeks, Chairman 


EXECUTIVE COMMITTEE 


D. C. Weeks, Chairman 
C. E. Secretary 
T. C. CHEASLEY 
D. 8S. FRANK 
FE. R. Katser 
Associates 
J. F. BARKLEY M. A. MAYERS 
R. J. BENDER EpmMuND McCartTHY | 
E. D. BENTON J.R. MICHEL 
O. F. CAMPBELL A. R. MumForp 
W. G. Curisty A. L. NICOLAI 
B. J. Cross E. C. PAYNE 
F. G. W. E. REASER 
R. B. EN@DAHL R. A. SHERMAN 
M. D. ENGLE A. W. THorSON 
H. F. Hesiey J. E. Topey 
J. H. Kerrick E. C. WEBB 
T. A. MarsH J.1. YELLoTT 


Or 


J. F. 
C 


COAL TESTING CODE 
ganized, 1939, Jointly With A.J.M.E. 


J. E. Tosey, Chairman 


A.S.M.E. Representatives 


BARKLEY A. R. MuMmrorp 
W. T. Rew 

R. A. SHERMAN 
L. A. SHIPMAN 
A. W. THORSON 


| 
J. P. Den Hartoe ) 
H. L. Drypen 
J. H. 


DOMESTIC FUELS 


R. A. SHERMAN 
J. E. Tospey 


T. C. CHEASLEY 
T. A. MarRsH 


HONORS AND AWARDS 
M. D. ENGLE 


JOINT AWARDS 


PERCY NICHOLLS AWARD COM MITTEE 
A.S.M.E. Representatives 


O. F. CAMPBELL (1948) 
J. F. BarKiey (1950) 


MODEL SMOKE LAW 


' J. F. Chairman 

O. F. CAMPBELL 

W. G. Curisty 
C. F. Harpy 

A. MARSH 

T. E. PuRcELL 

. SHERMAN 

R. R. Tucker 


PROGRAM AND MEETINGS 


FE. R. Katser, Chairman 
W. E. REASER 


REVIEW OF PAPERS 


D. C. Weeks, Chairman 
M. D. ENGLE 
FE. R. KAIser 


C. E. MILier 
Graphic Arts 
Organized, 1922, as Printing Industries 
Division. Name changed, 1935. 
Inactive 


| Heat Transfer 


| Organized, 1938, as Heat Transfer Profes- 
| sional Group. Reorganized, 1941. 


C. F. Kayan, Chairman 


EXECUTIVE COMMITTEE 


. F. Kayan, Chairman 

. C. Muetter, Secretary 
. P. CoLpurN 

. A. HAWKINS 

. 8S. Parrerson 

SCHUELER 


Advisory Associates 


Junior Representative 
R. A. Lorenzrn1 


AS.M.E. SOCIETY RECORDS 


STANDING COMMITTEES 


Co-ORDINATION 
A. C. MUELLER, Chairman 


Liaison Officer for Local Sections and 
Other Societies 


W. R. WyYKorr 


Representatives for A.S.M.E. Divisions 


Applied Mechanics, H. W. EMMons 

Aviation, R. H. Norris 

Hydraulic, G. R. 

Industrial Instruments 
L. M. K. 

Management, J. M. TALBOT 

Oil and Gas Power, F. G. HecHLerR 

Power, T. B. STILLMAN 

Process Industries, E. J. DEVLIN 

Railroad, L. H. Fry 

Rubber and Plastics, H. M. R1icHARDSON 


and Regulators, 


Representatives for Other Societies 


American Ceramic Society, C. L. Norton, 
JR. 

American Institute of Chemical Engineers, 
T. B. Drew 

American Society of Refrigerating Engi- 
neers, F. G. RIEDEL 

Society of Automotive Engineers, C. G. A. 
RosEN 


PAPERS 


. H. Norris, Chairman 
. B. Drew 

C. MARTINELLI 

. L. 


TESTING TECHNIQUE 


C. M. ASHLEY, Chairman 
H. D. BAKER 

B. J. Cross 

A. L. LonpoN 

W. T. Rew 

L. P. SAUNDERS 

S. M. Sperry 

G. L. Tuve 

H. A. WHITESEL 

ALFRED WURSTER 


THERMOPHYSICAL PROPERTIES 


J. R. ANDERSEN, Chairman 
C. B. BRADLEY 

F. G. BRICKWEDDE 
L. FRIEND 

J. A. Gorr 

G. A. HAWKINS 
A. E. HERSHEY 
Max JAKOB 

F. E. KLutTey 

R. H. Norris 

J. H. Porrer 
Myron TRIBUS 

K. M. Watson 
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TECHNICAL COMMITTEES 


AIRCRAFT HEAT TRANSFER 


A. M. Mayo, Chairman 
J. H. MARCHANT, Vice-Chairman 
J. 8S. ALFORD 

Frep BorKE 

E. D. Brown 

S. E. HEYMANN 

R. C. Hirrencock 

A. R. JONES 

E. J. MANGANIELLO 

B. S. MESSINGER 

E. H. Morrin 

W. W. REASER 

H. SERBIN 

G. L. SHUE 


Direct-Firep FLum HEATERS AND BOILERS 


W.S. Patterson, Chairman 
G. M. DUSINBERRE 
H. F. MULLIKIN 
J. H. RIcKERMAN 
B. SCHUELER 

S. VoorHeEIs 
w. J. WOHLENBERG 


HEATED OR COOLED ENCLOSURES 


E. L. KNoepLer, Chairman 
C. B. BRapLey 

F. W. HutcHInson 

C. O. MACKEY 

W. E. ZIeBeR 


INDUSTRIAL FURNACES AND KILNS 


M. H. MAWHINNEY, Chairman 
R. M. CHERRY 

H. C. Horrei 

T. R. OLIVE 

C. E. Peck 

C. G. SEGELER = 

W. A. TICKNoR 
W. TrINKS 

I. S. WIsHOSKI 


NOMENCLATURE AND SYMBOLS 


T. B. Drew, Chairman 
W. P. BeraGren 

T. H. CHILton 

S. M. Marco 

R. H. Norris 


THEORY AND FUNDAMENTAL RESEARCH 


H. O. Crort, Chairman 
L. M. K. Boettrer 

{. J. BRevoort 

. I. Brown 

AX JAKOB 

. F. KAYAn 

Ww. H. McApams 

B. H. Spurtock 

Rk. 8S. Tour 


UnFireD Heat TRANSFER EQUIPMENT 


P. R. TruMPLER, Chairman 
R. A. BowMAN 

A. P. 

K. A. GARDNER 

M. H. Oustap 

G. S. SELLERS 

B. E. 

S. P. Sorrne 

W. H. THompson 
TOWNSEND TINKER 


C 
A 
L 
L. M. K. Bor.rer 
R. A. BowMAN 
C. E. Lucke 
W. H. McApams 
R. H. Norrrs 
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Hydraulic 
Organized, 1926 


R. E. B. Suarp, Chairman 


EXECUTIVE COMMITTEE 


R. E. B. Suarp, Chairman 
J. F. Roperts, Secretary 
G. T. ABERNATHY 

R. T. KNapp 

G. R. Ricu 


CAVITATION 


. E. B. SHarp, Sponsor 
. F. Moopy, Chairman 
. T. Knapp 

. M. Mousson 

. J. RHEINGANS 

WISLICENUS 


Representatives of Other Societies 
American Society for Testing Materials, 


F. N. SPELLER 
The Engineering Institute of Canada, 


ERNEST BRowN 
The Institution of Mechanical Engineers, 
G. S. BAKER 


HYDRAULIC PRIME MOVERS 


. F. Roperts, Sponsor and Chairman 
. H. CoLtins 

. P. GRowpon 

. F. Harza 

. L. 

. A. JESSOP 

. H. Roeers 

.S. Van PATTER 


PUMPING MACHINERY 


G. T. ABERNATHY, Sponsor 
R. L. DauGHeErtTY, Chairman 
B. F. TILLtson 

Hans ULMANN 


WATER HAMMER 


G. R. Ricu, Sponsor 

S. Logan Kerr, Chairman 
N. R. Gipson 

EvGENE HaLMos 

L. F. Moopy 

R. S. Quick 

E. B. StrowGer 


Affiliated Societies and Their 
Representatives 


American Society of Civil Engineers, N. R. 
Gipson, Forp Kurtz 

American Water Works Association, F. M. 
Dawson, L. H. Kess_er 


AS.M.E. SOCIETY RECORDS 


Industrial Instruments and 
Regulators Division 
Organized, 1936, as Committee on Industrial 
Instruments and Regulators, of Process 


Industries Division. Reorganized, 
19438, as a Division 


J.C. Peters, Chairman 


EXECUTIVE COMMITTEE 


C. Peters, Chairman 
P. G. Secretary 
J. J. GREBE 
FE. 8. Lee 
H. F. Moore 
A. F. Sperry 


COMMITTEE CHAIRMEN 
Application, R. D. Wess 


Aviation Instruments, East Coast, C. H. 
COLVIN 

Aviation Instruments, West Coast, 8. C. 
ESKIN 


Bibliography and Translations, LYMAN VAN 
DER PyYL 

By-Laws, E. D. 

Design, W. G. BROMBACHER 

Membership, C. F. Kayan 

Papers, J. J. GREBE 

Terminology, H. F. Moore 

Theory, HERBERT HaArrIs, JR. 


Liaison Representatives 


A. L. CHapLin, American Institute of 
Chemical Engineers 

C. O. FaircHitp, American 
Physics 

K. H. Hopparp, Recorder-Controller Sec- 


Institute of 


tion, Scientific Apparatus Makers of 
America 

A. Ivanorr, The Institution of Mechanical 
Engineers 


Everett 8. Ler, A.I.E.E. Committee on In- 
struments and Measurements 

A. F. Sperry, Instrument 
America 

I. M. Stern, Chemical Research Conferences 
of American Association for the Advance- 
ment of Science 


Society of 


Machine Design Group 
Organized, 1945 


B. P. Graves, Chairman 


EXECUTIVE COMMITTEE 


B. P. Graves, Chairman 

G. F. NorDENHOLT, Secretary 
CoLIn CARMICHAEL 

T. F. GirHens 

L. F. NENNINGER 


ADVISORY COMMITTEE 


J. F. Downte SmitTH 


GENERAL COMMITTEE 


J. B. ARMITAGE J. A. Tlrones 
EARLE BUCKINGHAM P. W. KEPPLER 


H. C. R. Car_son E. OrtTON 

A. H. Cuurcn C. D. Purves-SmM1tTH 
E. W. CLem D. V. WaTeRS 

P. T. E1seLe B. J. 

K. M. Horr C. H. Youna 


Management 
Organized, 1920 


J. A. WILLARD, Chairman 


EXECUTIVE COMMITTEE 


J. A. WILLARD, Chairman 

J. R. MuLier, Vice-Chairman 
CARLOS DEZAFRA, Secretary 

J. K. Loupen 

H. B. MAayNarp 

G. M. VarGa 


Research Secretary 
C. HEYEL 
Contact Secretary, Sections 


J. K. LoupeNn 


GENERAL COMMITTEE 


L. A. APPLEY 
J. R. Banos 


A. S. KNOWLES 
W. H. KusHnick 


R. M. BARNES ). H. MACNIECE 
W. L. Barr T. S. McEwan 
WALLACE CLARK L. C. Morrow 

K. H. Conpitr P. T. Norton, JR. 
CARLOS DEZAFRA A. M. PERRIN 

N. E. Etsas A. I. PETERSON 
S. P. FIsHer D. B. Porter 

L. M. G. A. 

t. E. H. ScHELL 

G. E. HAGEMANN EK. L. Spray 

H. HEMPEL ARTHUR SuRVEYER 
P. E. HoLpen J. M. TALBor 


F. B. Turck 
L. W. WALLACE 


J. M. JURAN 
W. A. Kerr 
D. S. KIMBALL 


SUBCOMMITTEE CHAIRMEN 


Administrative Organization, W. R. MUL- 
LEE 

Depreciation Studies, P. T. Norton, Jr. 

Distribution, F. B. Turck 

Industrial Conservation, A. M. PERRIN 

Industrial Relations, W. H. KuSHNICK 

Quality Control, E. H. MACNIEcE 

Small Plant Management, E. H. HEMPEL 

Work Standardization, J. K. Loupen (F. M. 
GILBRETH, Vice-Chair nan) 


Liaison Representatives, Other Activities 


Gantt Medal Board of Award: 
National Management Council: 


see page 9 
see page 9 
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Materials Handling 
Organized, 1920 


F. J. SHeparp, Jr., Chairman 


EXECUTIVE COMMITTEE 


F. J. Sueparp, Jr., Chairman 
C. H. Barker, Jr., Secretary 
C. F. Dierz 

BERNARD LESTER 

J. B. WEBB 


Associates 


H. E. BLank, JR. 
L. N. Davis 

N. W. ELMER 

E. HAGEMANN 
H. C. KELLER 

R. W. MALLICK 
M. C. MAXWELL 
R. H. McLain 

F. E. Moore 


P. D. OESTERLE 
A. M. PERRIN 
M. W. Ports 
REIBEL 
R. B. RENNER 
k. D. 

H. E. Stocker 
7. R. WaADLEIGH 


Junior Associates 

D. D. Jones 

W. G. PLENTY 
JOHN SCHUETTINGER 


A. J. BURKE 
CORNELIUS CROWLEY 
E. Z. GABRIEL 

R. W. GRUNDMAN 


MATERIALS HANDLING SAFETY 
COMMITTEE 


R. B. RENNER, Chairman 
Sarety Copr rok BULK MATERIALS 
CONVEYORS 
C. S. Huntineton, Chairman 
SAFETY CopE FOR PACKAGE CONVEYORS 
Hl. C. Ketter, Chairman 


PLANT LAYOUT STANDARDS 


R. W. MALiick 


STANDARD NOMENCLATURE 


M. W. Ports, Chairman 


STANDARDIZATION OF SHIPMENTS 
ON SKIDS AND PALLETS 


C. H. Barker, Jr., Chairman 
Hf. E. Stocker, Vice-Chairman 
C. E. Mocurir 

P. F. NYDEGGER 

M. W. Ports 

F. J. SHeparp, Jr. 


Metals Engineering 


Organized, 1927, as Iron and Steel Division. 
Reorganized, 1940. 


R. G. Sturm, Chairman 


EXECUTIVE COMMITTEE 


R. G. Sturm, Chairman 

J. F. Youna, Secretary 

S. C. Massar, Assistant Secretary 
E. 0. Dixon 

J. J. KANTER 

8S. D. Moxey 


AS.M.E. SOCIETY RECORDS 


ADVISORY COMMITTEE 


M. D. STone 
W. TrRINKS 


R. D. BrizzoLara 
J. H. Hirencock 
J. H. ROMANN 


GENERAL COMMITTEE 


C. W. Briges (1949) 
SABIN CROCKER (1947) 
D.S. (1947) 

F. P. Huston (1949) 
R. E. Kennepy (1947) 
NORMAN MOocHEL (1948) 
P. M. (1948) 
R. A. Nortu (1948) 
E.S. Patrcu (1947) 

G. A. Puen (1947) 
W.M. SHEEHAN (1948) 
T. R. WeBerR (1949) 

A. E. (1948) 

D. W. WINDENBURG (1949) 
A.W. WInstTon (1949) 


Oil and Gas Power 
Organized, 1921 


LeE SCHNEITTER, Chairman 


EXECUTIVE COMMITTEE 


Lee SCHNEITTER, Chairman 
C. F. Secretary 
FE. Beck 
. C. Bover 

N. Row Ley 
. T. SAWYER 


G 
R 


Associates 


HANS BOHUSLAV F. G. HECHLER 
Hl. G. BRYAN B. JACKSON 
Ropert CRAMER, JR. W. F. JoacHIM 
G. J. DASHEFSKY EK. J. KATES 


H. E. DEGLer H. C. LENFEST 
kK. S. DENNISON M. J. Reep 
W. L. H. DoyLe R. B. Rice 


T. M. Rosie 
J. A. WORTHINGTON 
W. W. Youne 


M. A. ELLiorr 
C. F. Forti 
C. W. Goop 


Research Secretary 
M. A. ELLiorr 


Junior Representative 
M. W. LARINOFF 


Metropolitan Section Representative 
W. W. Youne 


Liaison Representatives 


Aviation Liaison Group, R. T. SAWYER 

Diesel Engine Manufacturers Association, 
R. B. Rice 

Heat Transfer Division, F. G. HECHLER 

Railroad Division, R. T. SAWYER 

Society of Naval Architects and Marine 
Engineers, H. C. LENFEST 


HONORS AND AWARDS 


C. W. Goono, Chairman 
G. J. DASHEFSKY 
T. M. Rosie 
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OIL AND GAS POWER 
SPEAKER AWARDS 


W. L. H. Dorie, Chairman 
C. F. Fort. 
G. HECHLER 


MEETINGS AND PAPERS 


L. N. Row.ey, Chairman 
G. C. Boyer 

RopertT CRAMER, JR. 

P. B. JAcKSON 

R. T. SAWYER 


PUBLICITY 


C. F. Chairman 
W. W. Youne 


OIL AND GAS POWER CONFERENCES 
1948 Meeting Location Selection Committee 


C. E. Beck, Chairman 
G. C. Boyer 
Lee SCHNEITTER 


OIL ENGINE POWER COST 


H. C. Masor, Chairman 
M. J. Reep, Vice-Chairman 
H. C. Lenrest, Secretary 
E. HALE 
MALcoLM DUNCAN 

JOHN EARLE 

R. G. 

J. Kates 

A. B. Morgan 

T. M. Rosie 

Rh. T. SAWYER 

LEE SCHNEITTER 

P. H. SCHWEITZER 

J.B. 

C. A. TRIMMER 


GAS TURBINE CO-ORDINATING 
COMMITTEE 


R. T. Sawyer, Chairman 
J. K. Sattssury, Secretary 
J. H. ANDERSON 

K. .A. BROWNE 

J. M. CAMPBELL 

E. S. DENNISON 

E. M. FERNALD 

R. F. Gage 

C. W. 

F. T. Hague 

J. S. HAVERSTICK 
RicHARD HEROLD 

F. P. Huston 

C. H. JoHNson 

E. J. Kates 

C. F. Kayan 

J. H. KEENAN 

C. KELLER 

W. J. Kine 

R. V. KLEINSCHMIDT 
D. W. KNOWLES 

M. A. MAYERS 
LoGAN McKee 

ALAN OSBOURNE 

A. E. Pew, Jr. 

A. J. PHELAN 

J. T. RETTALIATA 

L. N. RowLEY 

Lee SCHNEITTER 


(Continued) 
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Oil and Gas Power 


GAS TURBINE CO-ORDINATING 
COMMITTEE 


(Continued) 


R. SIDLER 

G. G. SMITH 

R. B. SMITH 

C. R. SoDERBERG 
E. S. THOMPSON 
S. A. TUCKER 
W. B. TUCKER 
E. T. VINCENT 
J. A. WILLARD 
J. H. 

J. I. YELLOTT 


Power Division 
Organized, 1920 


W. D. Harkins, Chairman 


EXECUTIVE COMMITTEE 


W. D. Harkins, Chairman 

R. M. Van Duzer, Jr., Secretary 
J. A. KEeTH 

T. B. STrLLMAN 

G. B. WARREN 

J. I. YELLOTT 


Process Industries 
Organized, 1934 


E. J. Devin, Chairman 


EXECUTIVE COMMITTEE 


. J. DEVLIN, Chairman 
. R. OLIvE, Secretary 

. W. HUNTER 

. F. Kayan 

RaIscH 
ARNOLD WEISSELBERG 


Research Secretary 
ARNOLD WEISSELBERG 


Liaison Representatives 


Heat Transfer Division, E. J. DEvLIN 

Professional Divisions Standing Committee, 
T. R. OLIVE 

San Francisco Section, HERMAN DISHING- 
TON 


Representatives of Other Societies 


American Ceramic Society: Petroleum 
Committee, H. R. Srraicut; Process 
Industries Division, W. KetIrH McAFEE 

American Institute of Chemical Engineers: 
T. B. Drew, J. J. Grese, T. K. SHerwoop 


COMMITTEE CHAIRMEN 


Agriculture, L. E. Porrer 
Air Conditioning and Refrigeration, C. F. 
Kayan 


(Continued) 
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Distillation and Evaporation, D. F. OTH- 
MER 

Drying, ARNOLD WEISSELBERG 

Fluids Handling, C. H. CARMAN, JR. 

Manufactured and Natural Gas, E. J. Drv- 
LIN 

Mechanical Separation, RricHarD O’MARA 

Paper Awards and Honors, Vicrok WICHUM 

Petroleum, WILLIAM RaAIscH 

Program, J. W. HUNTER 

Sanitation, WILLIAM RAISscH 

Sugar, F. M. Gipson 

Sulphur, B. E. SHort 

Vegetable Oils, R. W. Morton 

Water Conditioning and Waste Disposal, 
E. L. KNOEDLER 


Production Engineering 
Organized, 1921, as Machine Shop Practice 
Division. Reorganized, 1941. 


H. B. Lewis, Chairman 


EXECUTIVE COMMITTEE 


H. B. Lewis, Chairman 
Jesse Huckert, Secretary 
F. O. HoaGLanpD 

FreD LUCHT 

A. F. MURRAY 


Advisory Committee 


J. L. ALDEN OBERG 
Sot EINSTEIN WARNER SEELY 
FE. W. Ernst, 


GENERAL COMMITTEE 


J. B. ARMITAGE M. E. 


T. S. Cassipy, Jr. L. S. Martz 
H. Cotvin W. H. OLDACRE 
B. P. GRAvES C. C. STEVENS 
W. H. KassepouHm J. F. YouNG 

J. E. Lovey 


Railroad 
Organized, 1920 


W. C. SANDERS, Chairman 


EXECUTIVE COMMITTEE (RR1) 


W. C. SANDERS, Chairman (1947) 
E. L. Woopwarp, Secretary 

B. S. Carn (1949) 

E. D. CAMPBELL (1951) 

P. W. Kierer (1948) 

J. M. NicHoLson (1950) 


GENERAL COMMITTEE (RR2) 


W. C. SANveERS, Chairman (1947) 
E. R. Batriey (1948) 
W. H. Basett (1948) 

C. H. Beck (1949) 

G. W. BoHANNAN (1951) 
K. A. Browne (1947) 

C. D. Bryant (1951) 
W. I. CaAnTLEY (1950) 

C. M. DARDEN (1947) 

E. P. GANGEWERE (1949) 
F. P. Huston (1950) 

R. P. JoHnson (1950) 
FRANK Murpuy (1951) 
W. A. NEwMAN (1951) 
S. Pearce (1948) 

C. E. Ponp (1949) 


ADVISORY COMMITTEE (RR3) 


Past-Chairmen 


D. S. Extts W. M. SHEEHAN 
J. R. JACKSON K. F. Nystrom 
J. G. ADAIR 


Research Secretary 
KENNETH CARTWRIGHT 


Liaison Representatives 


Admissions Committee, F. E. Lyrorp 

Heat Transfer Division, Co-ordination Com- 
mittee, L. H. Fry 

Professional Divisions Committee, 
CAIN 

Co-ordination With Oil and Gas Power Di- 
vision, R. T. SAWYER 

Contact With American Association of Rail- 
roads, C. T. Riptey, Chairman, D. S. 
W. M. SHEEHAN 

San Francisco Section, M. P. TAYLor 


Rubber and Plastics Division 


Organized, 1927, as Committee on Rubber 
and Plastics of Process Industries Division 
and made a Subdivision in 1940. Reorgan- 
ized as a Group in 1942, and as a Division 
in 1948. 


H. M. Ricwarpson, Chairman 


B.. 8. 


EXECUTIVE COMMITTEE 


H. M. RicHarpson, Chairman 
D. H. Secretary 

J. F. Downe SMITH 

W. NEWLIN KEEN 

F. W. WARNER 


ADVISORY COMMITTEE 


J. H. Booru 
JoHN DELMONTE 
G. M. 


E. F. Rresino 
F. L. YERZLEY 


GENERAL COMMITTEE 


G. W. NEELY 
Howarp NAson 
SMITH 


JAMES BAILEY 
CoLrn CARMICHAEL 
E. N. CUNNINGHAM 


F. HAUSHALTER J. H. TEEPLE 

M. E. LERNER A. V. ToBoLsky 
J. W. Liska C. L. Tort, Jr. 
S. K. Moxness F. J. WEHMER 


Textile 
Organized, 1921 


A. B. Stupiey, Chairman 


EXECUTIVE COMMITTEE 


A. B. Sruptey, Chairman 

R. O. Patmer, Secretary 

L. T. PARKMAN, Recorder 

S. B. Earte, Southern Representative 

C. D. Brown, Inter-Society and Northern 
Representative 


(Continued) 
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Textile 
EXECUTIVE COMMITTEE 
(Continued) 
Associates 


C. 8. Parsons 
I’. D. SNYDER 


C. E. Brown 
J. O. LInDsay 
J. J. McEtroy 


ACTIVITIES COMMITTEE 


W. A. Smiru, Chairman 
R. D. BrouwER 
C. E. Crepe 

G. B. Harvey 
M. H. Irons 

kK. M. Jones 

N. M. 
Harry SEARLES 
A. N. SHELDON 
R. G. SHEPHERD 
F. D. SNYDER 
W. W. STARKE 


ADVISORY COMMITTEE 


F. E. BANFIELD, JR. 
A.L. Brown 

ALEX ENGBLOM 

W. D. Fates J. D. ROBERTSON 
M. A. GoLrick J.F.SHaw 

M. E. Hearp A. N. SHELDON 
J.A. MASMITH L. SMITH 


ALBERT PALMER 
BRACKETT PARSONS 
H. A. RoBerts 


J. W. VAUGHAN, JR. 


Wood Industries 
Organized, 1921 


C. B. Lunpstrom, Chairman 


EXECUTIVE COMMITTEE 


C. B. Lunpstrom, Chairman 
F. F. WANGAARD, Secretary 
F. J. HANRAHAN 

E. D. May 

C. R. NIcHots, Jr. 


ADVISORY COMMITTEE 


A. C. FEGEL C. B. Norris 
D. R. Gray T. D. Perry 
M. J. MacDonaLp 


GENERAL COMMITTEE 


C. L. Bascock 
P. H. BILHUBER 
A. W. DUNBAR 
CLEVELAND FYLES 
F. W. HacGarty 


RALPH KELLER 
J.S. MATHEWSON 
R. R. SMITH 
W. B. WILKINS 


COMMITTEE CHAIRMEN 


Dimensional Limits and Allowances, A. C 
FEGEL 

Forest Protection, R. B. SARGENT 

Wood Finishing, M. J. MACDONALD 
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SECTIONS 
VICE-PRESIDENTS SECRETARIES 
REGION REGION 
I A. C. E. W. HarriIncton 
II A. R. Mumrorp II W. L. Betts 
III N. E. Funk III J.C. Reep 
IV E. E. WILLiaAMs IV Roserts, JR. 
V_ 8. R. Berries {w. D. SHELDON, mn. } 
VI T.S. McEwan VI {we H. o-Secretaries 
VII J. CAtvin Brown VII M. B. Hogan 
VIII Linn HELANDER VIII R.P. Haun 
OFFICERS OF REGIONAL DELEGATES CONFERENCE AT CHICAGO, JUNE, 1947 
Cart Eckuarpt, Jr., Speaker 
C. L. Huey, Vice-Speaker 
J. C. MARSHALL, Secretary 
A.C. PAsIni, Chairman of Agenda 
MICHEL 
ARTHUR Roperts, JR. 
AKRON-CANTON C. E. Grimes J. H. Porrer 
J.C. GRorr S. F. Robertson 
Organized: 1920 T. E. Jackson W. F. Werrzen 
Territory: Counties of Richland, Ashland, MuLLen 
Medina, Summit, Portage. Wayne. J. W. Purt 


Stark, Holmes, Tuscarawas, Carroll, 
and Coshocton in Ohio 
Place of Meeting: As selected monthly 


Number of Members: 223 


EXECUTIVE COMMITTEE 


M. C. Prerce, Chairman 

FE. D. George. Vice-Chairman 
C. R. Beckwiru, Secretary-Treasurer 
E. W. ALLARDT 

M. R. BowERMAN 

H. D. CHICOINE 

D. H. CoRNELL 

Z. N. Harris 

R. W. HursH 

E. B. MANSFIELD 

G. C. MCMULLEN 

R. G. MInNs 

A. E. SHETLER 

M. J. TELLE 

A. G. WALKER 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reor- 
ganized, 1928, as Anthracite-Lehigh 
Valley 

Territory: Counties of Bradford, Susque- 
hanna, Wayne, Sullivan, Wyoming, 


Lackawanna, Columbia, Luzerne, Mon- 
roe, Pike, Schuylkill, Carbon, Berks, 
Lehigh, Northampton in Pennsylvania, 
and Warren in New Jersey 

Place of Meeting: One meeting annually at 
Allentown, Bethlehem, Easton, Hazle- 
ton, Pottsville, Reading, Scranton, and 
Wilkes-Barre 

Local Organization: 
of Lehigh Valley 

Number of Members: 245 


The Engineers’ Club 


Executive CoM MITTEE 


I. HAmMMonp, Chairman 
C. H. FoLMSBEE 
L. D. GRaBoskI 
WALTER TALLGREN 
C. W. BELL 

E. A. GorNEY 


} Vice-Chairmen 


R. L. RANsoM 

W. E. REASER 

C. T. 

D. D. ScuvuLz 

H. C. SCHWEIKART 
S. F. Upstrap 
HERMAN URSPRUNG 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from At- 
lanta, Ga. 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 
p.m. at Atlanta Athletic Club 

Number of Members: 139 


EXECUTIVE COMMITTEE 


C. L. Chairman 

T. E. Smuiru, Vice-Chairman 

P. H. Nicnois, Secretary-Treasurer 
R. L. ALLEN 

R. 8S. Kine 

O. O. Roe 

Bruce SHERRILL 

ARTHUR SNELLGOVE 

L. F. ZSUFFA 

J. A. Dopp, Ex-Officio 

A. D. HoLianpb, Student Branch Chairman 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Bal- 
timore, Md. 

Place of Meeting: Engineers Club of Bal- 
timore 

Number of Members: 330 


EXECUTIVE COMMITTEE 


H. W. Woopwarp, Chairman 

E. H. HANuHART, Vice-Chairman 
H. W. Hype, Secretary-Treasurer 
R. C. DANNETTEL 

L. E. HERBERT 

H. H. HoiieritH 

H. R. Knust 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Bir- 
mingham, Ala. 

Place of Meeting: Tutwiler Hotel 

Number of Members: 105 


EXECUTIVE COM MITTEE 


J. B. Emory, Chairman 

J. A. KEENE, Vice-Chairman 

A. V. JANNETT, Secretary-Treasurer 
M. 

D. H. GuLDBERG 


BOSTON 


Organized: 1909 

Territory: Radius of thirty miles from Bos- 
ton, Mass. 

Place of Meeting: Mass. Inst. of Technology 

Local Organization: Engineering Societies 
of New England 

Number of Members: 847 


«Executive CoMMITTEE 


C. W. MacGrecor, Chairman 

R. D. Staurrer, Vice-Chairman 

A. J. Ferretti, Secretary-Treasurer 
). K. BANCROFT 

T. A. FEARNSIDE 

T. N. GRASER 


BRIDGEPORT 
(See Fairfield County) 


BUFFALO 
Organized: 1915 
Territory: Radius of thirty miles from 


Buffalo, N.Y. 
Place of Meeting: 
Main St. 
Local Organization: Engineering Society of 

Buffalo 
Number of Members: 222 


Markeen Hotel, 1391 
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EXECUTIVE COMMITTEE 


A. W. Ecxstrrom, Chairman 

P. E. Moun, Vice-Chairman 
N.S. Snyper, Secretary 

C. E. HARRINGTON, Treasurer 
C. G. KIPLINGER 

C. A. Ross 


CENTRAL ILLINOIS 


Organized: 1937 

Territory: All the territory in Central 
Illinois between the following counties 
on the northern boundary: Bureau, 
LaSalle, Knox, Stark, Putnam, Mar- 
shall, Livingston, Peoria; counties on 
the southern boundary: Pike, Scott, 
Morgan, Sangamon, Macon, Piatt, 
Douglas, and Edgar 

Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 

Number of Members: 124 


EXECUTIVE COMMITTEE 


C. A. Davis, Chairman 

R. E. MeCiatn, Vice-Chairman 

H. D. Brown, Secretary-Treasurer 
W. L. ACKERMAN 

T. M. DoLan 


CENTRAL INDIANA 


Organized: 1916 

Territory: Radius of eighty miles from In- 
dianapolis, within Indiana 

Place of Meeting: Indianapolis Athletic 
Club 

Local Organization: 
Society 

Number of Members: 226 


Indiana Engineering 


EXECUTIVE COMMITTEE 


H. L. Chairman 

R. W. GausMANN, Vice-Chairman 
G. C. Weser, Secretary-Treasurer 
A. A. BENSON 

FERDINAND JEHLE 

J. K. Loman 

M. E. NULSEN 

WISCHMEYER 


CENTRAL IOWA 


Organized: 1946 

Territory: That part of the State of Iowa 
lying between a line coincident with 
the western boundaries of Linn and 
Johnson Counties, and a line coincident 
with the eastern boundaries of Dickin- 
son and Page Counties 

Place of Meeting: Selected monthly. 

Number of Members: 46 


Executive CoM MITTEE 


M. P. CLeauorn, Chairman 

J. F. McLaueuuin, Vice-Chairman 
E. D. Hay, Secretary-Treasurer 

R. A. Enger 

MERLIN HANSEN 

Grorce HILL 

J. 8. Mrkovec 

JoHN Symons 
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CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and AI- 
toona, Pa. 

Number of Members: 94 


EXECUTIVE COMMITTEE 


E. E. AmMbrostus, Chairman 
J.C. Reep, Vice-Chairman 
C. G. Vanpbercrirt, Necretary-Treasurer 
C. C. DILLIO 

S. Fisuer 


CHICAGO 


Organized: 1913 

Territory: Radius of fifty miles from Chi- 
eago, Ill. 

Headquarters: Mid-West Office, A.S.M.E., 
Chicago Daily News Bldg., Room 2441, 
400 W. Madison St., Chicago 6, Il. 

Place of Meeting: Civic Opera Bldg., 20 
North Wacker Drive 

Meetings: Tuesday, 7:30 p.m. 

Local Organization: Western Society of 
Engineers 

Number of Members: 1,246 


EXECUTIVE COMMITTEE 


B. H. JENNINGS, Chairman 
L. M. JoHNSON 

R. M. Krause | 
W. H. OLDACcRE 

H. L. NACHMAN, NSecretary-Treasurer 
C. C. AUSTIN 

R. H. Bacon 

D. J. BERGMAN 

R. A. BUDENHOLZER 

F. D. 

L. M. ELLIson 

R. S. HARTENBERG 

F. H. LANE 

J. P. Magos 

J. C. MARSHALL 

T. S. McEwan 

J. R. MICHEL 

H. S. NACHMAN 

R. M. OsTERMANN 

C. W. Parsons 

D. I. PAYNE 

J. D. PIeRcE 

J. T. RETTALIATA 


Junior Grour 
H. S. NaAcHMAN, Chairman 


CINCINNATI 


Organized: 1912 

Territory: Radius of thirty miles from Cin- 
cinnati, Ohio 

Place of Meeting: Herman Schneider Foun- 
dation (Engineering Society Building) 

Local Organization: Engineers’ Club of Cin- 
cinnati 

Number of Members: 235 


EXeEcuTIVE COMMITTEE 


R. J. SuHort, Chairman 

H. S. Vice-Chairman 

H. B. We ter, Secretary-Treasurer 
A. T. BLACKBURN 

J. H. HermBrock 

C. A. JOERGER 

E. J. MARTIN 

C. A. MITCHELL 


H. L. Pore 
H. T. Porter 
E. H. 


CLEVELAND 
Organized: 1918 
Territory: Counties of Lorain, Cuyahoga, 


Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Cleveland Engineering 
Society Club 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 438 


EXECUTIVE COM MITTEE 


E. B. CRANKSHAW, Chairman 

CoLIn CARMICHAEL, Vice-Chairman 
E. R. McCartrny, Secretary-Treasurer 
J. W. AVERY 

H. S. Coisy 

C. A. DAUBER 

P. T. EIseLe 

R. C. Sessions 

D. K. Wricurt, JR. 


COLORADO 


1919 
Entire State of Colorado 
Albany Hotel, Denver, 


Organized: 

Territory: 

Place of Meeting: 
Colo. 

Local Organization: Colorado Engineering 
Council (Colorado Society of Engi- 
neers) 

Number of Members: 119 


EXECUTIVE COM MITTEE 


J. F. Ransom. Chairman 

A. A. Woopwarp, Vice-Chairman 
J. Y. Parce, Seeretary-Treasurer 
D. R. CoLLiIns 

W. M. RIcHTMANN 

J.T. STRATE 

G. H. WoeELBING 


COLUMBUS 


Organized: 1920 

Territory: Counties of Union, Delaware, 
Licking, Madison, Franklin, Fayette, 
Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Insti- 
tute and The Ohio State University 

Number of Members: 120 


EXECUTIVE COMMITTEE 


A. P. Jonnson, Chairman 

L. R. TANSLEY, Vice-Chairman 
E. J. Boer, Secretary-Treasurer 
W. H. Browne 

R. B. EN@pAHL 


T. H. Kerr 
P. N. LEHOcZKY 
S. H. Yosr 
DAYTON 
Organized: 1926 
Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, 


Greene, and northern part of Butler 
and Warren in Ohio 

Place of Meeting: Engineers’ Club of Day- 
ton 

Local Organization: 
Dayton 

Number of Members: 157 


(Continued) 
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DAYTON 
(Continued ) 


EXECUTIVE COMMITTEE 


Burson TREADWELL, Chairman 

A. W. KIMMEL, Vice-Chairman 
R. G. Out, Secretary 

F. B. Norturvupe, JRr., Treasurer 
F. H. McCormick 

A. L. PASCHALL 


H. C. WicHT 
DETROIT 
Organized: 1916 
Territory: Rectangle extending 60 miles 


west and 115 miles north of Detroit. 

Place of Meeting: Horace H. Rackham 
Educational Memorial, 100 Farnsworth 
Avenue, Detroit, Mich. 

Local Organization: Engineering Society of 
Detroit 

Number of Members: 624 


EXECUTIVE COMMITTEE 


R. K. Wetpy, Chairman 
J. W. BRENNAN, Secretary-Treasurer 
R. V. 

H. S. Forp 

H. K. GANDELOT 

R. F. HANson 

F. T. HARRINGTON 

D. E. JAHNCKE 

J. W. MacKENZIE 

A. C. PASINI 

O. A. SoDERBERG 

H. S. WALKER 


EAST TENNESSEE 


Organized: 1922 

Territory: All counties in Tennessee east of 
the west boundary of Scott, Morgan, 
Cumberland, White, Warren, Coffee, 
Moore, Franklin; Belle County in Ken- 
tucky; and Rossville, Dade, Walker, 
Cattasa, Whitfield, Murray, Gordon, 
Chattooga in Georgia 

Place of Meeting: Selected monthly. 

Local Organization: Chattanooga Engi- 
neers Club and Knoxville Technical 
Club 

Luncheon Meeting every Monday noon at 
Chattanooga Engineers Club 

Number of Members: 190 


EXECUTIVE COMMITTEE 


A. W. Harris, Chairman 
J. P. Ferris 

J. MARSHALL JOHNSON 
A. F. Rorser 

R. M. Ferry 

K. A. JONES 
WILLIAM NIXON 


Vice-Chairmen 


ERIE 


Organized: 1917 

Territory: Radius of thirty miles from 
Erie, Pa. 

Place of Meeting: Erie County Court House 

Number of Members: 99 


EXECUTIVE COMMITTEE 


H. Morey, Chairman 
D. Mosuer, Vice-Chairman 
B 
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E. C. 

H. KAEM MERLING 

r. L. LINDSAY 

. I. RATNESALO 

S. Reep 

. B. SCHNEIDER 

A. J. SHOWLER, Ex-Officio 


FAIRFIELD COUNTY 


Organized: 1917, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923; name changed from Bridgeport 
Section, 1946 

Territory: Fairfield County, Conn. 

Place of Meeting: Stratfield Hotel 

Local Organizations: The Bridgeport Tool 
Engineers Association; The Bridgeport 
Engineers Club 

Number of Members: 218 


EXECUTIVE COMMITTEE 


J. F. BANTHIN, Chairman 
J. L. Corcoran, Vice-Chairman 
J. P. HEUMANN, Secretary 
W. E. HoGan, Treasurer 
H. E. ADAMS 

Rupotr Beck 

J. K. 

P. A. IBoLp 

W. H. SNIFFEN 

R. W. WarRING 

J. F. Youne 


FLORIDA 


Organized: 1925 

Territory: State of Florida 

Place of Meeting: Various cities in state 

Local Organization: Florida Engineering 
Society, Gainesville, Fla. 

Number of Members: 129 


EXECUTIVE COMMITTEE 


J.T. Leaeett, Chairman 
JOHN HUNTrR 
RoBert MAJor 
G. E. Remp, Secretary-Treasurer 
P. C. Capps 

S. H. 

R. Y. Poot 


Vice-Chairmen 


FORT WAYNE 


Organized: 1939 

Territory: Counties of LaGrange, Steuben, 
Noble, DeKalb, Whitley, Allen, Wa- 
bash, Huntington, Wells, Adams, 
Miami, Blackford and Jay in Indiana; 
Counties of Williams, Defiance, Pauld- 
ing, Van Wert and Mercer in Ohio 

Local Organization: Fort Wayne Engi- 
neers’ Society 

Number of Members: 39 


EXECUTIVE COMMITTEE 


A. PLANCK, Chairman 
E. GALLATIN, Vice-Chairman 
L. Goes, Secretary 

L. Sweet, Treasurer 

S. Buck 

K. CooPper 


G. 

W. 

E. 

K. 

F. C. Mason 


GREEN MOUNTAIN 
Organized: 1923 
Territory: Entire State of Vermont and 
neighboring and closely related com- 


munities of Claremont and Hanover, 
N.H. 


Place of Meeting: Springfield, Windsor, 
Vt., and Claremont, N.H. 

Local Organization: Vermont Engineering 
Society 

Number of Members: 66 


EXECUTIVE COMMITTEE 


C. H. ApaMs, Chairman 

R. G. CHAPMAN, Vice-Chairman 
Letr Ferstne, Secretary-Treasurer 
E. H. GARRETT 

D. T. HAMILTON 

J. B. JOHNSON 

L. E. SEELEY 


GREENVILLE 
Organized: As a Branch, 1923; as a Sec- 
tion, 1927 
Territory: Radius of sixty miles from 


Greenville, S.C. 

Place of Meeting: Meetings held at Green- 
ville, Clemson College, S.C., Canton, 
Asheville, and Enka, N.C. 


Number of Members: 65 


EXECUTIVE COM MITTEE 


J. H. SAMs, Chairman 

C. R. Hory, Vice-Chairman 

R. S. Prurrt, Secretary-Treasurer 
A. D. ASBURY 

J. R. Guu 

A. K. Pooser 

J. W. VAUGHAN, JR. 

J. C. WHITEHURST 


HARTFORD 


Organized: 1917, as Branch of Conn. Sec- 
tion; reorganized, 1923; New Britain 
Section merged with Hartford Section, 
July 1, 1940 

Territory: Hartford County except that 
portion served by New Britain Section 

Place of Meeting: Hartford Electric Light 
Company 

Number of Members: 215 


EXECUTIVE COM MITTEE 


E. R. Lewts, Jr., Chairman 
J.S. APPLEYARD 
L. P. Le Bet 

R. L. Wein, Secretary-Treasurer 
A. FE. ANDERSON 

HERBERT BuRDICK 

T. F. Cassipy, Jr. 

WILLIAM FERGUSON 

E. P. Herrick 

F. O. HoaGLanp 

R. D. KELLER 

W. S. PAINE 

K. E. PEImLER 

H. F. RaMM 

H. P. 

L. C. Smiru 

C. C. STEVENS 

S. J. TELLER 

ALBERT VUILLEU MIER 

Miss Hore M. Wonnvus 


} Vice-Chairmen 


INLAND EMPIRE 


Organized: 1921 

Territory: East of Columbia River in State 
of Washington, and Counties of Oka- 
nogan and Benton, and part of North- 
ern Idaho 

Place of Meeting: Davenport Hotel, Spo- 
kane 
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Luncheons: Wednesdays at 12:00 noon, 
Davenport Hotel, Spokane 

Local Organization: Associated Engineers 
of Spokane 

Number of Members: 30 


EXECUTIVE COM MITTEE 


I. A. Chairman 

D. R. Gray, Vice-Chairman 

N. W. Humpurery, Secretary-Treasurer 
F. W. CANDEE 

H. F. Gauss 

L. J. 


ITHACA 


Organized: 1936 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Alternately in different 
cities of Section territory, as an- 
nounced 

Number of Members: 108 


EXECUTIVE COMMITTEE 


W. G. Batrp, Chairman 
F. S. ErpMAN 

R. E. | 

R. W. RAMAGE, Necretary-Treasurer 
S. W. FaArRMAN 

J.C. KENNEDY 

H. M. 

H. C. PERKINS 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from 
Kansas City, Mo. 

Place of Meeting: University Club 

Local Organization: Engineers’ Club of 
Kansas City 

Number of Members: 201 


EXECUTIVE COM MITTEE 


CHESTER CoTrrer, Chairman 

H. E. MANveL, Vice-Chairman 
B. B. Bratnarp, Secretary 

S. Gray, Treasurer 

H. B. ATHERTON 

Haroip GRASSE 

R. P. Haun 

C. C. Hour 

J. T. JENNINGS 

N. L. MILuer 


LOUISVILLE 


Organized: 1922 

Territory: Radius of thirty miles from 
ae Ky. (includes Lexington, 
cy.) 


y. 

Place of Meeting: University of Louisville, 
Louisville, Ky. 

Local Organization: Engineers and Archi- 
tects Club 

Number of Members: 79 


Executive COMMITTEE 


J. E. Guass, Chairman 

E. J. Dreyer, Vice-Chairman 
W. V. Hameerton, Secretary 
M. G. Clowrer 

J. W. Gopsry 

O. C. Krause, Jr. 

A. G. RosenpaumM 

F. P. SHANNON 
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MEMPHIS 


Organized: 1923 

Territory: Radius of sixty miles from 
Memphis, Tenn., and eastern half of 
Arkansas including all the territory 
east of a line drawn north and south 
through the western boundary of the 
City of Little Rock 

Number of Members: 28 


EXECUTIVE COM MITTEE 


C. K. Chairman 

J. J. THomMason, Vice-Chairman 
J. A. Dew, Secretary-Treasurer 
E. W. ELam 

R. M. Kine 

G. RUSSELL SCHNEIDER 

J. H. 


METROPOLITAN 
Organized: 1910 
Territory: Metropolitan District, New 


York and New Jersey 

Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New 
York, N.Y., and Newark, N.J. 

Number of Members: 4,383 


EXecuTIveE COMMITTEE 


H. R. Kessier, Chairman 
F. P. Branp, Secretary 
A. D. BLAKE, Treasurer 
W. L. Berrs 

G. G. Hype 

H. A. JOHNSON 

V. WEAVER SMITH 
HERMAN WEISBERG 

R. W. FLYNN, Ex-Officio 


JuNIoR Group 


C. H. CARMAN, JR., Chairman 
J. L. Lewis, Vice-Chairman 
A. H. GorresMAN, Secretary 
J. R. Ter Haar, Treasurer 


MID-CONTINENT 


Organized: 1919 

Territory: Entire State of Oklahoma; ter- 
ritory in Arkansas not included in 
Memphis Section; part of Louisiana; 
and territory in Texas north of the 
southern boundaries of the counties 
of Gaines, Dawson, Bordon, Scurry, 
Fisher, Jones, and Shackelford 

Place of Meeting: Usually Mayo Hotel, 
Tulsa, Okla. 

Luncheon Meetings with Engineers Club of 
Tulsa, Mondays at 12:00 noon 

Local Organization: Engineers Club of 
Tulsa 

Number of Members: 204 


EXECUTIVE COMMITTEE 


W. F. Stewart, Chairman 
R. A. Vice-Chairman 
J. D. Jones, Secretary 

C. A. STEVENS, Treasurer 

B. T. Bogarp 

L. Woop JACKSON 

JOHN Keys 

W. H. STEUVE 

H. G. THUESEN 

V. J. WALKER 
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MILWAUKEE 


Organized: 1904 

Territory: Radius of fifty miles from Mil- 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society of 
Milwaukee 

Luncheon Meetings once each month, 3rd 
Wednesday at Wisconsin Club 

Number of Members: 316 


EXECUTIVE COMMITTEE 


M. E. Ruess, Chairman 
S. J. GATES 

H. L. Heywoop 
SEBASTIAN JUDD 

FE. H. Laass 

EMIL NEUBAUER 

J. F. RoBerts 

JOHN SCHOEN 

F. WARREN WEITHOFER 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union, Univ. 
of Minnesota 

Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi- 
tectural and Engineering Societies 

Number of Members: 144 


EXrcuTIve CoM MITTEE 


W. Borst, Chairman 

A. O. Ler, Vice-Chairman 

R. T. L. Lescn, Necretary-Treasurer 
C. W. Bros 

J. G. DAVIES 

E. S. Howarp 

L. S. WHITSON 


NEBRASKA 
Organized: 1922 


Territory: State of Nebraska, and Council 
Bluffs, Iowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Clubs of 
Lincoln and Omaha 

Luncheon Meeting every Wednesday noon at 
the Omaha Engineers’ Club—4th Mon- 
day Evening at Lincoln 

Number of Members: 48 


EXECUTIVE COMMITTEE 


. W. Kurtz, Chairman 

. K. Lupwickson, Vice-Chairman 

A. N. Armstrong, Secretary-Treasurer 
G. A. Rogers 

O. R. Pratr 


NEW HAVEN 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven and 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Number of Members: 131 


EXECUTIVE COMMITTEE 


I. T. Hook, Chairman 
E. E. Vice-Chairman 
E. H. Watton, Secretary-Treasurer 


(Continued) 
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NEW HAVEN 


(Continued) 


H. D. FIsHer 
C. A. Horst 
J. O. MULLEN 
B. R. ONUF 


NEW LONDON 


Organized: 1930, as the Norwich Section; 
name changed, 1943 

Territory: Counties of Tolland, Windham, 
and New London in Connecticut, and 
Westerly District in Rhode Island 

Place of Meeting: New London Junior Col- 
lege, Pequot Ave., New London, Conn. 

Number of Members: 50 


EXECUTIVE COMMITTEE 


L. A. LACHMAN, Chairman 

E. R. STepHAn, Secretary-Treasurer 
W. E. BEANEY 

K. P. HANSON 

H. E. Kevyn 

J. S. Lronarp 


NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 
Section 

Place of Meeting: Room 422, St. Charles 
Hotel 

Local Organization: Louisiana Engineering 
Society 

Number of Members: 165 


EXECUTIVE COMMITTEE 


. A. McLetian, Chairman 
. ABRAHM, Vice-Chairman 
Seaco, Secretary-Treasurer 


. NELSON 
. WATERFALL 


NORTH TEXAS 


Organized: 1922 

Territory: All of Texas north of an ap- 
proximately straight line through Del 
Rio, Fredericksburg, Georgetown, Cam- 
eron, Nacogdoches, and Center, includ- 
ing the cities mentioned, and south of 
north boundaries of the counties of 
Parmer, Castro, Swisher, Briscoe, 
Hall, and Childress. Also the City of 
Texarkana, Ark. 

Place of Meeting: Dallas Power & Light 
Co. Bldg. Auditorium 

Local Organization: Technical Club of 
Dallas 

Number of Members: 167 


EXECUTIVE COMMITTEE 


. SHUMAKER, Chairman 
. Hurt 
POWERS 
. Beestey, Secretary-Treasurer 
LIAM MOELLER 


Vice-Chairmen 


= 


. WILLITS 
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ONTARIO 


Organized: 1917 

Territory: Province of Ontario, Canada 

Place of Meeting: Hart House, University 
of Toronto 

Number of Members: 280 


EXECUTIVE COMMITTEE 


FREDERICK TRUMAN, Chairman 
W. R. Truster, Secretary-Treasurer 
W. G. FRASER, Assistant Secretary 
C. E. BEYNon 

E. J. CALNAN 

L. J. CLAYTON 

C. R. Davis 

J. W. GALLOWAY 

ERNEST JONES 

S. J. Lipprnaton 

JAMES McKENZIE 

C. G. SouTHMAYD 

R. C. WirEN, Ex-Officio 


OREGON 


Organized: 1919 

Territory: State of Oregon and that terri- 
tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Local Organization: Oregon Society of En- 
gineers 

Number of Members: 88 


EXECUTIVE COMMITTEE 


B. G. Dick, Chairman 

G. E. Joost, Vice-Chairman 
E. D. Rowan, Secretary 

J. L. Krerutrr, Treasurer 
V. B. MILts 

J. C. 

A. J. CHaput, Ex-Officio 


PENINSULA 
Organized: 1923 
Territory: West of the east boundaries of 


the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee, 
Clare, Isabell, Gratiot, Clinton, Eaton, 
Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 
Luncheon Meeting last Thursday noon 
each month 
Local Organization: Club of 

Grand Rapids 
Number of Members: 84 


Engineers’ 


EXECUTIVE COMMITTEE 


. M. Gorrie, Chairman 

. C. McSortey, 1st Vice-Chairman 
. E. Crowser, 2nd Vice-Uhairman 


JENZEL, Secretary-Treasurer 
Buck 
DEHAMMER 
_E. GEBBEN 
. G. LOHMANN 
. A. Hamitton, ficio 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, 
Chester, Philadelphia, Delaware, Pa., 
and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ 
Club, 1317 Spruce Street, Philadelphia, 
Pa. 


Local Organization: 
neers’ Club 
Luncheon Meeting every Thursday noon at 

12:30 p.m. at Philadelphia Engineers’ 
Club 
Number of Members: 


Philadelphia Engi- 


1,376 


EXECUTIVE COM MITTEE 


S. T. MacKenzir, Chairman 

M. C. RANDALL, Vice-Chairman 
B. F. Keene, Secretary-Treasurer 
C. B. CAMPBELL 

W. J. KinpeERMAN 

J.J. McCartuy, fiicio 


TRENTON SUBSECTION 


Hans GARTMAN, Chairman 
C. H. Hoskins, Secretary 


WILMINGTON SUBSECTION 


F. H. McBerty, Chairman 
A. P. WENDLAND, Secretary-Treasurer 


JuNrIoR Group 


ALLEN, Chairman 
ALBERT SCH ADE, Vice-Chairman 
Mario PrIerPo.ine, Secretary-Treasurer 


PIEDMONT—NORTH CAROLINA 


Organized: As a Branch, 1923; as a Section, 
1927; name changed from Charlotte 
Section to Piedmont—North Carolina, 
July 1, 1940 

Territory: Radius of seventy-five miles 
from Charlotte, N.C. 

Luncheon Meeting every other Monday at 
1:00 p.m. at Efirds Department Store 
Dining Room 

Local Organization: 
Club 

Number of Members: 70 


Charlotte Engineers 


EXECUTIVE COM MITTEE 


F. R. JAcKSON, Chairman 

M. D. THomason, Vice-Chairman 
N. H. Brown, Secretary-Treasurer 
P. W. BELL 

J. T. Porrer 

E. L. Scruges 

S. M. Snyper, Jr. 

T. O. SILLs, ficio 


PITTSBURGH 


Organized: 1920 

Territory: Counties of Allegheny, Arm- 
strong, Beaver, Butler, Clarion, Fay- 
ette, Forest, Greene, Indiana, Jefferson, 
Venango, Washington, and Westmore- 
land in Pennsylvania; Counties of 
Brooke, Marshall, Ohio, and Hancock 
in West Virginia; and Counties of Bel- 
mont, Jefferson, and Jackson in Ohio 

Place of Meeting: Engineers’ Society of 
Western Pennsylvania, William Penn 
Hotel 

Local Organization: Engineers’ Society of 
Western Pennsylvania 

Number of Members: 593 


EXECUTIVE COMMITTEE 


TOMLINSON Fort, Chairman 

E. W. Jacosson, Vice-Chairman 
CHRISTIAN WILSON, JR., Secretary 
K. F. Trescnow, Treasurer 

T. J. Barry 


=, 
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= 
NDRY MURPHY 
M. Hit, Er-Offcio 
. WACKER 
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H. H. Hai 
W. O. LYTLE 
J. F. MATTERN 
Davip SAYLOR 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included 
between Elizabeth, Bound Brook, 
Metuchen, and Watchung, N.J. 

Place of Meeting: Elizabeth Carteret Hotel, 
Elizabeth, and Plainfield Masonic Tem- 
ple, Plainfield 

Local Organization: Plainfield Engineers 
Club, Singer Engineering Society 

Number of Members: 235 


EXECUTIVE COM MITTEE 


J.D. Porrer, Chairman 

G. N. Hoper, Vice-Chairman 
P.N. Fimper, Secretary 

M. J. Grosevicn, Treasurer 
E. T. 

W. L. 

W. H. CHAFFEE 

R. H. CHANKALIAN 

A. J. De Matrro 

FROLANDER 

H. F. Moore 

P. C. OSTERMAN 

K. A. Reeve 

HeRMAN RITTER 

H. F. J. SKARBEK 

C. E. Tyrore 

W. WoLKENFUSS 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from 
Providence, R.I. 

Place of Meeting: Providence Engineering 
Society Building, 195 Angell St., Provi- 
dence, R.I. 

Local Organization: Providence Engineer- 
ing Society 

Number of Members: 175 


EXECUTIVE COMMITTEE 


F.C. TANNER, Chairman 

E. M. Gorpon, Vice-Chairman 
CHARLES HaaGerty, Secretary-Treasurer 
D. E. Conepon 

H. C. Fisuer 

I. E. Foster 

B. P. Graves 

W. Howe 

A. JoHNSON 

I. O. MINER 

E. W. Harrineron, fficio 


RALEIGH 


Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of sixty miles from 

Raleigh, N.C. 

Place of Meeting: North Carolina State 
College, Raleigh, N.C.; Duke Univer- 
sity, Durham, N.C. 

Local Organizations: North Carolina So- 
on of Engineers, Raleigh Engineers 

u 
Number of Members: 48 


EXECUTIVE COMMITTEE 


F. O. Chairman 
H. I. West, Vice-Chairman 
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T. C. Brown, Secretary-Treasurer 
G. W. Batty 

C. E. KercuNer 

J. W. May 

R. M. Roruces 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from 
Rochester, N.Y. 

Place of Meeting: Rochester Engineering 
Society Rooms, Sheraton Hotel 

Local Organization: Rochester Engineering 
Society. Sheraton Hotel 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Sheraton Hotel 

Number of Members: 167 


EXECUTIVE COM MITTEE 


E. R. Birkicut, Chairman 

A. S. Vice-Chairman 
A. E. Scue Secretary-Treasurer 
C. E. Kraus 

J.T. Linpsey 

H. W. MILry 

A. B. Rogers 

C. C. Ross 

W. A. SCHELL 

L. J. SUMMERHAYS 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Thirty miles east and west of 
Madison, Wis., and extending south- 
ward through Rockford, III. 

Place of Meeting: Madison, Wis., Beloit, 
Wis., and Rockford, 

Local Organization: Rock River Valley 
Engineering Council 

Number of Members: 73 


EXECUTIVE COMMITTEE 


D. W. NELSON, Chairman 

F. J. Zircuer, Vice-Chairman 

C. A. Secretary-Treasurer 
E. L. DAHLUND 

B. G. ELLiorr 

URBAN FLoor 

R. R. Smitu 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, 
Pulaski, St. Joseph, Marshall, Fulton, 
Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: South Bend, Ind. 

Number of Members: 81 


EXECUTIVE COMMITTEE 
C. Frren, Chairman 
O. K. Fay, Vice-Chairman 
W. McKean Wuitre, Jr., Vice-Chairman 
G. R. McNeILe, Secretary-Treasurer 
C. Ropert Eery 
P. T. SPRAGUE 
C. C. WILcox 
O. E. ZAHN 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. 
Louis, Mo. 

Place of Meeting: Place varies 
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Local Organization: Engineers’ Club of St. 
Louis 
Number of Members: 265 


EXECUTIVE COMMITTEE 


J.C. PARMELY, Chairman 

G. V. Vice-Chairman 

R. P. Scuuatter, Secretary-Treasurer 
P. H. Buxton 

C. Fox 

HERBERT KUENZEL 


SAN FRANCISCO 


Organized: 1910 

Territory: All territory north of the north- 
ern boundaries of the counties of San 
Luis Obispo, Kern, and San Bernardino 

Place of Meeting: Engineers’ Club, 206 
Sansome St. 

Luncheon Meetings, Tuesdays, California 
Hotel, Oakland; Thursdays, Engineers’ 
Club, San Francisco 

Local Organization: San Francisco Engi- 
neers’ Club 

Number of Members: 730 


EXECUTIVE COMMITTEE 


M. P. O’Brien, Chairman 

A. G. CATTANEO, Vice-Chairman 
Konstan, Secretary-Treasurer 
F. W. BricHLey 

H. I. Detro 

B. S. Truetr 


SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savan- 
nah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of 
Savannah Chamber of Commerce 

Number of Members: 28 


EXECUTIVE COMMITTEE 


D. E. Kenor, Chairman 

T. H. GarpNner, Vice-Chairman 

G. W. Wirmer, Secretary-Treasurer 
P. F. BALLINGER 

V. G. 

L. C. Rorser 

B. J. Sams 


SCHENECTADY 


Organized: As a Branch, 1919; as a Section, 
1927 

Territory: Radius of thirty miles from 
Schenectady, N.Y. 

Place of Meeting: Rice Hall 

Number of Members: 300 


EXECUTIVE COMMITTEE 


A. J. Nerap, Chairman 

W. L. FLEISCHMANN, Secretary 
S. B. Pau, Treasurer 

A. O. Er-O fficio 


SOUTHERN CALIFORNIA 


Organized: 1915 as Los Angeles Section; 
reorganized, 1941 

Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 


(Continued) 
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SOUTHERN CALIFORNIA 


(Continued ) 


Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 

Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 

Number of Members: 887 


EXECUTIVE COMMITTEE 


H. C. Reep, Chairman 

V. A. PETERSON, Vice-Chairman 

A. R. Secretary-Treasurer 
J. B. JOHNSON 

REASER 

HAROLD SPAULDING 


JUNIOR Group 


E. WAYNE Youne, Chairman 
Don Jones, Secretary 


SOUTH TEXAS 


Organized: 1919 

Territory: South Texas and the northern 
part of the State not included in the 
North Texas Section territory 

Place of Meeting: No fixed meeting place, 
but all meetings held in Houston 

Number of Members: 253 


EXECUTIVE COMMITTEE 


G. W. LowTHER, Chairman 

A. B. STEEN, JR., Vice-Chairman 
M. I. Kearns, Secretary-Treasurer 
M. L. BeGeEMAN 

P. E. DARLING 

JoHN Doceett, JR. 

C. J. ECKHARDT, JR. 

V. M. Farres 

B. W. FarRQuHAR 

R. H. 

B. F. NorMAN 


SUSQUEHANNA 


Organized: 1927 

Territory: Counties of Cumberland, Dau- 
phine, Lebanon, Adams, York, and Lan- 
caster 

Place of Meeting: Engineering Society of 
York, and at Lancaster twice a year 

Local Organization: Engineering Society 
of York and Engineers’ Society of Penn- 
sylvania, Harrisburg, Pa. 

Number of Members: 131 


EXECUTIVE COMMITTEE 


F. L. Rocers, Chairman 
G. L. Surru } Vice-Chairmen 

J. W. DEEGAN 

G. DuGAN JOHNSON, Secretary-Treasurer 
E. W. GALLENKAMP 

M. G. LEESON 

G. H. VoaDEN 


O. E. WEBER 
SYRACUSE 
Organized: 1920 
Territory: Radius of thirty miles from 


Syracuse, N.Y. 

Place of Meeting: Ball Room of the Onon- 
daga Hotel 
Local Organization: 
of Syracuse 
Number of Members: 106 


The Technology Club 
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EXECUTIVE COMMITTEE 


G. I. ViInceNT, Chairman 

L. E. Porrer, Vice-Chairman 
F. G. Henset, Secretary-Treasurer 
H. T. AVERY 

J. S. CHapwick 

J. L. FLETCHER 

H. W. Jerrcock 

H. C. 

M. B. Moyer 

M. K. NeEwMAN 

K. W. Scuve 

D. V. SHETLAND 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from 
Toledo, Ohio 

Place of Meeting: 
ledo, Ohio 

Local Organization: 
Societies of Toledo 

Number of Members: 75 


University Club, To- 


Affiliated Technical 


EXECUTIVE COMMITTEE 


W. R. Moran, Chairman 

McCANDLEsS, Vice-Chairman 
W. A. NELDEN, Secretary-Treasurer 
H. L. YARYAN, JR., Assistant Secretary 
F. S. BELL 

NORMAN DICKS 

PAUL GRAVELLE 

F. E. Graves 

J. C. GREINER 

F. J. MEYER 

D. M. PALMER 

L. S. PLatou 

ARTHUR VOTSBERGER 


TRENTON 
(See Philadelphia) 


TRI-CITIES 


Organized: 1920 

Territory: Radius of thirty miles from 
Moline, 

Place of Meeting: Rock Island, IIl., Moline, 
Ill., and Davenport, Iowa 

Luncheon Meeting every Wednesday, Dav- 
enport Hotel, 12:00 nocn 

Number of Members: 76 


EXECUTIVE COMMITTEE 


E. H. THrockMortToNn, Chairman 
H. I. HANSEN, Vice-Chairman 

H. P. Witson, Secretary-Treasurer 
C. C. ANDERSON 

H. O. Crort 

J. M. HartMAN 


UTAH 


Organized: 1923 

Territory: State of Utah 

Place of Meeting: University Club, Salt 
Lake City 

Local Organization: Utah Society of Pro- 
fessional Engineers 

Number of Members: 46 


EXECUTIVE COMMITTEE 


D. A. ELKINS, Chairman 

W. F. Kemper, Vice-Chairman 

H. J. Secretary-Treasurer 
ARTHUR ERICKSON 

A. O. GATES 

M. B. Hocan, Ez-Officio 


VIRGINIA 


Organized: 1919 

Territory: State of Virginia 

Place of Meeting: Richmond, 
Blacksburg, Charlottesville, 
University, Petersburg 

Local Organization: Central Virginia En- 
gineers Club of Hampton Roads 

Number of Members: 255 


Norfolk, 
Roanoke, 


EXECUTIVE COM MITTEE 


H. R. Hopkins, Chairman 
C. E. Ponp Vice-Chair 

F. Q. SAUNDERS 
J. B. Jones, Secretary 

C. E. Trent, Treasurer 

A. Baw 

D. W. BENNETT 

M. L. IRELAND, JR. 

J. A. JOHNSTON 

M. P. LAWRENCE 


WASHINGTON, D.C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac 
Electric Power Co., 10th & E Sts., 
Washington, D.C. 

Number of Members: 433 


Executive CoM MITTEE 


B. C. CRUICKSHANKS, Chairman 
Fk. J. HANRAHAN, Vice-Chairman 
Rk. P. Larurop, Secretary-Treasurer 
H. W. AUSTIN 

H.S. Bean 

C. E. BerBerIcu 

Byron Brirp 

H. P. HARwoop 

R. C. MELENEY, JR. 

R. M. MEYER 

RupoLPH MICHEL 

J. W. THoomMas 


WATERBURY 


Organized: 1917, as a Branch; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion 
of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 83 


EXECUTIVE COMMITTEE 


. H. Ravus, Chairman 

. M. RIANHARD, JR., Vice-Chairman 

. W. Stmpson, Jr., Secretary-Treasurer 
. H. Hatcu 

. W. MINER 

. E. PETERSON 

. 8. Storrs 

. L. 

. G. VANDERWEIL 


WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, 
Franklin, Hanipden, and Hampshire 

Place of Meeting: Highland Hotel, Spring- 
field, Mass. 

Local Organization: Engineering Society of 
Western Massachusetts 

Number of Members: 107 
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EXECUTIVE COMMITTEE 
Sipney Low, Chairman 
Leo Kresser, Vice-Chairman 
D. A. Bartiett, Secretary-Treasurer 
W.S. Mass 
JOHN POWELL 
J. R. CONNELLY, fiicio 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of 
Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 
land, Ore. 

Place of Meeting: Engineers’ Club, Seattle, 
Wash. 

Local Organization: 
Club 

Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 

Number of Members: 219 


Seattle Engineers’ 


EXecuTIVE COMMITTEE 


J. M. Constey, Jr., Chairman 

S. L. CRAwsHAW, Vice-Chairman 

R. W. Crain, Sr., Secretary-Treasurer 
W. R. Gipson 

F. B. Lee 

F. R. Youne 
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WEST VIRGINIA 


Organized: 1925 

Territory: State of West Virginia, South 
of Parallel 39 

Place of Meeting: Charleston, W.Va. 

Number of Members: 83 


EXECUTIVE COMMITTEE 


H. L. CarspecKeNn, JR., Chairman 
R. L. ESuetMan, Vice-Chairman 
DoNnALp THuompson, Secretary-Treasurer 
J.C. Bonpb, Assistant Secretary 
J. L. BARKER, 

Minorr Brook 

R. T. Busu 

W. G. KAHLER 

T. J. Kirwin, Jr. 

L. KUuHNS 

L. B. McQuarpe 


WILMINGTON 
(Nee Philadelphia) 


WORCESTER 
Organized: 1915 
Territory: Radius of thirty miles from 
Worcester, Mass. 
Place of Meeting: Sanford Riley Hall, 


Worcester Poly. Inst. 

Local Organization: Worcester Engineer- 
ing Society 

Number of Members: 154 


EXECUTIVE COMMITTEE 


F. Battey, Chairman 

C. C. Tucker, Vice-Chairman 
R. H. Secretary-Treasurer 
H. F. Rirrersuscu 

R. L. RouGeMont 

E. H. Smiru 

W.S. Snow 

R. H. Woop 


YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahon- 
ing, and Columbiana in Ohio, and 


Mercer and Lawrence in Pennsylvania 
Place of Meeting: Republic Rubber Co. 
Club Rooms, Albert St., Youngstown, 
Ohio 
Number of Members: 53 


EXECUTIVE COM MITTEE 


H. W. Situ, Chairman 

P. R. Durrey, Vice-Chairman 

J. G. ScHAEFER, Secretary-Treasurer 
F. J. Bowers 

L. A. KLINE 

W. J. LANGACHER 

HANS MALIN 
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STUDENT BRANCHES 


Communicate with Student Branch through Honorary Chairman 


Name and Location 


Akron, Univ. of, Akron, Ohio 
Alabama Polytechnic Inst., Auburn, Ala. 


Alabama, Univ. of, University, Ala. 
Arizona, Univ. of, Tucson, Ariz. 
Arkansas, Univ. of, Fayetteville, Ark. 
British Columbia, Univ. of, Vancouver, B.C., Can. 
Brown Univ., Providence, R.I. 
Bucknell Univ., Lewisburg, Pa. 
California Inst. of Tech., Pasadena, Calif. 
California, Univ. of, Berkeley, Calif. 
Carnegie Inst. of Tech., Pittsburgh, Pa. 
Case School of Applied Science, Cleveland, Ohio 
Catholic Univ. of America, Washington, D.C. 
Cincinnati, Univ. of, Cincinnati, Ohio 
Clarkson College of Tech., Potsdam, N.Y. 
Clemson A. & M. College, Clemson College, 8.C. 
Colerado A. & M. College, Ft. Collins, Colo. 
Colorado, Univ. of, Boulder, Colo. 
Colorado School of Mines Div., Golden 
Ceclumbia Univ., New York, N.Y. 
Management Division 
Mechanical Division 
Connecticut, Univ. of, Storrs, Conn. 
Cooper Union Inst. of Tech., New York, N.Y. 
Cooper Union School of Engineering, Evening Course, 
New York, N.Y. 
Cornell Univ., Ithaca, N.Y. 
Delaware, Univ. of, Newark, Del. 
Detroit, Univ. of, Detroit, Mich. 
Drexel Inst. of Tech., Philadelphia, Pa. 
Duke Univ., Durham, N.C. 
Florida, Univ. of, Gainesville, Fla. 
George Washington TWuaiv., Washington, D.C. 
Georgia School of Tech., Atlanta, Ga. 
Idaho, Univ. of, Moscow. idaho 
Illinois Inst. of Tech. “h:icage, Tl. 
Illinois, Univ. of, Urbseac, Ti. 
Towa State College, Ames. 
Iowa, State Univ. of, Iowa City, four: 
Johns Hopkins Univ., Baltimere, Md. 
Kansas State Coliese, Meunatien, han 
Kansas, Univ. of, Lawrezce, fun 
Kentucky, Univ. of, Lexington, * 
Lafayette College, Easton, Pa. 
Lehigh Univ., Bethlehem, Pa. 
Louisiana State Univ., University, La. 
Louisville, Univ. of, Louisville, Ky. 
Maine, Univ. of, Orono, Maine 
Marquette Univ., Milwaukee, Wis. 
Maryland, Univ. of, College Park, Md 
Massachusetts Inst. of Tech., Cambridge, Mass. 
Michigan College of Min. & Tech., Houghton, Mich. 
Michigan State College, East Lansing, Mich. 
Michigan, Univ. of, Ann Arbor, Mich. 
Minnesota, Univ. of, Minneapolis, Minn. 
Mississippi State College, State College, Miss. 
Missouri School of Mines & Metallurgy, Rolla, Mo. 
Missouri, Univ. of, Columbia, Mo. 
Montana State College, Bozeman, Mont. 
Nebraska, Univ. of, Lincoln, Neb. 
Nevada, Univ. of, Reno, Nev. 
Newark College of Engineering, Newark, N.J. 
New Hampshire, Univ. of, Durham, N.H. 
New Mexico State College of A. & M. Arts, State Col- 
lege, New Mex. 
New Mexico, Univ. of, Albuquerque, New Mex. 
New York, College of the City of, New York, N.Y. 
New York Univ. (Day School), New York, N.Y. 
New York Univ. Evening School, New York, N.Y. 
North Carolina State College, Raleigh, N.C. 
North Dakota Agric. College, Fargo, N.D. 
North Dakota, Univ. of, Grand Forks, N.D. 
Northeastern Univ., Boston, Mass. 


Year 
Author- 


ized 


1924 
1920 


1931 
1937 
1910 
1938 
1923 
1916 
1914 
1912 
1913 
1913 
1922 
1909 
1930 
1921 
1914 
1914 
1909 


1941 
1920 


1920 
1908 
1929 
1930 
1920 
1935 
1926 
1924 


Chairman 


J. E. MASTERS 
ALBERT GAINES 


GrorceE HomicH 

D. M. Kerr 

E. J. TULLOS 

T. F. Scorr 

D. C. Bowersock, JR. 
W. B. SCHLECHTER 
J. B. WERNER 

Don WELTON 

A. J. SULLIVAN 

R. H. TAYLorR 

R. L. CASLIN 

R. E. Liprert 

H. E. Frreprick 

F. M. Live 

K. L. 
KENNETH MARQUAND 
WILLIAM Horstit 


MICHAEL DUADAREVICH 


J. L. BERRYMAN 
JAMES WILLIAMS, JR. 
MarvVIN TEITELBAUM 


IrvING CHAIT 

E. S. CAaRLson 
RosBertT KRAUSE 
J. E. HerMan 
C. L. SAYRE 
JOHN CARPENTER 
A. B. Sorin 

D. J. DeITERS 
VONALD KAMP 
R. E. Boyar 

A. E. McCornack 
2. C. Dove 

E. FULLER 


MeGuexrn 


C. 
J. Rusx 
J. 0. 


J. M. Gerace 

J. R. Norris 

W. C. CHESEBROUGH 
GEORGE ELWERS 

E. R. TALONE 

R. F. 
K. E. Gates 

R. J. 
Davip VANTUYL 
J. O. STEPHENS 

E. A. HENKE 

Ep. SWEENEY 
Rosert ANSPACH 
LeRoy Foster 

C. R. Breese 
Pau LIVERA 
GEORGE JANETOS 


LAWRENCE EMERSON 
B. N. SMITH 

F. P. Burns 
RONALD PROBSTEIN 
W. L. 
EpGar PETERSON 

P. D. O'CONNELL 

P. A. Nims 


Secretary 


R. O. Foster 
ELIZABETH J. 
CLINKSCALES 
Bos Hazen 
SHIRLEY HALL 
W. C. Dory 
D. R. STEVENS 
R. C. SPENCER, JR. 
T. H. KinkKap 
P. R. ConratTH 
FRANK MARTIN 
D. W. 
F. V. REILLEY 
T. B. RipgeEway 
J. C. Ropeers 
J. R. EMSILE 
D. C. SALLEY 
E. M. Co.pirts 
Betty Beck 
T. J. Barsour 


MARION PHILLIPS 
J. A. TILLINGHAST 
R. F. Dupa 
Henry WaALp 


G. H. 
SHIRLEY OGREN 
E. J. VAHLYES 
WALTER RYBACK 
B. S. Kupravetz 
J.T. REYNOLDS 
LEAVENGOOD 
Nancy J. LARSEN 
S. O. SHEETZ 

J. C. PoInTNER 
K. R. KUHNLE 
J. C. MINGEE 

F. J. STANEK 

G. W. SEIFFERT 


LANDRY 

D. Hume 
HELEN GoRDEN 
Don Lepscu 

R. E. Bowes 

G. R. TURNER 
Rosert MCINpoo 
W. J. Krupp 
DONALD STEIBEL 
C. LARSEN 
C. D. Moore 

E. G. Linpquist 
Jack Scuupp 

R. G. ADAMS 

D. A. SCHMEECKLE 
C. P. MCKENNA 
Mary A. KEENAN 
J. A. HAWKE 


RALPH STEINMANN 
JEANNIE Harris 
A. L. WINDMAN 
W. A. Rorn, Jr. 
Davip SoLon 

G. R. GREENE 
WALLACE ERICKSON 
W. R. WILL 

H. W. DAHLSTROM 


Honorary Chairman 


F. S. GrirFin 
C. R. Hixon 


D. H. SHENK 

M. L. THORNBURG 
R. G. Pappock 

F. W. VERNON 

A. J. WARREN 
J.C. REED 

D. E. Hupson 

H. A. JOHNSON 

D. C. SAYLOoR 

D. K. Wrigut 

M. E. WESCHLER 
R. L. Smitru 
Gorvon BABCcocK 
C. A. DEwEY 

J. H. Scorretp 
BENJAMIN SPURLOCK 
W. M. RICHTMANN 


Epwarp HeEMPEL 
Victor ScoTTRON 
Eric STEPHAN 
W. A. Vopat 


W.S. Kor 
HAMILTON MABIE 

J. I. CLlower 
GrorGeE UICKER 
Dawson DowEL. 

F. J. Reep 

N. C. Epaucu 

B. C. CruIcKSHANKS 
A. D. HoL_anp 

H. F. Gauss 

R. A. BUDENHOLZER 
K. TRIGGER 

R. W. BrecKENRIDGE 
H. O. Crort 

J. BH. Porre> 

B. BRaInary 

H. L. 

T. R. Trery, Acting 


P. B. Karon 
J.B. Hartman 
WY 


L. &. 
1. H. 
J. E. 

J. W. JACKSON 
W. M. Munaay 

A. P. Youne 

L. C. Price 

C. W. Spooner 

A. O. LEE 

R. T. Staton 

A. J. MILEs 

M. M. Boustap 

C. A. ARENTS 

J. K. Lupwickson 
J. R. VANDYKE 
J. E. POLANER 
TENKO KAUPPINEN 


A. M. LuKeNns 
A. D. Forp 

S. J. Tracy 

F. L. SINGER 
A. H. Cnurcu 
WALTER LOWEN 
R. M. Dotve 
P. J. Porrer 
F. A. STEARNS 
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Year 
Author- 
Name and Location ized Chairman 
Northwestern Univ., Evanston, III. 1935 F. H. Derry 
Notre Dame, Univ. of, Notre Dame, Ind. 1929 G. H. MacKay, Jr. 
Ohio Northern Univ., Ada, Ohio 1922 J. A. BREWER 
Ohio State Univ., Columbus, Ohio 1911 W. A. GUNN 
Oklahoma A. & M. College, Stillwater, Okla. 1921 RAYMOND PorRTER 
Oklahoma, Univ. of, Norman, Okla. 1917 A. O. Doner, JR. 
Oregon State College, Corvallis, Ore. 1909 Don BENZ 
Pennsylvania State College, State College, Pa. 1909 P. L. DonovuGHe 
Pennsylvania, Univ. of, Philadelphia, Pa. 1925 Rorert Mostertz 
Pittsburgh, Univ. of, Pittsburgh, Pa. 1917 C. F. Davis 
Polytechnic Inst. of Brooklyn (Day School), Brooklyn, 

N.Y. 1909 D. R. CASALE 
Polytechnic Inst. of Brooklyn Evening School, Brooklyn, 

N.Y. 1909 J. B. Hoetunp 
Pratt Inst., Brooklyn, N.Y. 1923 JOHN STEPHEN 
Princeton Univ., Princeton, N.J. 1926 KENNETH STEINHARDT 
Puerto Rico, Univ. of, Mayaguez, P.R. 1923 RAvuL Torres 
Purdue Univ., West Lafayette, Ind. 1909 Howarp EHLIND 
Queen’s Univ., Kingston, Ont., Can. 1941 A. B. Harris 
Rensselaer Polytechnic Inst., Troy, N.Y. 1910 OSCAR GUTIERREZ 
Rhode Island State College, Kingston, R.I. 1930 M. J. HAHN 
Rice Inst., Houston, Tex. 1926 L. W. MEIER 
Rochester, Univ. of, Rochester, N.Y. 1945 JouHN Mount 
Rose Polytechnic Inst., Terre Haute, Ind. 1926 L. E. EBERLy 
Rutgers Univ., New Brunswick, N.J. 1920 H. C. NIKOLA 
Santa Clara, Univ. of, Santa Clara, Calif. 
South Dakota State College, Brookings, 8.D. 1935 EvuGEeNE CASE 
Southern California, Univ. of, Los Angeles, Calif. 1929 H. A. Hoste 
Southern Methodist Univ., Dallas, Tex. 1933 CLARENCE EATON 
Stanford Univ., Stanford University, Calif. 1909 N. M. McFappen 
Stevens Inst. of Tech., Hoboken, N.J. 1908 WILLIAM ELLISON 
Swarthmore College, Swarthmore, Pa. 1921 JOHN EASTER 
Syracuse Univ., Syracuse, N.Y. 1912 Martin HANNAH 
Tennessee, Univ. of, Knoxville, Tenn. 1923 J.C. MAXWELL 
Texas, A. & M. Coliege of, College Station, Tex. 1921 R. F. EISENBAUER 
Texas Technological College, Lubbock, Tex. 1930 E.pert RANKIN 
Texas, Univ. of, Austin, Tex. 1921 W. W. Hurr, Jr. 
Toronto, Univ. of, Toronto, Ont., Can. 1933 R. W. STEDMAN 
Tufts College, Medford, Mass. 1917 J. J. McNEIL 
Tulane Univ. of Louisiana, New Orleans, La. 1933 F. C. ScHuttz 
U.S. Naval Academy, Postgraduate School, Annapolis, 

Md. 
Utah, Univ. of, Salt Lake City, Utah 1923 A. W. Ray, JR. 
Vanderbilt Univ., Nashville, Tenn. 1928 F. L. FEHRMAN 
Vermont, Univ. of, Burlington, Vt. 1922 GEORGE RUBLE 
Villanova College, Villanova, Pa. 1925 RAYMOND RICHARDSON 
Virginia Polytechnic Inst., Blacksbuig, Ve. 1915 F. F. Fisner, III 
Virginia, Univ. of, University, Va 1923 ALLEN MARKS 
“Vachington, State College of, Putiman, Wash. 1920 Patrick 
“ashimgton Univ., St. Louis, Mo. 1911 MELVIN FRANZEL 
Vashington, Univ. of, Seattle, Wash. 1917 J. L. HuMpHary 
West Vireinia Univ., Morgantown, W.Va. 1922 F. M. FLANIGAN 
Wisconsin, Univ. of, Madison, Wis. 1909 ARTHUR ScCHM?i?T 
Worcester Polytechnic Inst., Worcester, Mass. 1914 J. H. WImiiams 
Wyoming, Univ. of, Laramie, Wyo. 1925. Rosert Gose 
Yal>» Univ., New Haven, Conn. 1910 V. M. Creepon 


Secretary 


C. S. PIScHEL 
A. C. SARTORE 
Epwarp Potter 


A. L. INGELFINGER 


RICHARD PITCHER 
R. M. Wricut 
Matt BraIcH 

H. R. BRENNER 
P. W. 


Marietta A. KENNEDY 


ARTHUR Lotz 


J. E. McGmten 
F. J. SMOLLEN 


C. F. ScCHEUERMAN 


J. B. CHARDON 
THEODORE BALLIN 
D. E. MILLIKIN 
L. V. O’CONNER 
G. H. Tauscu 
E. T. Kern 

J. R. HAWKINS 
W. A. 
RosBert NELSON 
Rospert SAND 
BLAKE Brown 
T. N. CANNING 
C. S. GeHRIE 
Don SKELLY 
JuNE KATH 

H. E. SMALLING 
W. B. McDANIEL 
CARL JENSEN 

R. L. Roprnson 
J. A. WHITTEN 


D. W. KirTcHIn, JR. 


L. C. WHEAT 


J. R. BUTLER 
SHARPE 


Wenpy MILLINGTON 
Paut WrevENHAEFER 


R. W. Kester 


Ww. S. LipPpencotTr 


BENJAMIN 

LEONG 

C. C. HerreRNAN 

Tt, C. CALLIHA 


in. VANOQOSTEN 


A. M. STONE 


Honorary Chairman 


JOEL BAILEY 
C. R. Eary 

A. R. 

E. J. LINDAHL 
R. E. VEnNN 

E. F. Dawson 
A. D. Hugues 
J. 8S. 
Serce GRATCH 
T. G. 


G. E. Peterson 


O. H. Henry 
WALTER MoEN 
G. W. SHEPHERD 
Luts STEFANI 
C. F. WARNER 
H. G. Conn 

K. H. WHITE 
E. L. CARPENTER 
D. M. RUSSELL 
LAWRENCE 
IrvIN Hooper 
C. P. Bacna 

H. P. Hayes 

L. L. AMIDON 
E. K. Springer 
C. A. BEsto 

B. M. Green 

K. J. Moser 

M. B. Moore 

S. T. Harr 

R. W. Morton 
C. W. Fires 

L. J. Powers 
V. L. DoventiIe 
I. W. Smita 
D. A. FISHER 
A. M. 


P. J. Kierer 

W. J. Corre 

G. A. HENDERSON 
R. G. CHAPMAN 
G. H. 

J. L. 


A. F. Macconocuie 


F. W. CANDEE 
R. R. Tucker 
R. W. Crain 
J. 1. REYNOLDS 
B. G. 
L. J. Hooper 
C. E. ANDERSON 
B. R. 
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RESEARCH COMMITTEES 


ARTICLE B6A, Par. 15-d: 


The Research Committee, under the direction of the Board on 


Technology, shall have supervision of the research activities of the Society. 


The first Standing Committee on Research was organized in 1909. 


RESEARCH COMMITTEE 


HearMAN WEISBERG, Chairman (1947) 
G. A. Hawkins (1948) 

FE. L. Rorrnson (1949) 

W. A. NEWMAN (1950) 

J. P. Macos (1951) 


LUBRICATION 


Appointed October, 1915, ‘9 inrestigcte ihe 
fundamental problems fu rivetion, to 
formulate results of invesiigaiions previ- 
ously mede, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 1936) 


B. L. NEWKIRK, Chairman 
S. J. NEeps, Secretary 
A. L. BEALL 

W. E. CAMPBELL 

R. W. Dayton 

H. A. EVERETT 

P. G. EXLINE 

J. C. GENIESSE 

M. D. Hersey 

C. M. Larson 

F. C. Linn 

S. A. McKee 

E. S. PEARCE 

E. O. WATERS 

W. A. ZISMAN 


FLUID METERS 


Appointed 1916 to develop the theory of 
fluid meters of all kinds and to report on the 
best methods for their installation and use 


(Reorganized July, 1926) 


R. BEITLER, Chairman 
R. CaRLtTon, Secretary 
E. AMBROSIUS 

. S. BEAN 

K. BLANCHARD 

O. BUCKLAND 

G. FoLsom 

Gess 

W. JACOBSON 

. J. KERR 

. H. Kerr 

. O. MINER 

. E. OVERBECK 

W. S. PARDOE 
J.S. Preorr 
K. Spink 
E. 
J. 


SPRENKLE 
ZvucRow 


M. 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921, to investigate 
factors affecting the strength and life of 
gear teeth 


R. E. FLANpERS, Chairman 
C. H. Loeur, Secretary 
EARLE BUCKINGHAM 

A. M. GREENE, JR. 

C. W. Ham 

F. E. McMULLEN 

E. W. 

ERNEST WILDHABER 


METAL CUTTING DATA ANI 
BIBLIOGRAPHY 


Appointed in September, 1928, to study the 
problems of metal cutting, including tool 
materials, tool design, speeds and feeds 


(Reorganized December, 1943) 


M. E. Chairman 
O. W. Boston 

L. V. CoLWELL 
W. De 
F. M. FisHer 

W. W. GILBERT 
T. F. GITHENS 
W. KENNICOTT 
F. W. Lucnt 

E. L. Murray 
W. H. OLDACRE 
F. J. OLIVER 

G. P. WITTEMAN 


CUTTING FLUIDS 


Appointed in September, 1928, to study the 
problems of metal cutting, including lubrica- 
tion and cooling 


(Reorganized December, 1943) 


O. W. Boston, Chairman 
J.T. 

JOSEPH GESCHELIN 

F. W. Lucnut 

M. E. MARTELLOTTI 

D. W. Murpry 

W. H. OLpacre 

Don WANGELIN 

G. P. WiTtTEMAN 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


J. R. TOWNSEND, Chairman 
C. T. Epeerton, Secretary 
R. D. Brizzouara, Alternate 
R. W. Cook 

W. T. DonKIN 

RupPEN EKSERGIAN 

G. E. HANSEN 

A. C. KELLER 

BENJAMIN LIEBOWITZ 
Davin Lorts 

D. J. McApamM, Jr. 

L. C. PesKIN 

E. PETERSON 

J. W. ROCKEFELLER, JR. 

B. W. Sr. Crair 

M. F. Sayre 

T. R. WEBER 

KEITH WILLIAMS 

J. K. Woop 

F. P. ZIMMERLI 


ELEVATORS 


Appointed June, 1924, to study the fune- 
tion and operation of elevator safeties and 
buffers and their associated mechanisms 
and to develop methods of test for the ap- 
proval of elevator safety devices 


(Reorganized August, 1940) 


3, Chairman 
A, Dickinson, Secretary 
S. W. Jones, Ex-Officio 

KE. M. Bovroen 

. COLAHAN 

Kroeck 


W.S. Paine 
C. A. Peters 


“FFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 


Appointed December, 1924, as a Joint Re- 
search Committee of the A.S.T.M. and the 
A.S.M.E. to encourage the investigation 
and accumulation of data on the properties 
of metals used in the mechanic arts at 
extremely high and low temperatures 


N. L. Mocuer, Chairman 

EK. L. Roprnson, Vice-Chairman 

H. C. Cross, Secretary 

W. H. ArMAcosT 

A. B. BAGSAR 

A. D. BAILEY 

F. E. Basu 

J. W. Boiron . 

C. L. Clark 

S. Dixon 

F. B. Fotey 

RUSSELL FRANKS 

J. R. FREEMAN, JR. 

H. J. Frencu 

A. J. Herzig 

G. F. JENKs 

J. J. KANTER 

C. E. MacQuiae 

V. T. 

Rh. F. 

NorTH 

E. L. Rospinson 

J. H. RoMANN 

Leo SHAPIRO 

A. E. WHITE 

J S. Wortn 

Director, National Bureau of Standards, 
U.S. Department of Commerce 

Representative of Bureau of Ships, U.S. 
Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research 
Committee of the American Boiler Manu- 
facturers Association, American Railway 
Engineering Association, American Water 
Works Association, Edison Plectric Insti- 
tute, the American Society for Testing Ma- 
terials, and the A.S.M.E. to study methods 
of analysis and treatment of boiler feed- 
water for stationary and railroad practice 


4 
7 
4 
aN Ae H 
| 
} 
| 
5 
An 


inc- 
and 
sms 
ap- 


EXECUTIVE CoM MITTEE (Total personnel, 41) 


C. H. Fetvows, Chairman 
R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 
A. G. CHRISTIE * 

2. E. CouGHLAN 

B. W. Dre GEER 

HerBertT ESTRADA 

Max Hecur 

H. FE. Jorpan 

P. B. PLAce 

POWELL 

_N. SPELLER 

. E. 

H. TENNEY 

E. Waite * 


=O 


> 


CONDENSER TUB2S 


{ppointed May, 1925, to investigute and 

yrpori on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


A. FE. Chairman 

D. C. WEEKS, Vice-Chairman 

P. A. BANCELL 

H. Y. BASseTT 

{. A. BOWMAN 

E. S. BuNN 

D. K. CRAMPTON 

C. A. CRAWFORD 

R. E. DILLON 

C. 0. Evans 

J. R. FREEMAN, JR. 

V. M. Frost 

C. F. Harwoop 

C. HoLtper 

W. C. Ho_tmMeEs 

J.C. 

W. B. Price 

J. S. Ropcers 

Director, Bureau of Ships, U.S. Navy De- 
partment 


WORM GEARS 


Appointed May, 1927, to investigate certain 

problems in connection with the action of 

worm gear drives and to recommend im- 

provements in their design, manufacture, 

and use 

EARLE BUCKINGHAM, Chairman 

H. ACKER 

L. R. BUCKENDALE 

A. A. Ross 

B. F. WATERMAN 

Representative of Bureau of Ships, U.S. 
Navy Department 


STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under external pres- 

sure, particularly with reference to jacketed 
vessels 


F. V. HartMAN, Chairman 
M. B. Higerns 

E. C. Korren 

H. E. SAUNDERS 


_ * Official A.S.M.E. representative  serv- 
ing on this committee. 
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R G. Sturm 

D. B. WesstrROM 
D. F. WINDENBURG 
Dana YOUNG 


WIRE ROPE 


Appointed April, 1930, to investigate erist- 
ing rope so that it may be better understood 
and more effectively used 


W. H. Futwerter, Chairman 
H. LeR. Brink 

A. H. McDouGaLui 

W. S. PAIne 

W. J. Ryan 

GrorGE SIMPscCN 

L. E. Youne 


CRITICAL PRESSURE STEAM 
BOILERS 


Appointed June, 1981, to study the char- 
acteristics of high-pressure forced-circula- 
tion steam-generating units 


Hl. L. Chairman 
W. H. ARMACOST 

A. D. BAILey 

C. L. CLARK 

F. S. CLARK 

C. H. Fettows 

E. C. PETRIE 

EF. L. Rosprnson 

W. H. Rowanp 

P. W. THOMPSON 


PLASTIC FLOW OF METALS 


Appointed October, 1938, to study plasticity 
in the particular field of rolling of steel 


A. L. Napat, Chairman 

C. W. MacGregor, Secretary 
C. L. EKSERGIAN 

LEVAN GRIFFIS 

J. H. Hirencock 

W. P. Roop 

M. D. STone 

W. TRINKS 


FURNACE PERFORMANCE FACTORS 


Appointed in October, 1941, to collect and 

rationalize data on the performance of com- 

mercially important furnaces as an aid to 
design and operation 


A. R. MuMmrorp, Chairman 
JOHN BLIZARD 

O. F. CAMPBELL 

W. A. CARTER 

B. J. Cross 

T. B. Drew 

F. G. 

A. C. FIELDNER 

J. H. HARLow 

H. C. Horre. 

W. H. McApams 

J. R. MICHEL 

G. R. MILNE 

A. J. NERAD 

E. B. Powe. 

A. A. RAYMOND 

W. T. 

W. C. Scuroeper, Alternate 
L. B. Scuveter, Alternate 
R. A. SHERMAN 

SPorNn 

A. W. THORSON 

HERMAN WEISBERG 

W. J. WOHLENBERG 
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FORGING OF STEEL SHELLS 


Appointed in October, 1941, to study meth- 
ods of shell manufacture under modern 
conditions 


M. D. Stone, Chairman 

W. Trinks, Projects Director 
JoHN DIERBECK 

M. S. Evans 

D. W. FLETCHER 

W. M. FRAME 

W. N. How ey 

A. F. Macconocu 

W. P. Muir 

A. L. NaADAI 

A. R. NETTENSTROM 

GEORGE SACHS 

A. E. Van CLEVE 

U.S. Army, Ordnance Department 
U.S. Navy, Bureau of Ordnance 


DEMOLITION BOMB BODIES 


Appointed in October, 1943, to study 
methods of demelition homh body manufac- 
ture under modern canditions 


M. D. Stone, Chairman 
O. CLINEDI st, Seeretary 
W. TRINKS, vejeets Director 
G. M. Crorr 
F. C. Fantz 
W. M. 
R. FuRRER 
J. M. Hopkins 
H. B. Lieerit 
A. L. Napali 
GEORGE SACHS 
U.S. Army, Ordnance Department 
U.S. Navy, Bureau of Ordnance 


INTERNAL-COMBUSTION ENGINES 


Appointed in September, 1944, to prosecute, 

correlate, analyze, and report on research 

relating to efficiency, reliability, mainte- 

nance, and operatiag conditions of internal- 
combustion engines 


SCHNEITTER, Chairman 
W. L. H. 

M. A. Evuiotr 

C. W. 

W. F. JoacHim 


FINISHING AND MACHINING OF 
H.E. STEEL SHELLS 


Appointed in February, 1945, to study and 
critically compare the various methods of 
machining and finishing steel shells 


D. W. FLercHer, Chairman 
R. W. Brees, Secretary 

W. Trinks, Projects Director 
O. W. Boston 

W. C. De GRAFF 

M.S. Evans 

D. M. GALLOWAY 

C. G. GRAZIOSO 

W. N. Howley 

M. L. KatKe 

M. D. Stone 

U.S. Army, Ordnance Department 
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PROPERTIES OF GASES AND 
GAS MIXTURES 


Appointed in June, 1945, to assemble and 
co-ordinate present available data on the 
properties of gases and gas mictures 


J. A. Gorr, Chairman 
H. W. EMMons 
Serce GRATCH 
GERHARD HERZBERG 
H. L. JoHNsToN 

R. V. KLeEInscHMIDT 
E. L. RoBrnson 

F. D. Rossini 

R. B. SMITH 


AUTOMATIC REGULATION THEORY 


Appointed in November, 1945, to supply 

basic data for correlating the apparent con- 

flicts between the various approaches to the 
theory of automatic process control 


AS.M.E. SOCIETY RECORDS 


C. E. Mason, Chairman 
A. F. Sperry, Secretary 
G. S. Brown 

D. P. CAMPBELL 

C. O. FarrcHILp 
HeErRBert Harris, JR. 
NICHOLAS MINORSKY 
GrorGE PHILBRICK 


A.S.M.E. Representatives on 
Other Research Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


AMERICAN CO-ORDINATING COM- 
MITTEE ON CORROSION 
American Society for Testing Materials 
C. H. FELLows 

S. L. Kerr 
FATIGUE PHENOMENA OF METALS 
American Society for Testing Materials 


C. T. Epaerton 


METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau 
of Standards 


C. H. BrersauM 


PROPERTIES OF REFRACTORY 
MATERIALS 


Advisory Committee to the National Bureau 
of Standards 


E. B. 


WATER FOR INDUSTRIAL 
USES (D-19) 


American Society for Testing Materials 
B. J. Cross 
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STANDARDIZATION COMMITTEES 


ArTICLE B6A, Par. 16-a: 


The Standardization Committee, under the direction of the 


Board on Codes and Standards, shall supervise the standards activities work of the Society. 


The first Standing Committee on Standardization was organized in April, 1911. 


STANDARDIZATION COMMITTEE 


FE. J. Bryant, Chairman (1947) 
D. S. (1948) 

F. Huan Moreneap (1949) 

F. K. MircHe.y (1950) 
GRANGER DAVENPORT (1951) 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

originally organized in June, 1921. Reor- 
ganized in May, 1929 


A.S.M.E. Members (Total personnel, 49) 


E. J. Bryant, Chairman 
EarRLE BUCKINGHAM 

G. CASE 

A. M. Houser t 

L. W. Alternate 
H. C. E. Meyer 

P. V. MILLER 

W. C. MUELLER 

R. H. Perry 

W. C. Stewart, Alternate 
G. T. TRUNDLE, JR. 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Revision of American Standard 
for Screw Threads for Bolts, Nuts, 
Machine Screws, and Threaded Parts, 
P. J. DesJARDINS 

No. 2 on Acme and Stub Acme Screw 
Threads, P. J. DesJ ARDINS 

No. 3 on Buttress Screw Threads, D. R. 
MILLER 

No. 4 on Instrument Screw Threads, F. E. 
RICHARDSON 

No. 5 on External Screw Threads With an 
Allowance Class A, H. L. KELLER 

No. 6 on Internal Screw Threads in Nuts, 
F. P. Tiscu 

No. 7 on Serew Threads for High-Tempera- 
ture Bolting, W. H. Gour ie 

No. 8 on Nomenclature and Letter Symbols 
for Screw Threads, I. H. FULLMER 

No. 9 on Gages and Gaging, W. H. GourLie 


PIPE THREADS (B2) 


* Joint sponsorship with the American Gas 

Association. Sectional Committee originally 

organized in 1913. Reorganized December, 
1927 


A.S.M.E. Members (Total personnel, 41) 


A. MILLer, Chairman 
C. B. LePage, Secretary 
C. A. Baprau 

A. F. BrerrenstErn 


* Note: All of these standards committees 
for which the Society is sponsor or joint 
Sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

t Official A.S.M.E. representative serving 
on this committee. 


FE. J. BRYANT 

EF. S. Cornet, JR. 
J. J. Crorry 

A. M. Howser t 

L. W. 

P. V. MILier 

F. Moreneap 
L. N. SHANNON 

S. B. Terry 

FRANK THORNTON, JR. 
O. M. TISHLARICH 
ROWLAND TOMPKINS 
B. B. Wescorr 

J. H. WILLIAMS 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Editing and Gaging, P. G. ScHuULZ 

No. 4 on Plumbers’ Threads, etc., A. F. 
BREITENSTEIN 

Subcommittee on International Pipe 
Threads, B. B. Wescotr 


BALL AND ROLLER BEARINGS (B3) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized December, 1920 


A.S.M.E. Members (Total personnel, 19) 


W. P. Kennepy, Vice-Chairman t 
D. E. BaTESOLE 

L. A. CUMMINGS 

O. H. Dorer 

F. G. 

G. E. 

W. L. 

L. F. NENNINGER 

H. W. Ross, Alternate 
S. M. WEcKSTEIN t 
ERNEST WOOLER 


ALLOWANCES AND TOLERANCES 
FOR CYLINDRICAL PARTS AND 
LIMIT GAGES (B4) 


*Sole sponsorship. Sectional Committee 
originally organized in June, 1920. Reor- 
ganized in December, 1930 


A.S.M.E. Members (Total personnel, 38) 


J. E. Lovety, Chairman t+ 
F. E. BANFIELD, JR. 
D. E. BATESOLE 

F. S. BLACKALL, JR. 
E. J. BRYANT 

EARLE BUCKINGHAM 
F. H. CoLvin 

I. H. FULLMER 

R. E. W. Harrison 
F. O. HoaGLanp 

F.. N. JAcosi 

H. C. E. MEYER 

P. V. MILLER 

W. C. MUELLER 

E. C. Peck tf 

R. H. Perry 

C. C. STEVENS 

G. H. Stimson 

G. T. TRUNDLE, JR. 


SUBCOMMITTEE CHAIRMAN 


Subcommittee on Tolerances and Allowances 
for the Dimensions of Parts for 
Cylindrical Fits, C. F. McELWAIN 


SMALL TCOLS AND MACHINE TOOL 
F UEMENTS (B5) 


* Joint seonsership with the National Ma- 

chine “xilders’ Association, and the 

Society of Av‘ motive Engineers. Sectional 
Committee organized September, 1922 


A.S.M.E. Members (Total personnel, 34) 


W. C. Chairman t+ 
F. O. Hoautanp, Vice-Chairman 
J. B. ARMITAGE 

O. W. Boston 

E. J. BRYANT 

EARLE BUCKINGHAM 

R. P. 

F. H. Cotvin 

S. A. Ernstern 

J. P. 

L. N. Hampton, Alternate 
H. E. Harris 

JoHN Haypock 

J. P. Laux 

J. E. Lovey 

A. F. Murray f 

ERIK OBERG 

FRANK THORNTON, JR. 


TECHNICAL COMMITTEES 


EXECUTIVE COMMITTEE 
A.S.M.E. Members (Total personnel, 4) 


W. C. MUELLER, Chairman 
F. O. Vice-Chairman 
H. E. Harris 


No. 1 on T-Storts 
A.S.M.E. Members (Total personnel, 7) 


Errk Opera, Chairman 
J. B. ARMITAGE 

Harry CADWALLADER, JR. 
S. A. EINSTEIN 

F. O. HoaGLanp 


No. 2 on Toot-Posts anp Toot SHANKS 
A.S.M.E. Members (Total personnel, 7) 


O. W. Boston, Chairman 
F. S. BLACKALL, JR. 
GRANGER DAVENPORT 

M. E. LANGE 


No. 3 oN MACHINE TAPERS 
A.S.M.E. Members (Total personnel, 20) 


E. J. Bryant, Chairman 
J. B. ARMITAGE 

F. S. BLAcKALL, JR. 
EARLE BUCKINGHAM 

F. H. Cotvin 

T. F. GrrHEeNsS 

B. P. Graves 

FE. E. GrirFiTHs 


(Continued) 
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No. 3 ON MACHINE TAPERS 


(Continued) 


. F. NENNINGER 


No. 4 on SprnDLE Noses AND COLLETS FOR 
MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 4) 


J. E. Lovety, Chairman 
H. W. FAHRLANDER 
F. 0. HoaGLanp 


No. 5 oN MILLING CUTTERS 
A.S.M.E. Members (Total personnel, 19) 


J. B. ARMITAGE G. W. Metz, Alternate 
A. N. GopparpD E. K. Morgan 

E. E. GrirFitHs ERIK OBERG 

J. H. HoriGan FE. Don VANCIL 


No. 6 oN DESIGNATIONS AND WORKING 
RANGES OF MACHINE TOOLS 


A.S.M.E. Members (Tctal personnel, 14) 


JoHN Haypock, Chairman 
T. H. Doan 

H. W. FAHRLANDER 

H. W. Favs 

B. P. GRAVES 

J. J. McBRwe 

L. F. NENNINGER 

E. R. SM1tTH 


No. 7 oN Twist Sizes 


A.S.M.E. Members (Total personnel, 13) 
T. F. GITHENS 
E. E. GRIFFITHS 
G. W. Metz, Alternate 


No. 8 on Jig BUSHINGS 


A.S.M.E. Members (Total personnel, 9) 
E. E. GRIFFITHS G. W. Metz, Alternate 
J. H. Horican 


No. 9 on PuncH Press Toots 
A.S.M.E. Members (Total personnel, 13) 


D. H. CHason H. E. Harris 
F. C. DANNEMAN G. W. Metz, Alternate 
E. W. ERNEST D. M. PALMER 


E. E. GRIFFITHS 


0. 10 on FormMiInG Toots AND 
.S.M.E. Members (Total personnel, 10) 


C. MuELLER, Chairman 
E. BLANK 

E. GRIFFITHS 

. W. Metz, Alternate 

. D. SPENCE 
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No. 11 on CHucKs AND CHUCK Jaws 


A.S.M.E. Member (Total personnel, 8) 
J. E. Lovety, Chairman 


No. 12 on Cur AnD Grounp THREAD Taps 
A.S.M.E. Member (Total personnel, 6) 
J. E. ENnNI1s 


AS.M.E. SOCIETY RECORDS 


No. 13 on SPLINES AND SPLINED SHAFTS 
A.S.M.E. Members (Total personnel, 22) 


J. B. ARMITAGE 
H. W. FAHRLANDER 
R. E. W. Harrison 


F. O. HOAGLAND 
J. E. 


No. 17 oN NOMENCLATURE FOR SMALL TOOLS 
AND MACHINE TooL ELEMENTS 


A.S.M.E. Members (Total personnel, 5) 


O. W. Boston, Chairman and Secretary 
F. S. BLACKALL, JR. 

F. H. Coivin 

H. E. Harris 

F. O. HoaGLanp 


No. 19 on Cutting Toots 
A.S.M.E. Members (Total personnel, 2) 


F. H. Cotvin, Chairman 
O. W. Boston, Secretary 


No. 20 on REAMERS 
A.S.M.E. Members (Total personnel, 14) 


F. H. Coivin J. H. Horgan 
T. F. GIrTHENS O. FE. KorHLer 
FE. E. GrirFitHs G. W. Metz, Alternate 


No. 21 on Toot-Lire Tests FoR SINGLE- 
Point Toots 


A.S.M.E. Members (Total personnel, 9) 


O. W. Boston, Chairman 
E. GrirFiTHs 

M. F. JupKINS 

F. W. 

G. W. Metz, Alternate 
H. L. Morr 

G. P. WITTEMAN 


No. 22 oN GRINDING WHEEL MARKINGS 
A.S.M.E. Members (Total personnel, 3) 


P. L. Houser, Chairman 


No. 23 oN MACHINE PINS 
A.S.M.E. Members (Total personnel, 14) 


G. W. Metz, Secretary H. W. Ross 
E. E. GrirFitHs R. H. Smitu 
J. J. McBrive 


No. 24 on CARBIDE TIPPED MILLING 
Boptes 


A.S.M.E. Members (Total personnel, 17) 


H. B. Lewis, Chairman 
R. B. Smurn, Secretary 
J. B. ARMITAGE 

P. P. DuBoscLarD 
Hans Ernst 

N. A. LOMBARD 

F. W. Lucut 

R. F. ONsrup 

ERNEST REANEY 

A. A. SCHWARTZ 


GEARS (B6) 


* Joint sponsorship with the American Gear 
Manufacturers Association. Sectional Com- 
mittee organized June, 1921 
A.S.M.E. Members (Total personnel, 23) 


U. S. Eperuarpt, Chairman 
EARLE BUCKINGHAM, Vice-Chairman t 


. H. ACKER 
. H. CANDEE t 
. L. CRAWSHAW 
. H. Fry 
. B. HAMILTON, JR. 
. T. HAMILTON 
A. LEUTWILER 
{. W. Ross 


SUBCOM MITTEE CHAIRMEN 


No. 3 on Nomenclature, D. T. HAMILTON 
No. 9 on Inspection, GRANGER DAVENPORT 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing and Air Conditioning Contractors Na- 

tional Association, and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Sectional Committee or- 
ganized November, 1921 


A.S.M.E. Members (Total personnel, 52) 


A. L. BAKER 

L. W. BENoit 
JoHN Buizarp, Alternate 
A. L. Brown 
SABIN CROCKER 

V. M. Frost 

A. R. GaTewoop 

H. E. 

F. H. HEHEMANN 
J. S. Hess 

H. A. Horrer ft 
A.M. Houser 

C. A. KELTING 
W. P. KLIMENT 

J. R. Kruse 

M. B. MacNEILie 
F. Morenrap 
L. S. Morse, Sr. 
A. W. OAKLEY 
FRED OPHULS 
Lupwie Skog 

J. E. STarkK 

J. R. TANNER 

J. H. Tayior 
ROWLAND TOMPKINS 
G. W. Watts 

J. AH. WILLIAMS 

J. H. Zink 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Cast Iron Flanges and Flanged 

Fittings, A. M. Houser 

on Screwed Fittings, F. HugH More- 

HEAD 

No. 8 on Steel Flanges and Flanged Fit- 
tings, L. D. Burritt 

No. 4 on Materials and Stresses, F. S. G. 

WILLIAMS 

on Face to Face Dimensions of Fer- 

rous Flanged Valves, J. R. TANNER 

on Malleable Iron or Steel Brass 

Seat Unions (to be appointed) 

No. 8 on Marking of Pipe Fittings, F. 

Hvuen Moreneap 
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SHAFTING (B17) 
* Sole sponsorship. Organized October, 1918 
A.S.M.E. Members (Total personnel, 11) 


C. B. LePage, Secretary 
H. C. E. Mever 

L. C. Morrow 

H. W. Ross 

H. D. TANNER 

L. W. WILLIAMS 
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BOLT, NUT, AND RIVET PROPOR- 
TIONS (B18) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1922 


A.S.M.&. Members (Total personnel, 45) 


H. W. Ross, Temporary Chairman 
W. C. Stewart, Alternate, Secretary 
H. E. ALDRICH 

F. C. BILLINGS 

3. S. CASE 

T. G. CRAWFORD 

J.S. DAVEY 

H. P. Frear 

A. R. GATEWoop 

A. M. Houser t 

HerMAN Koester ¢ 

J. J. McBrinr, Alternate 

W. C. MUELLER 

F. NEWMAN 

R. H. Perry 

J. R. TANNER 

F. P. Tiscn, Alternate 

M. 

V. R. WILLouGHBY 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Large and Small Rivets 
No. 2 on Wrench-Head Bolts and Nuts 
3 


No. 3 on Slotted and Recessed Head 
Screws, F. P. Tiscu 


No. 4 on Track Bolts and Nuts 

No. 5 on Round Unslotted Head Bolts 
(Carriage Bolts) 

No. 6 on Plow Bolts 

No. 7 on Body Dimensions and Materials 

No. 8 on Nomenclature, G. S. Case 

No. 9 on Socket Head Cap and Set Screws, 


HERMAN KoEsTER 


PLAIN AND LOCK WASHERS (B27) 


*Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized March, 1926 


A.S.M.E. Members (Total personnel, 41) 


W. R. Bryans 
C. H. Lourren. 
J. J. McBrive 
H. C. E. Meyer 


J. S. Morerrouse 
W. C. MUELLER ft 
H. W. Ropes 
F. P. Tiscu 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plain Washers, Perry House 
No. 2 on Spring Washers, E. D. CowLtn 


TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


*Joint sponsorship with the Society of 
Automotive Engineers, and the American 
Gear Manufacturers Association. Sectional 
Committee originally organized September, 
1917. Reorganized December, 1926 


A.S.M.E. Members (Total personnel, 12) 


J. M. Bryant + B. Nicnots 
Josepn Joy D. B. Perry 


L. V. Lupy + C. R. Wetss 


AS.M.E. SOCIETY RECORDS 


CODE FOR PRESSURE PIPING (B31) 


* Sole sponsorship. Sectional Committee 
originally organized November, 1926. Reor- 
ganized December, 1937 


A.S.M.E. Members (Total personnel, 82) 


ALFRED IpDLES, Chairman t 
L. W. Benoit, Alternate 
J. D. Capron, Alternate 
L. H. Carr, Alternate 
HL. C. Cooper 

D. H. Corey 

SABIN CROCKER 

J. J. Crowe, Alternate 
H. D. Epwarps 

V. M. Frost 

T. W. Greene, Alternate 
H. E. HALLER 

J. S. Have 

H. A. Horrer 

G. G. 

A. M. Howser t¢ 

D. S. Jacogus 

L. W. KATTEeELLE 

H. E. Keeter 

C. A. KeELTING 

E. H. Kriea 

G. Stnping-LARSEN 

M. B. MAcNEILLE 

H. C. E. MEYER 

J. W. Moore 

H. Morgan 

L. S. Morse, Sr. 

H. H. Moss, Alternate 
R. M. NEE 

E. W. Norris 

C. W. OBERT 

A. L. PENNIMAN, JR. 

E. B. Ricketts 

J. H. RoMANN 

D. B. RossHemm 

G. W. SAATHOFF 

G. K. SAURWEIN 
Lupwie Skog 

H. S. 

J. E. Stark 

J. R. TANNER 

J. H. Tayior 

J. H. VANCE 

H. L. WHITTEMORE 

J. H. 

E. J. WISEMAN, Alternate 
T. F. 

J. H. ZInK 


SUBCOM MITTEE CHAIRMEN 


Subcommittee on Scope and Intent, SaBIN 
CROCKER 

No. 1 on Plan, Scope, and Editing, Sabin 

CROCKER 

on Power Piping, ALFRED IDDLES 

on Gas and Air Piping (to be ap- 

pointed) 

No. 5 on Refrigeration Piping, A. B. SticK- 
NEY 

No. 6 on Oil Piping, L. D. Burritt 

No. 7 on Piping Materials and Identifica- 
tion, L. W. KATTELLE 

No. 8 on Fabrication Details, Lupwie Skog 

No. 9 on District Heating Piping, G. K. 
SAURWEIN 

Special Subeommittee on Allowable Stresses 
in Piping and Quality Factors of 
Castings, L. D. Burrirr 

Special Subcommittee on Instrument Pip- 
ing, A. L. PENNIMAN 
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WIRE AND SHEET METAL GAGES 
(B32) 


* Joint sponsorship with the Society of 

Autometive Engineers. Sectional Commit- 

tee originally organized November, 1928. 
Reorganized November, 1939 


A.S.M.E. Members (Total personnel, 35) 


C.S. J. F. Howe t 
A. P. Corrie H. W. Ross 

E. W. ERNEST F. G. WILson ¢ 
I. H. FULLMER 


SCREW THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Committee 
organized October, 1928 


A.S.M.E. Members (Total personnel, 22) 


A. L. Brown, Secretary 
L. W. BENOIT 

A. F. BREITENSTEIN + 
J. J. Crorry 

W. E. ft 

F. C. Ernst, Alternate 
A. R. GATEwoop 

H. C. E. Meyer 

J. H. WILLIAMS 


WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized May, 1928 


A.S.M.E. Members (Total personnel, 37) 


H. H. Morean, Chairman 
Crocker, Secretary 
J. S. ADELSON 

H. E. Avpricu 

JAMES ASTON 

F. S. CLarKk, Alternate 
A. R. GATEWoop 
NEWELL HAMILTON ae 
D. S. Jacosus 
J. J. KANTER oe 

H. C. E. MEYER 

F. MoreHEAD 
H. B. Oatley 

H. W. Ross 

J. H. RoMANN 
Lupwie SKoe 

J. R. TANNER 

A. E. WHITE 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan, Scope, and Editing, H. H. 
Morgan 

No. 2 on Pipe and Tubing for Low Tem- 
perature Service, J. J. SHUMAN 

No. 3 on Pipe and Tubing for High Tem- 
perature Service, J. R. TANNER 

No. 4 on Materials, F. H. MoreHEAD 


PRESSURE AND VACUUM GAGES 
(B40) 


* Sole sponsorship. Sectional Committee 
organized December, 1930 
A.S.M.E. Members (Total personnel, 40) 


M. D. EneGte, Chairman 
A. W. LenperoTH, Secretary t 
E. J. BRYANT 


(Continued) 
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PRESSURE AND VACUUM GAGES 
(Continued ) 
J. P. CAVANAUGH t 
J. J. CROWE 
DISERENS 
C. H. GRAESSER 
W. F. Jones 
R. J. KEHL 
J. C. McCune t 
A. H. Morgan 
H. B. REYNOLDS 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


* Sole sponsorship. Sectional Committee 
organized June, 1930 


A.S.M.E. Members (Total personnel, 23) 


C. D. ALLEN H. D. TANNER 
E. W. ERNEstT W. WILLIAMS 


SUBCOMMITTEE CHAIRMEN 
No. 1 on Hot Rolled Steel, Henry Wysor 


No. 2 on Cold Finished Steels, L. E. 
CREIGHTON 

No. 3 on Hot Rolled Iron (to be ap- 
pointed) 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 
* Joint sponsorship with the Society of 


Automotive Engineers. Sectional Commit- 
tee organized December, 19382 


A.S.M.E. Members (Total personnel, 65) 
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. R. Boynton, Secretary 
. ABBOTT 
. BENOIT 
. BRYANT 
. CRAWFORD 
. DEALE t 
. EBERHARDT 
. EINSTEIN 
GILBERT 
E. W. Harrison t 
. O. HOAGLAND 
. J. HoLTzcLaw 


KENT 
Kurtz 
. H. LANSING 
. C. LINN 
OSEPH MANUELE 
. C. StEvENS 
. C. STEwarRT 
. TAWRESEY 
. TERRY 
WART WAY 
. H. WHITAKER 


= 


ERNEST WOOLER 


SUBCOMMITTEE CHAIRMEN 


Special Subcommittee on Revision and Edit- 
ing, R. F. Gace 

Subcommittee on Ways, Means, and Appa- 
ratus for Measuring Quality of Sur- 
face, W. W. WERRING 

Subcommittee on Standardization of Sur- 
face Roughness Blocks for Machined 
Surfaces, H. W. Grirrine 


AS.M.E. SOCIETY RECORDS 


SHAFT COUPLINGS, INTEGRALLY 
FORGED FLANGE TYPE FOR 
HYDROELECTRIC UNITS 
(B49) 


* Sole sponsorship. Sectional Committce 
organized October, 1943 


A.S.M.E. Members (Total personnel, 19) 


E. B. SuHarp, Chairman t 
J. McCorMack, Secretary t 
T. ABERNATHY 

L. BARBOUR 

A. MOLINE 

F. Moopy 

R. 

B. STROWGER 

V. TERRY 

. F. URL 


COMBUSTION SPACE FOR SOLID 
FUELS (B50) 


* Sole sponsorship. Sectional Committee 
organized June, 1938 


A.S.M.E. Members (Total personnel, 18) 


C. E. Bronson, Chairman 
W. G. CurRIsty 

JOHN HUNTER 

A. J. JOHNSON 

V. G. Leacnu + 

J. P. Maqos 

F. L. Meyer 

C. A. Reep 

JOHN VAN Brunt t 

J. G. WHEATLEY, Alternate 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. Bronson 

No. 2 on Combustion and Design (to be 
appointed) 

No. 3 on Warm Air Furnaces, J. H. MANNY 

No. 4 on Steel Heating Boilers, W. B. Rus- 
SELL 

No. 5 on Cast Iron Boilers, J. F. McINTIRE 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


* Joint sponsorship with the National 
Safety Council. Sectional Committee or- 
ganized June, 1922 


A.S.M.E. Members (Total personnel, 30) 


E. E. ASHLEY 

W. L. BUNKER 
Crossy FIELD 

R. Alternate 
H. L. MIner 

F. L. NEwcoms 

H. 8S. 

FRANK THORNTON, JR. 
ROWLAND TOMPKINS 
FRANK UMBEHOCKER t 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARD- 
IZATION OF PLUMBING 
EQUIPMENT (A40) 


* Joint sponsorship with The American 
Public Health Association. Sectional Com- 
mittee organized November, 1928 


A.S.M.E. Members (Total personnel, 41) 


C. B. LePage, Secretary 
J. F. Carney, Alternate 
J. J. Crorry 

A. M. Houser t 


O. Z. Kiopscn 

V. T. MANAS 

W. K. McAFEE 

F. H. MoreHeap 
A. H. Morgan t 
W. R. WEBSTER t 
Harry WHITTAKER 


SUBCOMMITTEE CHAIRMEN 


Research Committee on Plumbing, F. M. 
DAWSON 

Temporary Editing Committee on Plumbing 
Code, G. N. THomMpPpson 

No.l on Minimum’ Requirements for 
Plumbing, THEODORE IRVING CoE 

No. 2 on Staple Vitreous China Plumbing 
Fixtures, H. R. VAN Scrver 


No. 3 on Staple Porcelain (All Clay) 
Plumbing Equipment, H. R. Van 
ScIvER 

No. 4 on Enameled Sanitary Ware, A. H. 
CLINE, JR. 


on Traps (to be appointed) 

No. 6 on Brass Plumbing Products (to be 

appointed ) 

on Brass Fittings for Flared Copper 

Tubes, F. L. 

No. 8 on Cast Iron Soil Pipe and Fittings 
9 


(to be appointed) 

on Gasoline, Oil and Grease Separa- 

tors (to be appointed) 

No. 11 on Soldered Fittings for Tubing, 
A. M. Houser 

No. 12 on Minimum Air Gaps in Plumbing 
Systems, W. K. McAFEE 

Subgroup on American Standard Plumbing 
Code, A. H. Morgan 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 


* Joint sponsorship with the National Elec- 
trical Manufacturers Association. Sectional 
Committee organized June, 1929 


A.S.M.E. Members (Total personnel, 13) 


E. J. BRYANT 
EARLE BUCKINGHAM t 
A. B. Alternate 


LETTER SYMBOLS AND ABBREVIA- 
TIONS FOR SCIENCE AND ENGI- 
NEERING (Z10) 


* Joint sponsorship with the American As- 
sociation for the Advancement of Science, 
American Institute of Electrical Engineers, 
American Society of Civil Engineers, and 
the American Society for Engineering Fdu- 
catior. Sectional Committee originally or- 
ganized January, 1926. Reorganized Octo- 
ber, 1935 


A.S.M.E. Members (Total personnel, 41) 


S. R. Bertier, Alternate t 
K. H. Conpir 

L. C. Licuty 

R. E. Pererson t 
WILLIAM SPRARAGEN 

G. A. STETson 

FRANK THORNTON, JR. 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, H. M. TURNER 

Steering Committee, H. M. TuRNER 

Committee on Form, H. T. Larsen 

No. 1 on Letter Symbols and Signs for 
Mathematics, A. A. BENNETT 
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No. 2 on Symbols for Hydraulics (to be 
appointed) 

No. 3 on Symbols for Mechanics, R. E. 
PETERSON 

No. 4 on Symbols for Structural Analysis, 
ALBERT HAERTLEIN 

No. 5 on Symbols for Heat and Thermody- 

namics (to be appointed) 

on Symbols for Illuminating Engi- 

neering, A. E. PARKER 

No. 7 on Aeronautical Symbols, G. W. 
LEwIs 

No. 8 on Symbols for Electrical Quantities, 
EpwarD BENNETT 

No. 9 on Symbols for Radio, H. M. TURNER 

No. 10 on Symbols for Physics, H. K. 
HvuGHES 

No. 11 on Abbreviations for Scientific and 
Engineering Terms, G. .A. STETSON 

No. 12 on Symbols for Chemical Engineer- 
ing, J. H. Perry 


STANDARDS FOR DRAWINGS AND 
DRAFTING ROOM PRACTICE 
(714) 


* Joint sponsorship with the American So- 
ciety for Engineering Education. Sectional 
Committee organized September, 1926 


A.S.M.E. Members (Total personnel, 41) 


L. W. BENoIT 

H. P. FREAR 

A. C. HARPER 

FE. R. Hitt 

Samvuet KetcuumM 
C. W. KEUFFEL 

F. R. LANEY 

H. B. LANGILLE 

H. M. McCutty 
RupoLpH MICHEL, Alternate 
F. W. 

W. C. MUELLER 

E. B. NEIL 

F. C. PANUSKA 

Ep S. Smiru 
RowLAND TOMPKINS 


SUBCOM MITTEE CHAIRMEN 


Subcommittee on Revision, F. G. H1GBre 

Subcommittee on Design and Dimensioning 
with Tolerances and Allowances for 
Interchangeable Manufacture, H. L. 
KELLER 


GRAPHIC PRESENTATION (Z15) 


*Sole sponsorship. Sectional Committee 
organized December, 1926 


A.S.M.E. Members (Total personnel, 32) 


G. E. Hacemann, Secretary + 
C. M. BigeLow 

WALLACE CLARK 

H. M. McCutty 

D. B. Porter t+ 

Leonarp STONE 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan and Scope (to be appointed) 
No. 2 on Terminology (to be appointed) 
No.3 on Preferred Practice for Time 
. Series Charts, F. E. Croxton 

NO 


- 4 on Engineering and Scientific Graphs, 
W. A. SHEWHART 


AS.M.E. SOCIETY RECORDS 


GRAPHICAL SYMBOLS AND ABBRE- 
VIATIONS FOR USE ON 
DRAWINGS (232) 


* Joint sponsorship with American Institute 
of Electrical Engineers. Sectional Commit- 
tee organized April, 1936 
A.S.M.E. Members (Total personnel, 43) 

E. ASHLEY 

J. M. BARNES 

L. W. BENoIT 

G. F. HaBacn 
D. T. HAMILTON 
W. J. Kunz t¢ 
H. M. McCutiy 
W. C. MUEL ER 
L. L. MUNIEa 

G. F. NorDENHOLT 
F. C. PANUSKA Tf 
W. C. STEWART 
T. R. THomMas 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical 
Engineering, W. J. Kunz 

No. 2 on Symbols for Use in Electrical En- 
gineering (to be appointed) 

No. 3 on Abbreviations for Use on Draw- 


ings, W. J. Kunz 


DEVELOPMENT OF STATISTICAL AP- 
PLICATIONS IN ENGINEERING 
AND MANUFACTURING 


Joint sponsorship with the American Mathe- 
matical Society, American Society for 
Testing Materials, American Statistical As- 
sociation, and Institute of Mathematical 
Statistics. Appointed in December, 1929 


A.S.M.E. Members (Total personnel, 11) 


L. K. Sriicox 
J. S. TAWRESEY 


A. G. ASHCROFT 
HowarpD COoONLEY 
W. H. FULWEILER 


SPECIAL STANDARDS COMMITTEE 
ON STEAM TURBINES 


+. A. GAFFERT, Secretary 
. C. ALLEN 

C. B. CAMPBELL 

A. G. CHRISTIE 

H. Kriee 

A. L. PENNIMAN, JR. 

W. F. Ryan 

G. B. WARREN 


K. M. Irwin, Chairman 


SPECIAL COMMITTEE ON STANDARD- 
IZATION OF THERBLIGS, PROCESS 
CHARTS, AND THEIR SYMBOLS 


D. B. Porter, Chairman 
1. M. Varea, Secretary 
W. ALLEN 

M. BARNES 

C. H. Cox 

L. M. GILBRETH 

J. P. HUMMEL 

H. B. MAYNARD 

J. A. PIACITELLI 


RI-33 


A.S.M.E. Representatives on 
Miscellaneous Standardization 
Committees 


Nee also A.S.M.F. Representatives on Other 
Activities, page RI-9 


ACOUSTICAL MEASUREMENTS AND 
TERMINOLOGY (Z24) 


* Sponsor body: Acoustical Society of 
America 


(To be appointed) 


AERONAUTICS (D9) 


* Sponsor body: Society of Automotive 
Engineers 


FE. A. Sperry, JR. 


BUILDING CODE REQUIREMENTS 
FOR LIGHT AND VENTILA- 
TION (A53) 


* Sponsor bodies: Federal Housing Admin- 
istration, and U.S. Publie Health Service 


F. R. ScHERER 


CAST IRON AT ELEVATED 
TEMPERATURES 


Subcommittee of American Society for Test- 
ing Materials Committee A-3 on Cast Iron 


D. B. RossHEIM 


COAL AND COKE (D5) 


Committee of American Society for Test- 
ing Materials 


R. M. Harpe@rove 


DEFINITIONS OF ELECTRICAL 
TERMS (C42) 


* Sponsor body: American Institute of 
Electrical Engineers ae 


F. O. ELLENWoop 


DRAINAGE OF COAL MINES (M6) 
* Sponsor body: American Mining Congress 


O. M. Pruitt 


ELECTRIC WELDING APPARATUS 
(C52) 


* Sponsor body: American Welding Society 


R. E. KinKeap 


SPECIFICATIONS FOR FIRE TESTS 
OF BUILDING CONSTRUCTION 
AND MATERIALS (A2) 


* Sponsor bodies: ASA Fire Protection 
troup, National Bureau of Standards, and 
American Society for Testing Materials 


R. C. PARLETT 
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FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. WHITE 


JOINT CONFERENCE COMMITTEE ON 
PIPING CODES AND STANDARDS 


C. A. Keitrne, Chairman 
J. W. Secretary 
SABIN CROCKER 

V. M. Frost 

ALFRED IDDLES 

W. P. KLIMENT 

J. R. Kruse 

F. 

D. B. RossHEIM 

J. E. Stark 

F. S. G. WILLIAMS 

J. H. ZInK 


LOADING PLATFORMS AT FREIGHT 
TERMINALS AND WAREHOUSES 
(E12) 


* Sponsor body: American Trucking 
Association, Inc. 


M. C. MAxweELi 


MANHOLE FRAMES AND COVERS 
A (35) 


* Sponsor bodies: ASA Telephone Group, 
and American Society of Civil Engineers 


ANTON HANSEN 


ASA MECHANICAL STANDARDS 
COMMITTEE 


ALFRED IpDLEs, Chairman t 
A. L. BAKER, Alternate t 
KENNETH CARTWRIGHT, Alternate 
S. L. CrawsHAW 

J. E. ENNIS 

E. W. ERNEST 

E. E. GrirFirHs, Alternate 

F. O. HOAGLAND 

E. L. Hopprne 

M. E. Lance, Alternate 

F. MorEHEAD 

H. H. Morcan 

J. E. Srark, Alternate 
FRANK THORNTON, JR. 

H. L. WHITTEMORE, Alternate 


AS.M.E. SOCIETY RECORDS 


Executive Committee, 
ALFRED IppDLEs, Chairman 
F. Morenweap, Vice-Chairman 
J. E. ENNIS 
F. O. HoaGgLanp 
H. H. Morean 


METHODS OF TESTING WOOD (04) 


* Sponsor bodies: U.S. Forest Service, and 
American Society for Testing Materials 


C. M. BigELow 


MISCELLANEOUS OUTSIDE COAL- 
HANDLING EQUIPMENT (M10) 


* Sponsor body: American Mining Congress 


RALPH SARGENT 


PETROLEUM PRODUCTS AND 
LUBRICANTS (Z11) 


* Sponsor body: American Society for 
Testing Materials 


R. G. N. Evans 
S. J. NEEDS 


PREFERRED NUMBERS (Z17) 
* Special Committee of ASA 
K. H. Conpit 


RATING OF RIVERS (A36) 
* Sponsor body: U.S. Geological Survey 
D. W. Meap 


REFRIGERATION NOMENCLA- 
TURE (B53) 


* Sponsor body: American Society of Re- 
frigerating Engineers 


A. C. BuENSOD 
R. G. Ewer 
W. J. Kunz 


ROTATING ELECTRICAL MACHINERY 


(C50) 
* Sponsor body: ASA Electrical Standards 
Committee 
C. D. WILson 


SPECIFICATIONS FOR CAST IRON 
PIPE AND SPECIAL CASTINGS 
(A21) 


* Sponsor bodies: American Gas Associa- 

tion, American Society for Testing Ma- 

terials, American Water Works Associa- 

tion, and the New England Water Works 
Association 


J. E. Gipson L. R. Howson 


SPECIFICATIONS FOR CLEAN 
BITUMINOUS COAL (M26) 


* Sponsor body: American Institute of Min- 
ing and Metallurgical Engineers 


R. A. SHERMAN 
(FE. L. Linpseru, Alternate) 
SPECIFICATIONS FOR SIEVES FOR 
TESTING PURPOSES (Z23) 


* Sponsor bodies: American Society for 
Testing Materials, and National Bureau of 
Standards 


R. M. HarpGrove 


THERMAL INSULATING MATERIALS 
(C16) 


Committee of American Society for Testing 
Materials 


R. H. HertMan 


U.S. INTERDEPARTMENTAL COM- 
MITTEE ON SCREW THREADS 


J. BRYANT A. M. Hoavser 


VOLUME WATER HEATING 
Committee of American Gas Association 


Marc 


WIRE ROPES FOR MINES (M11) 
* Sponsor body: American Mining Congress 


E. S. WELLHOFER 


AMERICAN STANDARDS 
ASSOCIATION 


W. H. Hit 
W. C. MUELLER 
(L. W. Alternate t) 
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AS.M.F. SOCIETY RECORDS 


SAFETY COMMITTEES 


ArTICLE B6A, Par. 16-b: The Safety Committee, under the direction of the Board on 
Codes and Standards, shall supervise the safety activities of the Society, except the activi- 
ties of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 


SAFETY COMMITTEE 


H. W. Gapor, Chairman (1947) 
F. J. GRAF (1948) 

H. W. Hernricu (1949) 

J. J. Zerrner (1950) 

E. R. GRANNISS (1951) 


SAFETY CODE FOR ELEVATORS (A17) 


* Joint sponsorship with The American 

Institute of Architects, and the National 

Bureau of Standards. Sectional Committee 
originally organized November, 1922 


Reorganized June, 1940 
A.S.M.E. Members (Total personnel, 41) 


M. Bouton 

C. R. CALLAWAY 

O. P. CUMMINGS, Alternate 
J. W. Degen 

Bassett JONES t 

M. B. McLAUTHLIN 

W. PAINE 

D. J. PURINTON 

W. H. RaAMBERG 

W. H. Seaquist, Alternate t 
S. F. VoorHEES 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, D. J. PURINTON 

Emergency Elevator Rules, D. J. PURINTON 

Existing Elevators, D. J. PURINTON 

Inspectors’ Manual, K. A. COoLAHAN 

Working, G. H. REPPERT 

Editorial Subcommittee 

Subcommittee on “Alteration” Definition 
and Requirements, G. P. 

Subcommittee on Operating Rules 

Subcommittee on Dumbwaiters and Hand 
Power Elevators, FRANK KEBELMAN 

Subcommittee on Control and Operations, 
D. SANTINI 

Subcommittee on Mechanical Safety De- 
vices, H. V. McCorMick 

Subcommittee on Interlocks, Contacts, and 
Door. Locks, C. E. Reppert, 
rary Chairman 

Subcommittee on Machine Design, H. V. 
McCormick, Temporary Chairman 

Subcommittee on Hoistways, F. PavLicek, 
Temporary Chairman 

Subcommittee on Capacity and Loading, 
Kk. M. Bourton, Temporary Chairman 

_ "Note: All of the safety committees 

tor which the Society is sponsor or joint 

sponsor, or on which it has representation, 

are organized under the procedure of the 

American Standards Association. 

t Official A.S.M.E. representative serving 
on this committee. 


SAFETY CODE FOR MECHANICAL 
POWER TRANSMISSION APPA- 
RATUS (B15) 


* Joint sponsorship with the International 

Association of Industrial Accident Boards 

and Commissions, and the National Conser- 

vation Bureau. Sectional Committee organ- 
ized February, 1921 


A.S.M.E. Members (Total personnel, 21) 


G. M. Naytor, Chairman 
P. G. Ruoaps, Secretary 
D. C. Wricnt 


SAFETY CODE ON COMPRESSED 
AIR MACHINERY AND EQUIP- 
MENT (B19) 


* Joint sponsorship with the American So- 

ciety of Safety Engineers—Engineering Sec- 

tion of National Safety Council. Sectional 
Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 21) 


D. L. Royer, Chairman 
H. D. Epwarps 

W. J. GRAVES 

R. M. Jounson 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 


* Joint sponsorship with the National Con- 

servation Bureau. Sectional Committee 

originally organized November, 1925, reor- 
ganized April, 1937 


A.S.M.E. Members (Total personnel, 49) 


D. L. Royer, Chairman 
W. J. GRAVES 

W. G. Hupson 

H. C. 

M. A. KENDALL f 
R. W. MALLICK 
WILLIAM MOELLER 
P. T. ONDERDONK 
C. G. PFEIFFER 

R. B. RENNER 

F. J. SHEPARD, JR. 
H. F. Watson 

J. G. WHEATLEY 
J.J. ZEITNER 


SUBCOM MITTEE CHAIRMEN 


vA 


on All Types of Chain Conveyors, 

Belt Conveyors, Belt Elevators In- 

cluding Steel Belt, and Screw, Track 

or Scraper Conveyors, C. G. PFEIFFER 

No. 2 on Gravity Conveyors and Chutes, 
Live Roll Conveyors, H. G. DALTON 

No. 3 on Cable-Operated and Cable Flight 

Conveyors and Cableways, R. McA. 

KEowN 

on Air, Steam, or Liquid Conveyors, 

J. J. McNULTA 

No. 5 on Tiering, Piling, and Stacking Con- 
veyors, J. G. WHEATLEY 

Special Editing Committee, H. C. KELLER 


Z 


SAFETY CODE FOR CRANES, DER- 
RICKS AND HOISTS (B30) 


* Joint sponsorship with U.S. Navy Depart- 
ment, Bureau of Yards and Docks. Sectional 
Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 47) 


J.C. WuHeat, Chairman 
W. C. 

Lewis Price t 

F. H. ScHwERIN 

R. H. WHiteE t 

H. L. WHITTEMORE 


SUBCOMMITTEE CHAIRMAN 
Executive Committee, J. C. WHEAT 


A.S.M.E. Representatives on 
Other Safety Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


SAFETY CODE FOR ABRASIVE 
WHEELS (B7) 


* Sponsor bodies: Grinding Wheel Manu 
facturers Association of United States and 
Canada, and International Association of In- 
dustrial Accident Boards and Commissions 


J. W. STREETT 
SAFETY CODE FOR CONSTRUCTION 
WORK (A10) 


* Sponsor bodies: The American Institute 
of Architects, and National Safety Council 


(To be appointed) 
CO-OPERATION WITH OTHER ENGI- 
NEERING SOCIETIES 


Committee of American Society of Safety 
Engineers—Engineering Section of National 
Safety Council 


H. L. Miner 
ASA SAFETY CODE CORRELATING 
COMMITTEE 


H. W. GaBor J.J. ZEITNER, Alternate 


SAFETY CODE FOR EXHAUST 
SYSTEMS (Z9) 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


(To be appointed) 
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SAFETY CODE FOR FLOOR AND 
WALL OPENINGS, RAILINGS 
AND TOE BOARDS (A12) 


* Sponsor body: National Safety Council 
A. E. WINDLE 


SAFETY CODE FOR FORGING AND 
HOT METAL STAMPING (B24) 


* Sponsor bodies: American Drop Forging 
Institute, and National Safeiy Council 


(To be appointed) 


SAFETY CODE FOR LADDERS (A14) 


* Sponsor body: American Society of Safety 
Engineers—Engineering Section of National 
Safety Council 


H. C. Hovueuton 


SAFETY CODE FOR LAUNDRY 
MACHINERY AND OPERA- 
TION (Z8) 


*Sponsor bodies: American Institute of 
Laundering, International Association of 
Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FAC- 
TORIES, MILLS, AND OTHER 
WORK PLACES (A111) 


* Sponsor body: IlUuminating Engineering 


Society 
A. W. Luce 


LOW VOLTAGE ELECTRICAL 
HAZARDS 


Special Committee of the American Society 
of Safety Engineers—Engineering Section 
of National Safety Council 


(To be appointed) 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION (B9) 


* Sponsor body: American Society of 
Refrigerating Engineers 


E. W. GALLENKAMP 
W. F. Jones 
A. W. Oak ey, Alternate 


AS.M.E. SOCIETY RECORDS 


PANEL OF CONSULTANTS TO ADVISE 
THE MERCHANT MARINE COUNCIL 
AT U.S. COAST GUARD HEADQUAR- 

TERS, WASHINGTON, D.C. 


D. S. Jaconus 
P. R. Cassipy, Alternate 


SAFETY CODE FOR PAPER AND 
PULP MILLS (P1) 


* Sponsor body: National Safety Council 


R. L. WeLpon 


SAFETY CODE FOR POWER PRESSES 
AND FOOT AND HAND 
PRESSES (B11) 


* Sponsor body: National Safety Council 


F. J. PAUKNER 


SAFETY CODE FOR PREVENTION OF 
DUST EXPLOSIONS (Z12) 


* Sponsor bodies: National Fire Protection 
Association, and U.S. Department of Agri- 
culture 

R. M. Ferry 
W. S. Rearick, Alternate 


SAFETY CODE FOR PROTECTION OF 
HEADS, EYES, AND RESPIRATORY 
ORGANS OF INDUSTRIAL 
WORKERS (Z2) 


* Sponsor body: National Bureau of 
Standards 


T. A. WALSH, JR. 
T. F. Hatcn, Alternate 


NATIONAL COMMITTEE FOR 
TRAFFIC SAFETY 


A voluntary Association of national, civic, 
service, business, fraternal, professional, and 
other organizations 


E. R. GRANNISS 
SAFETY CODE FOR PROTECTION OF 


INDUSTRIAL WORKERS IN 
FOUNDRIES (B8) 


H. M. LANne 
SAFETY IN QUARRY OPERATIONS 
(M28) 
* Sponsor body: National Safety Council 


REDFIELD PRocTOR 


SAFETY CODE FOR RUBBER 
MACHINERY (B28) 


* Sponsor bodies: International Association 
of Industrial Accident Boards and Commis. 
sions and National Safety Council 


(To be appointed) 
E. 8S. AuLt, Alternate 


SPECIFICATIONS AND METHOD OF 
TEST FOR SAFETY GLASS (Z26) 


*Sponsor bodies: National Bureau of 
Standards and National Conservation 
Bureau 


T. A. WALSH, JR. 


SAFETY CODE FOR TEXTILES (11) 
* Sponsor body: National Safety Council 


M. A. Gourick, JR. 


SAFETY CODE FOR VENTILATION 
(Z5) 


* Sponsor body: American Society of Heat- 
ing and Ventilating Engineers 


(To be appointed) 


SAFETY CODE FOR WALKWAY 
SURFACES (A22) 


* Sponsor bodies: The American Institute 

of Architects, and American Society of 

Safety Engineers—Engineering Section of 
National Safety Council 


G. K. PALsGROVE 


SAFETY CODE FOR WORK IN 
COMPRESSED AIR (Z28) 


*Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


L. J. ErpsEn 


SPONSORING COMMITTEE FOR THE 
CENTER FOR SAFETY 
EDUCATION 


(Joint activity of New York University 
and National Conservation Bureau) 


Nponsor body: Association of Casualty 
and Surety Evecutives 


E. R. GRaNNISS 
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AS.M.E. SOCIETY RECORDS 


BOILER CODE COMMITTEES 


ArTICLE B6A, Par. 16-c: The Boiler Code Committee, under the direction of the Board 
on Codes and Standards, shall supervise the activities of the Society in connection with 
the “A.S.M.E. Boiler Construction Code,” including the formulation, revision, and interpre- 


tation of such Code. 


\ 


BOILER CODE COMMITTEE 


H. B. OatLey, Chairman 
H. E. Atpricu, Vice-Chairman 
D. 8. JAcopus, Honorary Chairman 
A. ADAMS 

H. C. BoarDMAN 

P. R. CAssipy 

E. Ceci. 

W. Davis 

A. J. ELY 

V. M. Frost 

W. P. GERHART 

W. D. HALsEY 

W. F. Hess 

C. O. Myers 

C. W. OBERT 

JAMES PARTINGTON 

A. L. PENNIMAN, JR. 

D. B. RosSHEIM 

D. L. Rover 

WALTER SAMANS 

J. W. TURNER 

S. K. VARNES 

A. C. WEIGEL 

F. 8. G. WILLIAMS 


J. W. Sutetps, Secretary 
M. Jurist, Assistant Secretary 


Honorary Members 


W. H. Boru 

W. F. DurRAND 

FE. R. Fisu 

C. E. Gorton 

A. M. GREENE, JR. 
W. G. HumptTon 


C. L. Huston 

W. F. Jr. 
J. O. 

M. F. Moore 

I. E. 

H. LeRoy WHITNEY 


CONFERENCE COMMITTEE 


. H. Agaton, California 

. R. Arcner, Delaware 

{. L. Buatr, Arkansas 

. M. Book, Pennsylvania 

. A. Bowen, New York 

A. C. Bozeman, Knoxville, Tenn. 
J. N. Brices, Ontario, Can. 

C. M. Brrrarn, Seattle, Wash. 

H. S. Brunson, Minnesota 

L. CarLton, Texas 

A. J. Clay, Memphis, Tenn. 

A. L. Cotsy, Louisiana 

Curr Cummings, Tulsa, Okla. 

R. H. Utah 

G. W. Dean, Michigan 

M. A. Wisconsin 

E. A. Erickson, Canal Zone 

M. Focarry, Washington 

C. L. Frepertcks, Kansas City, Mo. 
GERALD GEARON, Chicago, Il. 
MarrHew Gipson, Maryland 

J. J. Gray, Nova Scotia, Can. 

C. W. Harness, Iowa 

R. C. Jovenrn, Tampa, Fla. 

H. K. Kuget, District of Columbia 
J. E. Leppy, New Orleans, La. 

E. C. Luster, Miami, Fla. 

C. E. McGinnis, Los Angeles, Calif. 
C. 0. Mann, Indiana 


D. P. Nebraska 

H. H. Mirus, Detroit, Mich. 

J. A. Murpock, Massachusetts 

R. M. Murray, Rhode Island 

W. L. Newton, Oklahoma 

L. C. Peat, Nashville, Tenn. 

A. C. RASMUSSEN, Omaha, Neb. 
THEO. REYNOLDS, Quebec, Can. 
CHARLES SATTLerR, West Virginia 
E. K. Sawyer, Maine 

J. F. Scorr, New Jersey 

Rost. Scort, Alberta, Can. 

F. H. Suurorp, North Carolina 
F. W. Smitn, Oregon 

Wo. E. Smirn, Hawaiian Islands 
R. A. Stewart, Manitoba, Can. 
JosEPH TAYLOR, Saskatchewan, Can. 
M. A. True, St. Louis, Mo. 

W. WaGner, Ohio 


EXECUTIVE COMMITTEE 


H. E. Atpricu, Chairman 

D. S. Jacopus, Honorary Chairman 
H. C. BoARDMAN 

A. J. ELy 

V. M. Frost 

H. B. Oatley 

D. L. Rover 

F. S. G. WILLIAMS 


SUBCOMMITTEES 
BorLers oF LOCOMOTIVES 


JAMES PARTINGTON, Chairman 
J. E. DAVENPORT 

J. M. HALL 

R. P. JoHNSON 

H. G. MILLer 

H. B. OATLEY 

A. J. TOWNSEND 


Care or STEAM BOILERS AND OTHER 
PRESSURE VESSELS IN SERVICE 


F. M. Gisson, Chairman 
D. C. CARMICHAEL 
V. M. Frost 
J. R. 
FRANK HENRY 
J. A. HUNTER 

P. B. PLAce 

S. T. Powe. 

C. W. Rice 

J. B. ROMER 

W. C. SCHROEDER 
F. G. STRAUB 


Cope STAMPS 


C. O. Myers, Chairman 
H. E. 
W. D. HALsEYy 


Co0-ORDINATION 


V. M. Frost, Chairman 
W. D. HALsEeY 

H. B. OATLEY 

C. W. OBERT 


. The first Special Committee on Boiler Code was organized in September, 1911. 


Ferrous MATERIALS 


E. C. CHAPMAN, Chairman 
J. G. ALTHOUSE 
\. B. BAGSAR 
L. D. BuRRITT 
C. L. CLarkK 
H. J. Frencu 
M. B. Hieeins 
A. HuRTGEN 
J. J. KANTER 

K. 

V. T. MALCOLM 
2. F. MIL_er 

N. L. 
M. S. NortHup 
E. L. RoBinson 
D. B. RossHEIM 
A. P. SPOONER 
S. K. VARNES 
A. E. WHITE 


HEATING BOILERS 


J. W. Turner, Chairman 
C. E. BRonNsON 

. D. CASSERLY 

J. A. Darts 

Ww. 

L. N. HUNTER 


MATERIAL SPECIFICATIONS 


P. R. Cassipy, Chairman 
E. H. Davipson 

W. P. GERHART 

P. J. SMiTH 

T. G. Srirr 

A. C. WEIGEL 


MINIATURE BOILERS 


J. W. Turner, Chairman 
Wo. FERGUSON 

W. MEARS 

J. G. WHEATLEY 


NONFERROUS MATERIALS 


H. B. Oatiey, Chairman 
W. F. BURCHFIELD 

H. L. BuRGHOFF 

F. W. Davis 

J. R. FREEMAN, JR. 

W. P. KLIMENT 

R. L. TEMPLIN 


Power Borers 


H. E. Atpricu, Chairman 
P. R. Cassipy 

MartTIN Friscu 

V.M. Frost 

W. D. HALsEY 

A. L. PENNIMAN, JR. 

D. L. ROYER 

A. C. WEIGEL 

E. J. WISEMAN 


RuLes FoR INSPECTION 


D. L. Royer, Chairman 
T. B. ALLARDICE 

FE. B. Van SANT 
GusTAvE WELTER 
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SpeciaL Design 


. B. WesstromM, Chairman 
O. BERGMAN 

C. BoaRDMAN 

E. 

W. GREENE 

C. Korten 

L. PLUMMER 

B. RosSHEIM 

O. WATERS 

S. G. WILLIAMS 


UNFIRED PRESSURE VESSELS 


WALTER SAMANS, Chairman 
E. O. BERGMAN 
H. C. BoarpDMAN 
A. L. Brown 

R. E. Crecin 
PaAvuL DISERENS 
A. J. Ety 

W. D. Hatsey 
K. V. Kine 

D. B. RossHEIM 
D. B. WEssTROM 


WELDING 
A.S.M.E. Boiler Code Committee 


JAMES PARTINGTON, Chairman 
W. B. BuNN 

O. R. CARPENTER 

E. C. CHAPMAN 

J. H. DEPPELER 

W. D. 

J. T. PHILLIPS 

K. L. WALKER 


AS.M.E. SOCIETY RECORDS 


A.W.S. Conference Committee 


C. W. Osert, Chairman 
C. A. ADAMS 

H. C. BoarpDMAN 
WALTER SAMANS 

A. C. WEIGEL 


SPECIAL COMMITTEES 
APPROVAL OF New MATERIALS 
C. A. ADAMS, Chairman 


Bo.tep FLANGED CONNECTIONS 
F. S. G. Chairman 


CLaD VESSELS 
S. K. Varnes, Chairman 


DisHED HEAps 
H. C. BoarpMAN, Chairman 
FAILURE OF SPHERICAL HYDROGEN 
StToraGe TANK 
F. L. Newooms, Chairman 


FEEDWATER 
C. W. Rice, Chairman 


JACKETED VESSELS 
Wa SAMANS, Chairman 


LAYER VESSELS 
H. C. BoaRDMAN, Chairman 


Low TEMPERATURE VESSELS 
C. W. OBert, Chairman 


OPENINGS AND REINFORCEMENTS 
F. 8. G. WitiiaMs, Chairman 
PLATE SPECIFICATIONS FOR BOILERS AND 
UNFIRED PRESSURE VESSELS 
P. R. Cassipy, Chairman 
RADIOGRAPHIC EXAMINATION OF WELDED 
JOINTS 
C. A. ADAMS, Chairman 


Revision oF Section VIII or tHe A.S.M.E, 


BorLer CopE 
E. R. Fisu, Chairman 


SAFETY VALVE REQUIREMENTS 
H. B. Oattey, Chairman 


SreEL FLANGES FOR Low PRESSURES 
AND Low TEMPERATURES 


F. S. G. 


API-A.S.M.E. COMMITTEE ON UN- 
FIRED PRESSURE VESSELS 


WALTER SAMANS, Chairman 
A.S.M.E. Representatives 


H. C. BoARDMAN T. McL. JASPER 
R. E. Crecin JAMES PARTINGTON 
D. S. Jacosus 

API Representatives 
A. J. Ety WALTER SAMANS 
M. B. Hiee1ns T. D. Tiret 
K. V. Kino 
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POWER TEST CODES COMMITTEES 


ARTICLE B6A, Par. 16-d: 


The Power Test Codes Committee, under the direction of the 


Board on Codes and Standards, shall supervise the activities of the Society in connection 
with the Power Test Codes, including the formulation, revision, and interpretation of such 


Codes and Supplements. 


The first Standing Committee on Power Test Codes was organized in December, 1918, to 
revise and extend the Power Test Codes which had been formulated by various technical 
committees appointed to develop particular codes. This work began in 1884. 


POWER TEST CODES COMMITTEE 


A. G. Chairman 
W. A. CARTER, Vice-Chairman 
THEODORE BAUMEISTER 
PAUL DISERENS 

W. L. H. DoyLe 

Louris ELLiorr 

S. N. FIALA 

C. C. FRANCK 

A. GRUNERT 

P. H. HarprIe 

. LOGAN KERR 

R. V. KLeEINSCHMIDT 
E.S. LEE 

LF. Moopy 

H. B. OATLEY 

G. A. Orrok, JR. 

T. E. Purcey 

FE. B. Ricketts 

A. SHERMAN 

B. Smiru 

M. C. STUART 

P. W. Swain 

W. J. WoHLENBERG 


(1) GENERAL INSTRUCTIONS 
Appointed December, 1918 
Reorganized September, 1939 


THEODORE BAUMEISTER, Chairman 
PAauL DISERENS 

R. H. SnypDER 

C. R. SopERBERG 

M. C. Sruart 


(2) DEFINITIONS AND VALUES 
Appointed December, 1918 


Reorganized June, 1936, November, 1945 


Louis ELuiott, Chairman 
C. S. CRAGOE 

A. E. GRUNERT 

L. S. Marks 

R. A. SHERMAN 

kh. B. Smiru 


(3) FUELS 
Appointed December, 1918 


Reorganized April, 1944 


R. A. SHERMAN, Chairman 
O. F. CAMPBELL 

H. 

T. D. DeLBRIDGE 


F. 

S. B. Fiaae 

F. W. Kreator 
M. A. MAYERS 
W. Nacovsky 
KE. X. Scumipt 
W. A. SELvie 
L. SHNIDMAN 


(4) STATIONARY STEAM-GENERAT- 
ING UNITS 


Appointed December, 1918 


FE. R. Fisu, Chairman 
A. D. BAILey 

M. W. BENJAMIN 
B. J. Cross 
MartTINn FRISCH 
F. X. 

P. H. Harpre 

R. M. HArRDGROVE 
). L. McDoNALp 
E. B. 

R. SHELLENBERGER 


(5) RECIPROCATING STEAM 
ENGINES 


Appointed December, 1918 
Reorganized December, 1931 


A. G. Curistie, Chairman 
K. 8S. M. Davipson 
HENRIK GREGER 

J. A. HUNTER 

H. G. MuELLER 

A. V. SAHAROFF 


(6) STEAM TURBINES 
Appointed December, 1918 
Reorganized November, 1945 


W. E. CALDWELL, Chairman 
PETER CHERDANTZEFF 

A. G. CHRISTIE 

C. C. FRANCK 

V. M. Frost 

A. E. GRUNERT 

FRANCIS HopGKINSON 

P. H. KNow Ton, JR. 

T. E. Purcetyi 

C. A. ROBERTSON 


(7) RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 


Appointed December, 1918 


R. D. Hatt, Chairman 
E. H. Brown 

J. E. Gipson 

G. L. 

M. B. MAcNEILLE 

D. W. MeEap 

L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 


Appointed December, 1918 
Reorganized March, 1936, November, 1945 


F. G. Swirzer, Chairman 
B. K. Erposs, Secretary 
K. W. Beattie 

A. P. BRocKLEBANK 
ALADAR HOLLANDER 
Harry KNECHT 

L. F. Moopy 

W. S. 

ARVID PETERSON 

H. L. Ross 

W. C. Rupp 

R. M. Watson 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 1918 
Reorganized October, 1935 


PAuL DISERENS, Chairman 
G. T. FeELBECK 

C. R. HougHTon 

J. F. HUVANE 

R. M. JoHNSON 

J. F. SMITH 


(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized October, 1929 


ArRvip Peterson, Chairman 
THEODORE BAUMEISTER 

C. A. Booru 

W. H. CARRIER 

THOMAS CHESTER 

A. H. CHuRcH 

E. D. CURLEY 

L. E. Day 

Z. G. DEUTSCH 

S. H. Downs 
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(11) FANS 
Appointed December, 1944 


M. C. Sruart, Chairman 
THEODORE BAUMEISTER 
C. A. BooTtH 

W. H. CARRIER 
THOMAS CHESTER 

E. D. CURLEY 

S. H. Downs 

B. K. Erposs 

J. J. Grow 

H. F. Hagen 

F. H. JENKINS 

W. W. LAWRENCE 

R. D. Mapison 

L. S. Marks 


(12) CONDENSERS, WATER HEAT- 
ING, AND COOLING EQUIPMENT 
Appointed December, 1918 


Harpir, Chairman 


P: 

C. H. BAKER, JR. 
J. 

D. W. R. Morean 
H. B. REYNOLDS 

P. E. REYNOLDS 


(13) REFRIGERATING SYSTEMS 
Appointed December, 1918 
Reorganized May, 1939 


B. H. JENNINGS, Chairman + 
A. C. BUENSOD 
J. C. CONSLEY 
R. G. Ewer ft 
M. A. NELSON t 
A. W. OAKLEY 
E. P. PALMATIER t+ 
C. L. SvENSON 
(14) EVAPORATING APPARATUS 
Appointed December, 1918 
B. N. Bump H. L. Parr 
E,. A. NEWHALL L. C. Rogers 


(15) STEAM LOCOMOTIVES 
Appointed December, 1918 
Reorganized April, 1946 


L. H. Fry, Chairman 
C. D. BARRETT 

W. F. CoLtins 

J. E. DAVENPORT 
RALPH JOHNSON 

H. G. MILLer 

H. B. 

A. J. TOWNSEND 


(16) GAS PRODUCERS 
Appointed December, 1918 
C. D. SmitH 


+ Official A.S.M.E. representative serving 
on this committee. 


AS.M.E. SOCIETY RECORDS 


(17) INTERNAL-COMBUSTION 
ENGINES 


Appointed December, 1918 
Reorganized May, 1928, March, 1939 


Lee SCHNEITTER, Chairman 
W. L. H. Doyte, Secretary 
J. C. BARNABY 

G. C. BoYER 

J. DASHEFSKY 

H. E. DEGLER 

F. H. DurcHER 

L. B. JACKSON 

FE. J. Kates 

E. C. MAGDEBURGER 
RuSssELL PYLES 

M. J. 

W. W. ScHETTLER 

O. D. TREIBER 


(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 
Reorganized October, 1931 


S. Logan Kerr, Chairman 
G. T. ABERNATHY 
C. M. ALLEN 

K. W. BEATTIE 

N. R. Grpson 

J. P. GRowpon 

T. H. Hoge 

L. J. Hooper 

C. W. 
D. J. McCorMAcK 
L. F. Moopy 

W. J. RHEINGANS 
G. R. 

J. F. Roperts 

E. B. StrowGEr 
R. V. TERRY 

H. S. Van PATTER 


(19) INSTRUMENTS AND APPARATUS 
Appointed December, 1918 


W. A. Carter, Chairman 
C. M. ALLEN 

W. C. ANDRAE 
E. G. BAILEY 

H. S. BEAN 

L. J. Rriees 

J. D. Davis 

K. J. DEJUHASZ 
R. E. DILLton 

M. F: RMER 
J. B. GROMBEIN 
W. W. JoHNSON 


(20) SPEED, TEMPERATURE AND 
PRESSURE RESPONSIVE 
GOVERNORS 


Appointed December, 1921 
Reorganized February, 1940 


RAYMOND SHEPPARD, Chairman 
C. L. AVERY 

W. L. H. DoyLe 
HERBERT ESTRADA 
S. N. FIALA 

W. C. Ho_MEs 

P. G. Ipsen 

C. E. KENNEY 

S. Logan Kerr 

A. F. SCHWENDNER 
H. STeen-JOHNSON 
M. J. STEINBERG 
H. E. STicKLe 


(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 


M. D. ENGLE, Chairman 
OLLISON Cral@, Secretary 
A. D. BAILEY 

H. H. Buspar 

W. G. CHRISTY 

H. O. Crorr 

J. M. DALLAVALLE 

H. O. Danz 

H. C. DoHRMANN 

J. W. FEHNEL 

H. F. HaGen 

P. H. Harvie 

C. W. HEpBERG 

J. H. Leecu 

H. E. MACOMBER 

H. C. Murpny 

B. F. TILtson 


(22) GAS TURBINES. 
Organized Gctober, 1945 


J. 1. Chairman 
J. E. BopMER 

ALAN Howarp 

W. J. Kina 

R. V. KLEINSCHMIDT 
M. A. MAYERS 

T. J. Purz 

J.T. RETTALIATA 

R. Tom SAWYER 

W. A. WILSON 


SPECIAL SUBCOMMITTEE ON CO- 
ORDINATING CODES FOR PTC 
COMMITTEES NOS. 9, 10, 
AND 11 


Appointed April, 1944 


M. C. Stuart, Chairman 
THEODORE BAU MEISTER 
PAUL DISERENS 

J. J. Gros 

R. M. JoHNSON 

R. D. Mapison 
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A.S.M.E. Representatives on Other Technical Committees a 


See also A.S.M.E. Representatives on Other Activities, page R1-9 Gates. be, 


COMMITTEE ON REDEFINING SO- COMMITTEE ON GASEOUS FUELS SPECIFICATIONS FOR PRIME MOVER 
CALLED STANDARD TON OF (D-3) SPEED GOVERNING 


REFRIGERATION Sponsor body: American Society for Joint sponsorship with the American Insti- 


Sponsor body: American Society of Testing Materials tute of Electrical Engineers 
Refrigerating Engineers 
frige 9 9 E. X. ScHMIpT C. L. AVERY A. F. SCHWENDNER 
G. B. Brient HERBERT ESTRADA RAYMOND SHEPPARD 


COAL TESTING CODE COMMITTEE © © KENNEY 


Joint sponsorship with the American 
Institute of Mining and 
Metallurgical Engineers 


A. R. MuMForp 


THE WOMAN’S AUXILIARY TO THE A.S.M.E. 


The Woman’s Auxiliary to the A.S.M.E. was organized on May 10, 1923, and its Constitu- 
tion and By-Laws was approved by the Council of the A.S.M.E. on October 27, 1924. The 
objects of the Auxiliary are to render service to all that pertains to the interest of the 
profession of mechanical engineering; to co-operate with any committees of the A.S.M.E.; 
to assist the sons and daughters of the members of the Society or worthy students of 
mechanical engineering in obtaining scholarships; and to promote any other objects con- 
sistent with the aims or objects of the A.S.M.E. 


NATIONAL OFFICERS 


President, Mrs. J. NopLeE LANDIS 
First Vice-President, Mrs. Justin J. McCartuy 
Second Vice-President, Mrs. B. SMITH 
Third Vice-President, Mrs. V. M. Frost 
Fourth Vice-President, Mrs. P. M. Kine 
Fifth Vice-President, Mrs. F. M. FARMER 
Recording Secretary, Mrs. CHARLES GLADDEN 
Corresponding Secretary, Mrs. FRANK W. MILLER 
Treasurer, Mrs. RANDALL B. Purpy 


STANDING COMMITTEE CHAIRMEN 


Courtesy, Mrs. Crospy 
Student Loan, Mrs. L. W. BENNETT 
Membership, Mrs. G. E. HAGEMANN 
Publicity, Mrs. C. H. Kent 
Sections, Mrs. W. M. SHEEHAN 
Custodian, Mrs. WALpo M. McKee 
Calvin W. Rice Scholarship, Mrs. W. E. Kare 


COUNCIL REPRESENTATIVES 


D. BAILEY 
D. Ropert YARNALL 


OFFICERS OF LOCAL SECTIONS 


CLEVELAND 
Chairman, Mrs. C. M. Hickox 


Los ANGELES 


Chairman, Mrs. R. R. Rospertson 


METROPOLITAN 
Chairman, Mrs. G. W. NicH 

First Vice-Chairman, Mrs. C. H. Youne 
Second Vice-Chairman, Mrs. A. R. CULLIMORE 

Third Vice-Chairman, Mrs. E. R. KESSLER 

Recording Secretary, Mrs. W. L. Ivirr 
Corresponding Secretary, Mrs. C. F. Kayan 
Treasurer, Mrs. Harotp E. Erp 


PHILADELPHIA 


Chairman, Burton F. KEENE 


CHICAGO 


Chairman, Mrs. A. B. OPENSHAW 
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AWARDS 


The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
A.S.M.E. Other awards available to Student Members are listed 
in Mechanical Engineering, February, 1938, page 183. The Society 
also participates with other engineering societies in a number of 
joint awards. Further details concerning all the awards may be 
obtained from the headquarters of the Society. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of the Council under 
the provisions of the By-Laws and Rules. A list of honorary mem- 
bers is given on page RI-46. 


Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 


A.\S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
genius of engineering nature that has accomplished a great and 
timely public benefit. 


Worcester Reed Warner Medal, established in 1930, provision 
for which was made in the will of Worcester Reed Warner, Hon- 
ovary Member of the Society, is a gold medal to be bestowed, 
together with an engraved certificate, for an outstanding contribu- 
tion to permanent engineering literature. 


Melville Prize Medal for Original Work, established in 1914 by 
the bequest of Rear-Admiral George W. Melville, Honorary Mem- 
ber and Past-President of the Society, to be presented, together 
with an engraved certificate, for an original paper or thesis of 
exceptional merit, presented to the Society by a member for dis- 
cussion and publication during the calendar year previous to the 
year of award, to encourage excellence in papers. Only papers of 
single authorship are eligible. The medal may be presented 
annually. 


Spirit of St. Louis Medal, established by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of its 
Board on Honors. 


Spirit of St. Louis Junior Award, established in 1938 by an 
endowment fund created by the General Committee for the 1935 
Aeronautic Meeting in St. Louis; a cash award of $50 and certifi- 
cate made every three years, for the best paper on an aeronautic 
subject presented at any A.S.M.E. meeting during the three-year 
period either personally by the author (a Junior Member of the 
Society under thirty years of age) or by a Junior Member desig- 
nated by him, and submitted to the Board on Honors within a 
reasonable period (to be determined by the Board) after its initial 
presentation. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, to a young mechanical engineer for outstanding achieve- 
ment in his profession within the ten years after graduation from 
a regular four-year mechanical engineering course of a recognized 
American college or university. Any mechanical engineering 
graduate, not more than thirty-five years of age, whose achieve- 
ment has been all or in part in any field including indusvrial, edu- 
cational, political, research, civic, etc., is eligible. 


Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted during the calendar year pre- 
vious to the year of award by a Junior Member not more than 
thirty years of age. Papers of joint authorship are eligible. 


Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society, for the best paper within 


the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board on Honors, subject 
to the approval of the Council, and is announced each year through 
the Honorary Chairmen of the Student Branches. 


Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student Members. The 
awards for 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 


SCHOLARSHIPS AND LOAN FUNDS 


Maz Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman’s Augiliary: Educational Loan Fund offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. Calvin W. 
Rice Memoria! Scholarship Fund for students in mechanical engi- 
neering from South America. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta- 
tion, and the services or papers for which the awards were made. 
There were no awards for the years not listed. 


A.S.M.E. 


1921 HJALMAR GOTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark IIT drawn steel booster 
casings used principally as a component of 75-mm_ high 
explosive shells, but also used extensively in gas shells and 
bombs 

1922. FrepertcK ArtTHUR HaAtsey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 

1923. JoHN Ripley FREEMAN, for his eminent service in engi- 
neering and manufacturing by his meritorious work in fire 
prevention and the preservation of property 

1926 R. A. MILLIKAN, in recognition of his contributions to 
science and engineering 

1927 WuLrreD Lewis, for his contributions to the design and con- 
struction of gear teeth 

1928 JuLIAN KENNEDY, for his services and contributions to the 
iron and steel industry. 

1929 WittiAM LeRoy Emmet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 

1931 ALBerT Kinespury, for his research and development work 
in the field of lubrication 

1933. AMBROSE SWASEY, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 

1934 Wuus H. Cars ©R, in recognition of his research and de- 
velopment work in air-conditioning 

1935 CHARLES T. MAIN, for distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

1936 Epwarp Bauscnu, for meritorious mechanical developments 
in the field of optics 

1937 Epwarp P. BuLiarp, for outstanding leadership in the de- 
velopment of station-type machine tools 

1938 SrepHeN J. Pigott, for outstanding leadership in marine 
propulsion and construction 

1939 James E. Gieason, for service to the cause of safer and 
better transportation 

1940 CHartes F. Kerrertne, for outstanding inventions and 
research 
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1944 


1945 


1946 


1933 
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THeopor Von KARMAN, for his brilliance as a teacher, his 
researches in elasticity and many fields of physics and me- 
chanics, and his distinguished leadership in the fields of 
aerodynamics and aircraft design 

FE. G. Battery, for achievement and leadership in steam and 
combustion engineering 

Lewis K. Stticox, pre-eminent learned technologist 
of wisdom—inspirer of men 

Epwarp G. Bupp, for the development of stainless-steel 
railway passenger cars 

F. Duranp, world renowned authority in hydro 
dynamic and aerodynamic science and its practical applica- 
tion; great teacher with an inspiring character and a unique 
capacity for lucidity and simplicity in imparting highly 
technical material; trusted adviser to Government in the 
solution of many intricate scientific problems in peace and 
during two world wars 
Morris E. Leeps, pioneer in 
industrial relations 


lover 


industrial development and 


HJALMAR GorrrieD CARLSON, for his inventions proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in World War I (diploma in recognition of 
achievements presented in 1921) 

ELMER AMBROSE Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

Baron Cuuzapuro Supa, for his contributions to knowl- 
edge through fundamental research, including the field of 
aerodynamics, by the development of ultra-rapid kinemato- 
graphic methods 

InvING LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

Henry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

FREDERICK G. CorTTrRELL, for pre-eminent public service—the 
invention of electric precipitation—advancement of the sci- 
ence of gas liquefaction—gifts for engineering research 
Francis HopgkKINson, for meritorious services in the devel- 
opment of the steam turbine 

CarL E. JOHANSSON, in recognition of his pioneer work in 
the development of basic measuring gages 

Epwin Howarp ArMstrONG, for his leadership in the field 
of radio communication 

Joun C. GARAND, for the invention and development of the 
semi-automatic rifle, which has been adopted by the U.S. 
Army as the U.S. Rifle, Caliber .30, M1, an outstanding 
contribution to our national defense 

ERNEsT O. LAWRENCE, for originating the cyclotron, a unique 
invention for producing high-speed electrified particles, and 
for adapting it to research in physics, chemistry, medicine, 
and the properties of engineering materials 

VANNEVAR Bush, for machines used in easing applied mathe- 
matics from computational barriers 

CarL L. Norpen, for the invention and development of the 
Norden bombsight and other valuable devices which should 
hasten the peace 

Sanrorp A. Moss, for his many contributions over a long 
period of years to the development of centrifugal com- 
pressors, particularly as related to the highly successful 
application of turbosuperchargers to internal-combustion 
engines in the field of aeronautics 

NorMAN R. Gipson, for achievements which have advanced 
the sciences of hydraulics and hydromechanies, including an 
original method of water measurement which made possible 
more accurate testing of large hydroelectric generating units 


WorcesteR REED WARNER MEDAL 


Dexter S. KIMBALL, for his contributions to efficiency in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 
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FLANpeRs, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastie structures and the treatment of 
dynamics of moving machinery 

CuarLes M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLareENcE F. Hirsurep, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
in railway equipment 

RureN EKSERGIAN, for influential papers of permanent value 
in A.S.M.E. Transactions 

WILLIAM BENJAMIN GreGory, for distinguished work in 
hydraulie engineering, which has been the basis for many 
engineering papers > 
Ricnarpb VYNNE Soutuwett, for his many distinguished 
services to engineering and science through papers and pub- 
lications in many fields, including aeronautics, theory of 
structures, elasticity, and hydrodynamics 

Frep H. Cotvin, for his contributions to both technical ad- 
vancement and improvement in management in the metal- 
working industries, as influenced by more than fifty years 
of articles and books—particularly American Machinists’ 
Handbook 

Icor I. Srkorsky, for contributions inspiring creative engi- 
neering, especially in aeronautics 

EARLE BUCKINGHAM, for original contributions to engineer- 
ing literature 

JosePH M. JuRAN, for his outstanding contributions to the 
problem of quality control in mass production and_ his 
splendid records of such work as are contained in his books 
“Bureaucracy, A Challenge to Better Management” and 
“Management of Inspection and Quality Control” 


MeLvILLeE Prize MepDAL FOR ORIGINAL WorRK 


Leon P. Atrorp, “Laws of Manufacturing Management” 
JosePH W. Ror, “Principles of Jig and Fixture Practice” 
HerRMAN DtiepertcHs and D. Pomeroy, “The Oc- 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

Artuur E. Grunert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing” 

ALEXEY J. STEPANOFF, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

WILLIAM E, CALpWELL, “Characteristics of Large Hell Gate 
Direct-Fire Boiler Units” 

Oscar R. WIKANDER, “Draft-Gear Action in Long Trains” 
H. A. Stevens Howartn, “The Loading and Friction of 
Thrust and Journal Bearings With Perfect Lubrication” 
J. Bitcut, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Liperz, “Air Resistance of Railroad Equip- 
ment” 

LestkR M. “High-Pressure High-Temperature 
Turbine-Electrie Steamship J. W. Van Dyke” 

Cart A. W. Branprt, “The Locomotive Boiler” 

Rocer V. Terry, “Development of the Automatic Adjustable- 
Blade-Type Propeller Turbine” 

J. KenNetH Sauisspury, “The Steam-Turbine Regenerative 
Cycle—An Analytical Approach” 

Ernest L. Ropinson, “Bursting Tests of Steam-Turbine 
Disk Wheels” 

WILLIAM J. Kine, “The Unwritten Laws of Engineering” 
TROELS WARMING, “Polar Diagram for Tuning of Exhaust 
Pipes” 


Spirit or Sarnt Louis MEDAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pau LItTcHFIELD, for his work in encouraging and sponsor- 
ing airship design and construction in this country 
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WILL Rogers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up 
of public confidence in aviation through his articles in the 
press, over the radio, and from the speaker’s platform 
JAMES H. Doorirr_e, for meritorious service in the advance- 
ment of aeronautics 

JoHN E. Youncer, for notable contributions to the science 
of airplane design, particularly in the conception, analysis, 
and supervision of the development of the fundamental 
design principles, requirements, and criteria which first as- 
sured the success of the pressure-cabin type of high-altitude 
airplane 

GrorGe W. Lewis, for leadership in direction and encourage- 
ment of aeronautical research, having an extensive influence 
on aeronautical engineering during the past quarter century 


Spirit or Sarnt Louis AWARD 


Wiser W. Reaser, “Calculation of the Heat Loss From an 
Airplane Cabin” 

MartTIn GoLanp, “The Influence of the Shape and Rigidity 
of an Elastic Inclusion on the Transverse Flexure of Thin 
Plates” 


Pr Tau Sigma MEDAL 


Wutrrip E. Jonson, for his development work in the field 
of refrigeration 

JoHN I. YELLorT, JR., in recognition of significant achieve- 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
of Flowing Steam in Diverging Nozzles” 

Grorce A. HAWKINS, for significant achievements in high- 
pressure steam research and engineering education 

R. HosMeR Norris, for outstanding achievement in me- 
chanical engineering, particularly in the heat-transfer field 
JoHn T. Rerraviata, for outstanding achievement in me- 
chanical engineering 


JUNIOR AWARD 


ErnEst O. Hickstern, “Flow of Air Through Thin Plate 
Orifices” 

L. M. McMitian, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WHALEN, “Properties of Airplane Fabrics” 

S. Logan Kerr, “Moody Ejector Turbine” 

R. H. Hemman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees 
Fahrenheit” 

F. L. KAtiam, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. Sanrorp and SaBrn Crocker, “The Elasticity of Pipe 
Bends” 

R. H. Herman, “Heat Losses Through Insulating Material” 
Gitpert 8. ScHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

WILLIAM M. Frame, “Stresses Occurring in the Walls of an 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. Atsenstern, “A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 

ArTtHUR M. Want, “Stresses in Heavy, Closely Coiled 
Helical Springs” 

Ep Srnciarrk SmitH, “Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 
EpMonp M. Waener, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND TINKER, “Surface Condenser Design and Operat- 
ing Characteristics” 

Joun I. Yetvort, Jr., “Supersaturated Steam” 

STan.ey J. Mrxrina, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop F. MUuLLIKAN, JR., “Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
man Law to Heat Absorption in Boiler Furnaces” 

J. Hooper, “American Hydraulic-Laboratory Prac- 
tice” 

Artuur C. Stern, “Separation and Emission of Cinders and 
Fly Ash” 

Rosert E. Newton, “A Photoelastic Study of Stresses in 
Rotary Disks” 

JoHN T. Rerrariata, “The Combustion Gas Turbine” 
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Winston M. Duptey, “Analysis of Longitudinal Motions in 
Trains of Several Cars” 

TROELS WARMING, “Power Pulsation Between Synchronous 
Generators” 

Bruce E. Det Mar, “Presentation of Centrifugal-Com- 
pressor Performance in Terms of Nondimensional Relation- 
ships” 

MaArTIN GOLAND, “The Flutter of a Uniform Cantilever 
Wing” 


CHARLES T. MAIN AWARD 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States” 

W. C. Saytor, Johns Hopkins University. Subject: “The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Rosert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” 

No Award. Subject: 
Farm Production” 
JULES PopNossorF, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Ropert E. Kuise, University of Michigan. Subject: “Inter- 
changeability—Its Development and Significance in Indus- 
try” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
Georce D. WILKINSON, JR., Newark College of Engineering. 
Subject: “Progress in the Prevention of Smoke and Atmos- 
pheric Pollution” 

Purr P. Setr, Colorado State College. Subject: “Air Con- 
ditioning—Its Practicability and Relation to Public Wel- 
fare” 

G. LoweLL WILLIAMS, Lafayette College. Subject: “Co- 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 

No Award. Subject: “Developments in the Generation ani 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. Stern, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 

Epwarp W. ConNo.Liy, University of Detroit. Subject: 
“Economie Limitations in Engineering Design, With Con- 
crete Examples” 

JAMES R. Brieut, Lehigh University. Subject: “The Eco- 
nomics of Investment in New Manufacturing Equipment— 
With Concrete Cases” 

FRANK De Povu.p, Case School of Applied Science. Subject: 
“What Has Been the Effect of Technological Advance on 
Employment?” 

JoHN J. BALUN, University of Detroit. Subject: “The Need 
and Possibilities of Participation by Engineers in Public 
Affairs” 

BERNARD J. ISABELLA, Case School of Applied Science. Sub- 
ject: “The Engineer and Preparation for the Coming 
Peace” 

MITCHELL C. KAzENn, University of Detroit. Subject: “Gov- 
ernment as Affected by Engineering” 

Frep M. PIAsKowskI, University of Detroit, “A Case Study 
of Labor-Management Co-operation” 

Jack DRANDELL, Southern Methodist University, “Engineer- 
ing in the New South” 

Victor S. RyKwaper, University of Detroit, “Creative 
Engineering as a Factor in Promoting Full Employment’ 


“The Influence of Engineering on 


Subject : 


SrupENT AWARD 


Boynton M. Green, Stanford University, “Bearing Lubri- 
cation” 
Howarp E. Stevens, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 


M. ApaM, Louisiana State University, “The Adaptability. . 


of the Internal-Combustion Engine to Sugar Factories ani 
Estates” 
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H. R. HAMMOND and C. W. Hotmserc, The Pennsylvania 
State College, “Study of Surface Resistance With Glass as 
the Transmission Medium” 

C. F. Len and F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting” 

W. E. Hevmick, Stanford University, “An Experimental 
Investigation of Steel Belting” 

Howarp G. ALLEN, Cornell University, “Wire Stitching 
Through Paper” 

Kari H. Wuite, University of Kansas, “Forces in Rotary 
Motors” 

Ricuarp H. Morris and Aubert J. R. Houston, University 
of California, “A Report Upon an Investigation of the 
Herschel Type of Improved Weir” 

CHARLES-F. OLMSTEAD, University of Minnesota, “Oil Burn- 
ing for Domestic Heating” 

H. E. Doouitrie, University of California, “The Integrating 
Gate: A. Device for Gaging in Open Channels” 

GrorGe Stuart Ciark, Stanford University, “Two Methods 
Used for the Determination of the Gasoline Content of 
Absorption Oils in Absorption Plants” 

L. J. FRANKLIN and Cartes H. Smitn, Stanford Univer- 
sity, “The Effect of Inaccuracy of Spacing on the Strength 
of Gear Teeth” 

Harry PEASE Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Re- 
sistance of a Barge Model” 

W. S. Monroomery, Jr., and E. Ray Enpers, Jr., The 
Pennsylvania State College, “Some Attempts to Measure the 
Drawing Properties of Metals” 

R. E. Peterson, University of Iilinois, “An Investigation of 
Stress Concentration by Means of Plaster of Paris Speci- 
mens 

Ceci G. Hearp, University of Toronto, “Pressure Dis- 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips— 
Model Tests” 

ALFRED H. MARSHALL, Princeton University, “Evaporative 
Cooling” 

Rocer Irwin Esy, University of Washington, “Measure- 
ment of the Angular Displacement of Flywheels” 
CLARENCE C. FRANCK, Johns Hopkins University, “Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BistrRoM, University of Washington, “An 
Investigation of a Rotary Pump” 

WILLIAM WALLACE WHiTtTE, University of Washington, “An 
Investigation of a Rotary Pump” 

GeERARD EpEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 

Harotp L. ApAMs and Ricuarp L. StitH, University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

JuLEs PopnossorF, Polytechnic Institute of Brooklyn, “Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, “Factors A ffect- 
ing Spray Pond Design” (Undergraduate Award) 
WititiamM A. Mason, Stanford University, “An Experi- 


mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

Hugo V. Corprano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys” (Undergraduate Award) 
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JAMES A. OSTRAND, JR., Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award) 
H. Reynoips Hupson, Georgia School of Technology, “Dy- 
namic Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 

Cuartes P. Bacnua, Rutgers University, “The Behavior 
of Metals Subjected to Combined Stress” (Postgraduate 
Award) 

Rosert W. Beat, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanical 
College, “Polymerized Motor Fuels; Their Economic Sig- 
nificance” (Undergraduate Award) 

DeWitt D. Bartow, JRr., Princeton University, “The Criti- 
cal Speeds of Lateral Vibrations of Shafts With Gyroscopic 
Effects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

MARSHALL C. Lone, Princeton University, “An Investiga- 
tion Into the Angular Characteristics of an Adjustable 
Blade Current Meter” (Postgraduate Award) 

DonaLp C. McSoriey, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davin T. JAMEs, Michigan State College, “Bells—Concern- 
ing Their Tones” (Undergraduate Award) 

GrorceE W. SHEPHERD, JR&., Princeton University, “An Auto- 
matic Mechanical Control for Synchronizing Prime Movers” 
(Postgraduate Award) 

Epwarp D. Rowan, Oregon State College, “Powder Metal- 
lurgy” (Undergraduate Award) 

G. WALKER Gitm_er, III, University of Florida, “Center of 
Pressure Characteristics of a Marconi Yacht Sail” (Under- 
graduate Award) 

ArtHur W. McCture, Princeton University, “A Specific 
Speed Analysis of Turbosuperchargers tor Aircraft” (Post- 
graduate Award) 

J. Packarp Larrp, Princeton University, “An Analysis of 
Motorcycle Behavior” (Undergraduate Award) 

Wituiam L. Hutton, Princeton University, “The Aero- 
dynamic Development of the Star Sail” (Undergraduate 
Award) 

Netson B. HamMMonpD, University of Pennsylvania, “An 
Investigation of Silver Solder Penetration in Brass Joints” 
(Undergraduate Award) 

Joun W. Erickson, Illinois Institute of Technology, “In- 
creasing the Efficiency of Gas Turbine Cycles” (Under- 
graduate Award) 

Pau. A. THompPsoN, Illinois Institute of Technology, “Syn 
thetic Sapphire—A New Industrial Engineering Material* 
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G. Ross Lorp 
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ALEXANDER LYMAN HO.tey, Founder of the WASHINGTON GoETHALS ... 1917 1928 WuLL1AM LAMONT ABsporTr......... 1940 fe 
Society. Died 1882. FRANZ GRASHOF ............ 1884 1809 CHAREDS M. ALIEN. 1944 
JOHN Epson Sweet, Founder of the So- REAR ADMIRAL ROBERT STAN- Ropert W. ANGUS TTT e 1940 
ciety. Died 1916. TALAU 1920 1099 BATT 6 1942 
Henry Rossiter WorTHINGTON, Founder of Orro HALLAUER ............ 1882 1899 FRANCIS BLOSSOM ........0c0cc00 1943 
the Society. Died 1880. CHARLES HAyNes HASWELL... 1905 1907. Rear ApMIRAL HAROLD GARDINER 
NATHANAEL GREENE HERREs- R TTT UC 
DECEASED HONORARY MEMBERS 1604 1907 LiruTenant General Levin H. 
ELECTED prep @USTAV HirN....... 1882 1890 1944 
Leon Pratt ALFORD......... 1941 1942 JOSEPH HIRscH ............ 1889 1901 H. CARRIER 1942 
Horatio ALLEN ............ 1880 iss9 ‘IRA N. HOLtis.............. 1928 1930 ALEXANDER G. CHRISTIE........... 1946 
Lorenzo ALLIEVI 1937 194] Rosert Woorston Hunrt.... 1920 1944 
Sm AgROL......... 1905 1913 BENJAMIN FRANKLIN IsHeER- FrepertcK DuRAND...... 1934 
ee ee 8 9 
Str JoHN AUDLEY FREDERICK WORD: 1894 1915 E. 1942 
ASPINALL 1911 1937. ALBerT KINGsBURY ......... 1940 1943. E. FLANDERS............... 1946 
1891 1916 ARTHUR M. GREENE, JR............ 1940 
ATTERBURY 1925 1935 Erasmus Darwin Leavitt... 1915 1916 Herpert CLARK Hoover........... 1925 
Sm BenjJaMIn Bakre....... 1886 1907 _Henrer Le Cwareier........ 1927 1936 CLARENCE Decatur Howe.......... 1941 
Epmunp Beuce BALL....... 1939 1944 CHARLES THoMAs Marn..... 1939 1943 Jerome C. HUNSAKER............. 1942 
Jomann 1884 1993 ANATOLE MALLET ........... 1912. 1919 Dueatp CaLep JACKSON........... 1945 
Sre Henry Bessemer... 1891 1893 CHARLES H. MANNING....... 1913-1919 Davin ScHENCK JACOBUS.......... 1934 
Sie Freperick JosepH Braw- ReaR ADMIRAL GEoRGE WaAL- MaSaw0 KAMO 1929 
Joun ALFRED BRASHEAR..... 1908 1920 Grorce A. ORROK........... 1936 1944 LIEUTENANT GENERAL WILLIAM 8S. 
Gustave CANET ............ 1900 1908 HonoraBLe Sir _KNUDBEN ees 1946 
ANDREW CARNEGIE ......... 1907 1919 ALGERNON PARSONS ....... 1920 1931 Vice-ADMIRAL Emory S. LAND..... 1944 
DANIEL KINNEAR CLARK... 1882 1896 CHARLES TALBOT PoRTER..... 1890 1910 LizuTENANT GENERAL ANDREW G. L. 
Jutivs EMMANUEL EpWIN JAY PRINDLE........ 1939 1942 19438 
1882. 188g AvGusTE C. E. Rateav...... 1919 1939s Invina E. 1946 
HvutcHinson I. Cong........ 1936 194) Evwarp J. Reep........ 18821906 Sir (StaNDEN) LeoNnarp Pearce.... 1944 
Siz JoHN Coope............ 1889 FRANZ REULEAUX .......... 1882 1905 GRANDE UFFICIALE ING. P10 Perrone 1920 
Mortimer ELwyn Cooter... 1928 1944 CALVIN Winsor RIce........ 1931 1934 Anprey ABRAHAM PorTTER......... 1945 
Perer Cooper .......... 1982 1883 PALMER C. RICKETTS........ 1931 1934 Harry R. 1942 
CHARLES DE FREMINVILLE.... 1919 1936 HENRI AbotPHe-EvcrNe Vick-ADMIRAL SAMUEL MURRAY 
Cart GustaF PATRICK SCHNEIDER ............... 1882 1898 1941 
AMES ‘i. SEYMOUR......... 1 WILLIAM ARTHUR STANIER..... 1945 
C. WILLIAM SIEMANS....... 1882 1883 AJOR Wises am H. 
James ............. 1886 1906 Viscount Suipusawa 1929 1931 1938 
1886 1913 BTODOLA 1941 1942 Wein...... 1920 
Tmomas Atva Besson 1904 193] AMBROSE SWASEY .......... 1916 1937 Mazon Gewenat Macon 
ALEXANDRE GUSTAVE EIFFEL. 1889 1923 1941 
MarsHat Fespinanp Focu.. 1921 1929 Henry Roprnson Towne.... 1921 1924 Wone Wen-mac 1945 
IR CHARLES Dovueias Fox.. 1900 1921 Epwagp N. Trump 1943 1944 1918 
JOHN RIPLEY FREEMAN...... 1932 1932 AWTHORNE Unwin 1898 1933 1943 
SAMUEL MATTHEWS VAUCLAIN 1920 1940 
Henry HaGue VAUGHAN.... 1939 1942 
OSKAR VON MILLER.......... 1912 1934 
Francis A. WALKER........ 1886 1897 
WorcesTerR REED WARNER... 1925 1929 
GEORGE WESTINGHOUSE ..... 1897 1914 
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Dates in parentheses denote year of death. 
ED ALEXANDER LYMAN HoLiry, Chairman of the Preliminary Meeting 1913 WILLIAM FREEMAN Myrick Goss (1928) 
) for Organization of The American Society of Mechanical Engineers 1914 JAMES HarTNEsS (1934) 
| (1882) 1915 JOHN ALFRED BRASHEAR (1920) 
1916 Davin ScHENCK JACOoBUS 
1880 1882 Ronert HEnNryY THU RSTON (1903) 1917 Ira NeLson (1930) 
1883 ErAsSMvus DARWIN Leavitt (1916) 
1918 CHARLES THOMAS MAIN (1943) 
1884 JOHN Epson Sweet (1916) 1919 Mortimer ELwyn Cooiey (1944) 
1885 JOsEPHUS FLavius HoLLtoway (1896) 
1920 Frep J. (1939) 
1886 CoLEMAN SELLERS (1907) 192] 
1887 GerorGe H. Bascock (1893) 
1922 DexTeR Stmpson KIMBALL 
1888 Horace See (1909) 1923 JoHN LyLe HARRINGTON (1942) 
1889 Henry Rospinson Towne (1924) > 
1924 FREDERICK Low (1936) 
1890 OBERLIN SMITH (1926) 1925 WILLIAM FREDERICK DURAND 
9) ahs 2 -RAL 
Rosny Woouston Hunt (1923) 1926 WILLIAM LAMONT ABBOTT 
1892 CHARLES HarpInG Lorine (1907) 1927 CuarLes M. Scuwas (1939) 
1893-1894 EcKLEY Brinton Coxe (1895) 1928 Asan Siew (1942) 
1895 Epwarp F. C. Davis (1895) 1929 E ned Anse moan Sperry (1930 
1895 CHARLES ETHAN BILLINGs (1920) 
) 1896 Joun Fritz (1913) 1930 CHARLES Prez (1933) 
1897 Worcester REED WARNER (1929) (1943) 
1898 CHARLES WALLACE Hunt (1911) 1933 A 
1899 GeorGe WALLACE MELVILLE (1912) 1934 D “(1938) 
1901 SamMvet T. WELLMAN (1919) 1935 
1902 Epwin Reynoips (1909) Wiuiam L. Batt 
1903 James Mares Dopge (1915) 1937 James H. HERRON 
1904 AMBROSE Swasey (1937) 1938 Harvey N. Davis 
1905 Joun FREEMAN (1932) 1939 ALEXANDER G. CHRISTIE 
1906 FREDERICK WINSLOW TAYLOR (1915) 1940 Warren H. McBryve 
1907 FREDERICK REMSEN Hutton (1918) 1941 WILLIAM A. HANLEY 
1908 Minarp LAFEVER HoLMAN (1925) 1942 JAMES W. PARKER 
1909 Jesse Merrick SmitH (1927) 1943 Haroip V. Coes 
| 1910 GrorGE WESTINGHOUSE (1914) 1944 Rosert M. GATES 
1911 Epwarp DANIEL MEIER (1914) 1945 Avex D. BAILey 
| 1912 ALEXANDER CROMBIE HuMPHREYS (1927) 1946 D. Ropert YARNALL 


TREASURERS SECRETARIES 


Apr. 1880—Dec. 1881 Lycureus B. Moore * Organization Meeting, 1880 SAMUEL S. WesBER, JR. (1921) 
Dec. 1881—Nov. 1884 CHARLES W. CopELAND (1895) Acting Secretary, Apr.-Nov. 1880 Lycurcus B. Moore * 
1884—1925 WILiiaM H. (1925) Nov. 1880—Mar. 1883. THos. WHITESIDE Rage (1895) 
1925—1935 OBERG 1883—1906 FREDERICK R. Hutton (1918) 
1935—1944 WituiaM D. ENNIS 1906—1934 Cavin W. Rice (1934) 
1944—date K. W. JAPPE 1934—date CLARENCE E. Davies 


* Deceased. Year not known. 
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Electric Sockets and Lamp Bases Comm...... 82 


Electric Welding Apparatus, Rep. on Comm... 33 


Elevators, Safety Code Comm............... 35 
Employment Conditions for Engineers, A.S.M.E. 
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Engineers Registration 7 
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Feedwater, Boiler Code Comm.............. 38 
Feedwater Studies, Boiler, Comm............ 26 
Ferrous Materials Comm........... 37 
Fire Tests, Building Construction and Ma- 
terials, Rep. on Comm............. 33 
Flanges, Steel, Comm. (Boiler Code)......... 388 
Floor and Wall Openings, Railings, and Toe 
Boards, Rep. on Safety Comm....... 36 
Fluid Meters Comm........... eee 26 
Forest Fire Protection, Rep. on Comm....... 34 


Forest Protection, Wood Industries Div. Comm. 15 

Forging and Hot Metal Stamping, Rep. on 

Freeman Scholarship. See John R. Freeman 
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Memorial Biographies 


HE purpose of Memorial Biographies is to place on permanent record the bio- 

graphical and professional data relating to deceased members of The American 
Society of Mechanical Engineers. Hence every effort is expended to insure accuracy 
and to make the memorials as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’ s 
file of membership applications and transfers. In the case of the more recent members, 
these application records are fairly complete. The applications of those who became 
members many years ago, however, contain less detailed data, and in many cases the 
sponsors are no longer alive, so that assistance from this source cannot always be 
obtained. If the member has been retired for several years prior to his death, his 
business associates are frequently hard to locate, and, in some cases, members of his 
family cannot be found. While all these factors add to the difficulty of obtaining 
accurate and fairly complete data, every possible source of information is explored, 
with the result that publication of the notice is delayed. 

The Committee appreciates and acknowledges the assistance that has been given by 
relatives, business associates, and friends in the preparation of these memorials. It 
also acknowledges its debt to such sources as Who’s Who in Engineering, Who’s Who 
in America, and similar publications; the Encyclopedia of American Biography, and 
the National Cyclopaedia of American Biography; the technical and daily press; 
colleges and universities and their alumni associations; and engineering and other 
societies which have supplied information from their records. 

Relatives, business associates, and Section and Student Branch officers are urged 
to notify the Society promptly of the deaths of members. Newspaper clippings or 
obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society 
upon request. 
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Memorial Biographies 


MAURICE BLATR (1907-1946) 


Maurice Blair, comptroller of the A. C. Horn Co., Long Island 
City, N.Y., and for many years a member of its Board of Direc- 
tors, died on May 20, 1946, of a brain tumor. He had been with 
the Horn company since 1930, serving successively as accountant, 
chief accountant, and comptroller. 

Mr. Blair was born in New York, N.Y., on March 19, 1907, 
son of Edward and Clara (Krause) Blair. He attended the High 
School of Commerce in New York and the New York Prepara- 
tory School before entering New York Un‘versity, where he took 
the degree of Bachelor of Commercial Science in 1928. He later 
attended classes in the Evening Division of the College of 
Engineering, securing his B.M.E. in 1939. He also took some 
engineering courses at Columbia University in 1943. 

Mr. Blair was a student member of the A.S.M.E. at N.Y.U., 
and became a junior member of the Society in 1939. He had 
served as a member of the Cost Committee of the National 
Paint, Varnish and Lacquer Association. 

Surviving Mr. Blair are his mother and a sister, Edna. 


ROGER STANLEY BOLES (1917-1944) 


Roger Stanley Boles, lieutenant, U.S.N.R., was shot down by 
Japanese anti-aircraft fire on November 5, 1944, while leading 
a fighter squadron from the U.S.S. Lerington in a strafing attack 
on the Lipa Airfield, Batangas, P.I. After his death, his parents, 
Alvin R. and Attie Lee (Pearson) Boles, of Santa Paula, Calif., 
received from the Navy Department eight medals recognizing 
his outstanding service to his country. Included were the Navy 
Cross, the Distinguished Flying Cross, and a gold star in lieu of 
a second Distinguished Flying Cross. 

Lieutenant Boles was born in Santa Paula on February 7, 
1917. He attended Santa Paula elementary and high schools, 
took two years’ work at Oregon State College, and was gradu- 
ated from the University of Southern California in 1940, with 
a B.S. degree in mechanical engineering. He entered the naval 
air training station at Pensacola, Fla., following his graduation. 

A member of the A.S.M.E. Student Branch at the University 
of Southern California, Lieutenant Boles became a junior 
member of the Society in 1940. He was initiated into the Sigma 
Chi fraternity at Oregon State College. 


WILLIAM HENRY BORDEN (1877-1940) 


William Henry Borden, for many years manufacturers’ sales 
agent for industrial safety devices, San Francisco, Calif., died 
in that city on September 8, 1940. 

Mr. Borden was born at Goldsboro, N.C., on December 5, 1877. 
He attended the University of North Carolina and Columbia 
University, graduating from the latter with an M.E. degree in 
1901. During his summer vacations he had worked at the Rogers 
Locomotive Works, Paterson, N.J., and for the American To- 
bacco Company, New York, N.Y. He continued with the latter 
company following his graduation, first as draftsman, designing 
automatic cigar machines, subsequently as machine inspector at 
the American Ordnance Company, Bridgeport, Conn., where cigar 
machines were being made for the American Tobacco Company. 
During the last six months of 1902 he was stationed at the Agar 
Factory of the company in Jersey City, N.J., inspecting the work 
turned out by automatic machines. 

At the beginning of 1903 Mr. Borden entered the employ of the 
Travelers Insurance Company, Hartford, Conn., as elevator and 
mine inspector for the Liability Department. He left that posi- 
tion the latter part of 1904 to serve the Western Electric Com- 
pany, New York, as mechanical assistant to the factory engineer, 
and from June, 1905, to April, 1907, he was with the General 
Electric Company, Schenectady, N.Y., testing motors, genera- 
tors, and transformers, and working in the steam experimental 
department. 

During the years 1907-1913 Mr. Borden had a varied experi- 
ence in Alaska, in surveying, mining, and power plant work. 
After returning to the States he spent a few months as salesman 
for the Van Emon Elevator Company, San Francisco, then be- 
came operator in the O. & M. Department of the Pacific Gas & 
Electric Co., San Francisco. He continued with that company 


until 1918, when he became manufacturers’ sales agent for 
industrial safety devices. 

Mr. Borden became a junior member of the A.S.M.F. in 1905 
and an associate-r.ember in 1919. He was automatically trans- 
ferred to the grade of member in 1935. 


JULIUS CREDO (1886-1945) 


Julius Credo, who was obliged to give up his business activities 
in 1944 because of an eye condition, died on December 26, 1945. 
He was born at Clifton, N.Y., on January 13, 1886, son of Otto 
and Kate (Fach) Credo. He served an apprenticeship as a 
machinist in the locomotive repair shops of the Baltimore & 
Ohio R.R. at Clifton in 1900-1901, and was employed by the 
C. W. Hunt Co., West New Brighton, S.I., N.Y., manufacturers 
of coal handling and conveying machinery, during the next two 
years. Subsequently he worked in the air compressor department 
of the Henry R. Worthington Co., then located in Brooklyn, N.Y., 
at the same time studying steam engineering and machine design 
at Pratt Institute. During the summer of 1905 he served as 
cadet engineer on the S.S. St. Louis, of the American Line, then 
returned to his studies at Pratt. 

Following his graduation in June, 1906, Mr. Credo was detail 
draftsman for the Lozier Motor Company, then in Plattsburg, 
N.Y., until the latter part of 1907. The next year he was with 
the Wigand Milling Company, Newark, N.J., as assistant 
engineer in its grain drying plant. 

In January, 1909, the Louisville Drying Machinery Company, 
Louisville, Ky., appointed Mr. Credo its eastern sales manager. 
He remained with the company until his retirement, serving as 
vice-president subsequent to 1943. He contributed greatly to the 
development of the company and its products, and to its leader- 
ship in the drying of trade wastes. 

Mr. Credo became an associate-member of the A.S.M.E. in 1916 
and was automatically transferred to the grade of member in 
1935. 

He was survived by his widow, Lauretta L. (Wider) Credo, 
whom he married in 1916, and by a daughter, Ruth M. (Credo) 
Coupe. 


CHARLES COLLINS DAVIS (1877-1940) 


Charles Collins Davis, chief engineer of the Pennsylvania 
Forge Corporation, Philadelphia, Pa., died of pneumonia on 
September 4, 1940, at the Emergency Hospital, Doylestown, Pa. 

He was born on August 19, 1877, at Jeffersonville, Pa., son of 
Allen Sylvester and Sarah (Titlow) Davis. He attended the 
Norristown (Pa.) High School and the University of Pennsyl- 
vania, taking honors in his senior year for his work in the course 
in science and technology. He received a B.S. (Engineering) 
degree in 1897 and his M.S., cum laude, the following year. 

He then became a cadet engineer with the United Gas Im- 
provement Company, Philadelphia. After six months there he 
entered the employ of the Midvale Steel Company, Philadelphia, 
as assistant chief engineer, and served successively as superin- 
tendent of the Yard Department, assistant superintendent of 
the Forge Department, and superintendent of the Steel Wheel 
Department. 

In March, 1908, Mr. Davis became affiliated with the Pennsyl- 
vania Forge Company, Philadelphia, and remained with it until 
December, 1931, as secretary and treasurer the first year and 
subsequently as president and chief engineer. In January, 1932, 
he was appointed director, Department of City Transit, City of 
Philadelphia, in charge of the design and construction of elevated 
and subway lines for the city. He remained in that position 
until 1936, when he returned to the reorganized Pennsylvania 
Forge Corporation as chief engineer. 

Mr. Davis was always interested in civic affairs and co- 
operated in many municipal matters. He was one of the or- 
ganizers of the North-east Chamber of Commerce, served as 
director from the time of its origin until 1932, and was its 
president from 1927 to 1931, inclusive. He was an original 
member of the Exchange Club of Frankford, the Torresdale 
Civic Association, a member of the Philadelphia Committee of 
Public Affairs, and organizer and president of the Philadelphia 
Zoning Federation. He was prominent in many movements for 
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civic and recreational betterments, and was widely known 
throughout the city generally. He belonged to the Philadelphia 
Art Club and the Presbyterian Social Union. He became a 
member of the A.S.M.E. in 1938. 

He was fond of bowling and fishing and spent a great deal of 
his spare time in making improvements at his summer home. 

Mr. Davis married Harriet deKrafft in 1905 and is survived 
by her and four children, Mrs. Howard Whitaker, Chestnut Hill, 
Pa., Dr. (Lt.) Harriet Davis, Naval Hospital, Bethesda, Md., 
Mrs. J. W. Welles, Englewood, N.J., and Charles C. Davis, Jr., 
Princeton, N.J. 


WILLIAM McBROOM DOLLAR (1865-1940) 


William McBroom Dollar, son of Robert H. and Ellen Z. 
(Ritchie) Dollar, was born on February 12, 1865, at Heuvelton, 
N.Y., and secured his early education in the public schools there 
and at the academy in nearby Ogdensburg. He attended Cornell 
University for three years with the Class of 1889, and took 
further studies in the winter of 1889-1890. 

Subsequently he was employed by the D. 8. Morgan Co., Brock- 
port, N.Y., as foreman in the erecting shop; had shop and draft- 
ing room experience with the Gouverneur (N.Y.) Machine 
Company and was for two years in charge of all its departments; 
and was master mechanic in charge of manufacturing for Pratt & 
Letchworth, Buffalo, N.Y. He became draftsman and designer 
for the Barber Asphalt Paving Company, Buffalo, in 1895, and 
remained with the company for three years, part of the time in 
charge of a plant at Pitch Lake, Trinidad, B.W.I. 

He next designed traction engines and steam rollers for the 
Buffalo Pitts Company, then went with the Howard Iron Works, 
Buffalo, to design general machinery and passenger and freight 
elevators, both electric and hydraulic. He served the company 
successively as chief draftsman, chief engineer, and general 
superintendent, continuing there until the fall of 1902. He in- 
stalled a shop cost system and standardized the product. by 
introducing the interchangeable system of manufacture. 

With this background, Mr. Dollar opened a consulting engi- 
neering office in Buffalo and carried on a general practice in 
mechanical and electrical work for many years. He was a 
frequent contributor to the technical press under the pen name 
“Sibley.” 

Mr. Dollar became a junior member of the A.S.M.E. in 1896 
and a member in 1903. He was a charter member of the Engi- 
neering Society of Buffalo, and was a life member of the Occi- 
dental Lodge, F. & A.M., and North Buffalo Lodge, 1.0.0.F. 

He died on July 4, 1940, after a series of strokes had carried 
him into a _ semi-invalid state. His wife, Lora Samantha 
(Hutchinson) Dollar, whom he married in 1891, died in 1928. 
Two sons, Roy Ellsworth and Fred William, both of Springbrook, 
N.Y., survive them. 


WILLIAM ALFRED DREWETT (1864-1943) 


William Alfred Drewett, who retired as president and general 
manager of the Providence (R.I.) Engineering Works, Inc., in 
1938, died in that city on March 1, 1943. His widow, Grace 
Ferguson (Ford) Drewett, whom he married in 1904, survived 
him, together with a daughter, Margaret Elizabeth Drewett, 
two sisters, and a brother. 

Mr. Drewett was born in New York, N.Y., on December 21, 
1864, son of Alfred William and Margaret Jane (House) 
Drewett. Following a common and private school education, he 
served for two years in the shop and office of Joseph Crampton, 
general engineer and machinist, New York, and a year on draft- 
ing and structural work for Post & McCord, New York. After 
a year with George 8S. Eastwick, Jersey City, N.J., and at the 
Havemeyer Sugar Refinery, Greenpoint, L.I., N.Y., engaged in 
drafting and sugar house construction, he entered the employ of 
the Ingersoll Rock Drill Company, New York, in 1884. He was 
with the company in the capacity of draftsman and assistant to 
the superintendent for four years, during which time he taught 
geometry and mechanical drawing in the evening school of 
Poppenhouser Institute, College Point, L.I. 

In 1888 Mr. Drewett began a period of thirty years spent with 
the Davidson Steam Pump Company and M. T. Davidson & Co., 
Brooklyn, N.Y. He was superintendent of shops there and also 
had charge of the Crescent Electric Company’s shops, adjacent 
to the Davidson shops, for four years. 

Terminating this long association in 1918, Mr. Drewett became 
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vice-president of the Providence Engineering Works, Inc. He 
was later made president and general manager. 

Mr. Drewett had been a member of the A.S.M.E. since 1888. 
He received the Fifty-Year Button at the A.S.M.E. Fall Meeting 
in Providence in October, 1938. He served as president of the 
New York and New Jersey branch of the National Metal Trades 
Association for a number of years, and was presented with a 
silver urn in appreciation of his services to the organization. 
He belonged to the American Society of Naval Engineers from 
1898 to 1933, when he resigned, and was a member and past- 
president of the Providence Engineering Society, a member of 
the British Empire Club, Propeller Club, Chamber of Commerce, 
and Rotary Club of Providence, and a 33rd degree Mason. He 
had been a communicant for years in St. Martin’s Episcopal 
Church, Providence. 


ALEXANDER STANLEY GARFIELD (1866-1944) 


Alexander Stanley Garfield was born in Detroit, Mich., on 
March 3, 1866, and died in Zug, Switzerland, on December 5, 
1944. 

He took a four-year course in mechanical engineering at the 
Massachusetts Institute of Technology, graduating with an S.B. 
degree in 1887, and, later, a year of postgraduate work in civil 
engineering. Following graduation he had a period of training 
in the repair shops of the Union Pacific Railway at Omaha, Neb., 
then was connected for several years with the Thomson Electric 
Welding Company, West Lynn, Thomson, Vanderpoele Electric 
Mining Company, Boston, and Thomson-Houston Electric Com- 
pany and General Electric Company, West Lynn, Mass. 

Of his subsequent work an obituary notice in the Journal of 
The Institution of Electrical Engineers (Vol. 93, Part I, No. 72, 
December, 1946) gives the following record: 

“In November, 1893, a few months after its foundation, he 
joined the French Thomson-Houston Company at Paris, and he 
served with this organization for nearly forty-five years as chief 
engineer and subsequently as engineering consultant. In the 
early days he was concerned with the problems of integrating 
watt-hour meters, and subsequently with the construction of 
electric tramways in France and in the Mediterranean countries. 
From 1898 onwards he took a very active part in the electrifica- 
tion of the French railways, particularly of the Paris-Orleans 
and the Invalides-Versailles lines. In 1924, he participated in 
the work of electrifying the Paris-Orleans-Vierzon line, the sup- 
plies for which, at 150,000 and 90,000 volts, were stepped down 
and rectified to 1,500 volts d.c. in a number of substations. He 
also played a part in the construction of a number of large 
power stations, notably the Vitry-sur-Seine stations (1910-1914), 
where vertical Curtis turbines were first used in France. It 
should also be recorded that he was concerned in 1899 with the 
construction of the Mescla-sur-Var hydroelectric station, which 
fed one of the first high-voltage supply lines to be built in France. 
During the 1914-1918 War he labored hard in the Allied cause 
and was instrumental in importing electrical machinery of all 
kinds and other material necessary for the support of the war 
industries. 

“He must be regarded as ranking among the most distinguished 
engineers of the French Thomson-Houston Company. He also 
maintained permanent relationship with the General Electric 
Company of Schenectady and the British Thomson-Houston Com- 
pany of Rugby.” 

Mr. Garfield had held membership in the Institution since 
1890, and in the American Institute of Electrical Engineers 
since 1898. He became a junior member of the A.S.M.E. in 1887, 
allowed his membership to lapse when he went abroad in 1893, 
and was re-elected, with the grade of member, in 1907. 


ROBERT HENRY GOOD (1877-1940) 


Robert Henry Good, general superintendent of The Moore 
Brothers Company, Elizabeth, N.J., died on October 13, 1940. He 
had been with this company for nearly fifty years, having started 
in 1892 as an apprentice in its Foundry Department. After about 
a year he was transferred to the Pattern Department, where he 
served a full apprenticeship of four years. At the termination 
of this period he was placed in charge of the Pattern Depart- 
ment, where his duties included designing and developing various 
kinds of machinery and equipment, notably furnaces, crushers, 
agitators, and handling machinery for use in the refining of 
metals, ores, acids, and oils. He also made a study of power 
transmission gearing of all classes. 
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In 1910 he was made assistant superintendent, and in addition 
to design work he had full charge of the extension and alteration 
of the plant. He became acting superintendent in 1922, in the 
absence of the superintendent, and in 1926 was made general 
superintendent. 

Mr. Good was born in Coburg, Ont., Can., on November 20, 
1877, the son of Richard and Catherine Good. While his formal 
education was limited to the public schools, he became ac- 
complished in his field through extensive private study and 
practical experience. 

In 1900 he married Edith May Eldridge, who died in 1931. 
In 1933 he married Gladys Harker of Toronto, Ont., Can. He 
was survived by her and two children by his first marriage, 
Edith L. Bishop, of Short Hills, N.J.. and Clyde E. Good, of 
Baltimore, Md. 

He had been a member of the A.S.M.E. since 1923. 


MORGAN J. HAMMERS (1875-1940) 


Morgan J. Hammers, president and general manager of Elec- 
trol, Inc., of New York, N.Y., died on April 28, 1940, in Stamford, 
Conn. 

He was born at Secor, Ill., on April 19, 1875, son of Morgan 
Buckingham and Rosetta Jane (Gibson) Hammers. He attended 
Urbana, Ill., schools, served an apprenticeship as a machinist 
in the Maltby & Wallace plant, Champaign, IIl., and worked as 
an operating steam engineer prior to entering the preparatory 
school of the University of Illinois. He was graduated from that 
University’s College of Engineering in June, 1898, with a BS. 
degree in mechanical engineering. During his senior year he 
secured practical experience in drafting in the office of Lester P. 
Breckenridge in Champaign. He also wrote short stories for 
magazines and reported for a Chicago newspaper to help defray 
college expenses. 

After graduation, he served for several months as special 
engineer and draftsman in connection with the design and con- 
struction of a power plant at the University. In September, 
1898, he became inspector. for the Rock Island Plow Company, 
Rock Island, l., in which company he was advanced to the posi- 
tion of mechanical superintendent in charge of all design and 
mechanical construction. He resigned in 1902 and joined the 
Phoenix Iron Works Company, of Meadville, Pa., as general 
superintendent and mechanical engineer in charge of design, 
engineering, and manufacture of steam engines and boilers, steel 
plate work, and gray iron castings. During his two years there 
the company also built a number of heavy-duty internal-combus- 
tion engines for the Jacobson Machine Manufacturing Company, 
Warren, Pa., for which Mr. Hammers became general manager 
and engineer in 1904. He continued in this position for five and 
a half years, manufacturing its line of gas and gasoline engines 
of from 2 to 250 hp and a new series of air compressors and 
portable pumping machinery, as well as automobile axles, motors, 
and gears. Subsequently, he continued as consulting engineer 
with the company and a member of its Board of Directors. 
Other interests are recorded in the National Cyclopedia of 
American Biography (vol. XXX, pages 215-216), as follows: 

“In 1908 he became representative of a group of creditors of 
a company which was endeavoring to promote the Abbott Detroit 
automobile. During the creditor and committee meetings inci- 
dental to this problem he became acquainted with Abner Doble, 
and out of this acquaintance developed the organization of a 
small group, including Hammers and Doble, with the object of 
producing a steam driven car, which became known as the Doble 
Detroit car. During the first World War the company attempted 
to produce steam driven tanks. While the experimentation and 
study involved in this project was under way the government’s 
coal conservation program was put into effect and thus by neces- 
sity gave rise to the idea of trying to use these steam plants, 
originally designed to power automobiles, to heat buildings. 
The Doble Detroit automobile project finally was abandoned, but 
as a result of the effort to adapt the power plant to heating 
purposes, Hammers took an active part in the formation of a 
group to develop a heating unit for domestic purposes, with oil 
as fuel. This was the beginning of the American NoKol Co. of 
Chicago, established in 1922 with Hammers as its head, which 
manufactured the first fully automatic domestic oil burner. In 
1928 the company was absorbed by the Petroleum Heat & Power 
Co. of New York City and Hammers became vice-president of the 
latter. He remained in charge of the American NoKol plant in 
Chicago until 1930 when he removed East as general manager 
of the Petroleum Heat & Power Co., in charge of its factory at 
Stamford, Conn. He resigned in 1933 to become administrator 
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of the NRA code for the oil burner industry. In 1936 he and 
associates purchased Electrol, Inc., manufacturers of oil burners 
and air-conditioning systems, with executive offices in New York 
City and a plant at Clifton, N.J. He was president of the com- 
pany until his death. Hammers was also secretary and treasurer 
of the Louisiana Furs Co., Inc.” 

In 1907 he was elected a vice-president of the newly organized 
National Association of Gas and Gasoline Engine Manufacturers 
for a period of two years; he also served on a committee of three 
appointed by the association to work in conjunction with the 
National Board of Fire Underwriters to formulate and perfect 
a complete code governing the installation of internal-combustion 
motors in buildings in all American municipalities. This code 
was perfected and accepted by the National Board of Fire 
Underwriters. 

Mr. Hammers became a junior member of the A.S.M.E. in 
1899; he allowed his membership to lapse in 1908 but filed a new 
application in 1914 and was elected a member in that year. He 
was a fellow of the Royal Society of Arts; a member of the 
American Oil Burner Association (now known as the Oil-Heat 
Institute of America) and its president in 1932-1933; and a 
member of the Society of Automotive Engineers, the Uptown 
Club, New York, the Detroit Club, Detroit, the Lake Shore 
Athletic Club, Chicago, and the Stamford Yacht Club. 

He married Isabella Grace in Chicago in 1917 and was sur- 
vived by her and a son, Alexander Paton Hammers. 


GEORGE OWENS HASKELL (1873-1940) 


George Owens Haskell was born in Savannah, Ga., on October 
13, 1873, son of Lewis Wardlaw and Sallie (Owens) Haskell. 
He secured his education at private schools in Savannah, the 
University of South Carolina, and the Massachusetts Institute 
of Technology, from which he was graduated in 1898 with the 
degree of S.B. in mechanical engineering. He served an ap- 
prenticeship and had drafting room experience with the Social 
Manufacturing Company, Woonsocket, R.I., following his gradu- 
ation. Other early experience included a year in Florida, before 
he entered M.I.T., assisting in the erection of boilers, engines, 
and shafting in phosphate mines; and work during summer vaca- 
tions, repairing an oil mill at Savannah and erecting cotton 
machinery at the Berkshire Mills, Adams, Mass. 

In the spring of 1899 Mr. Haskell entered the employ of the 
McGaw Manufacturing Company, Macon, Ga., as manager of the 
Mechanical Department. He had general supervision of ma- 
chinery and buildings, and of the manufacture of cottonseed oil. 
After about ten years there he was with the Southern Cotton 
Oil Company, New York, N.Y., for a short time, and then was 
made vice-president of the Fidelity Cotton Oil & Fertilizer Co., 
Houston, Texas. He returned to Savannah in 1914 to take up 
duties as assistant to the vice-president of the Southern Cotton 
Oil Company, later becoming chief engineer. In 1926 he went to 
Florida, where he became the owner of the Coral Gables Ice 
Company, at Miami, with which he was active until the middle 
thirties. He died on July 11, 1940, at his home in Macon, where 
he had been living for several years. 

Mr. Haskell became a junior member of the A.S.M.E. in 1899. 

He married Fannie Winship in 1908 and was survived by her 
and two sons, George Owens Haskell, Jr., of Macon, and Blanton 
Haskell, Fernandina, Fla. 


THOMAS HAWLEY (1866-1940) 


Thomas Hawley, founder, and president until his «otirement 
in 1935, of the Hawley School of Engineering, Bosiva, Mass., 
died on January 20, 1940, at his home in Melrose, Mass., where 
he had resided since 1893. 

He was born in Boston on December 15, 1866, son of William 
and Mary (Lester) Hawley. After completing his grammar 
school education in 1881 he went to work in the steam plant of 
the Boston Sugar Refinery. He was there for three years, then 
joined the staff of the Boston Journal of Commerce as assistant 
to Fred R. Low, who became editor of the Engineering Depart- 
ment of the Journal in 1886. Two years later, when Mr. Low 
left to become editor of Power, Mr. Hawley succeeded him. 

In 1893 he was appointed by Governor Russell, of Massa- 
chusetts, to investigate the condition of boilers in steam plants 
in Massachusetts and the competency of the engineers in charge 
of them. His report and recommendations led to the enactment 
of new boiler inspection and engineers’ license laws. In 1895 he 
was named chief examiner of engineers and inspector of boilers 
for the State; he resigned from this office in 1900. 
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During the years 1890 to 1903 he gave lectures on power 
plant operation at the Lowell Institute, Boston. He organized 
the Hawley School in 1900, to train men for power plant opera- 
tion. During World War I more than a thousand men were 
sent there by the U.S. Shipping Board to train for service in 
the Merchant Marine. Mr. Hawley was also, during that war, 
a member of the fuel conservation committee headed by James J. 
Storrow, Boston banker 

Mr. Hawley carried 2a a general consulting practice in steam 
and power engineering for many years. He was author of several 
engineering books, among them being “American Steam Engines.” 

He had been a member of the A.S.M.E. since 1919 and also 
belonged to the National Association of Power Engineers. He 
was a member and past-president of the Engineers Blue Room 
Club, Boston, and a member of local masonic bodies. For twenty 
years he was senior warden at the Trinity Episcopal Church, 
Melrose, for which he designed and had built a chapel in memory 
of his mother. He also built a smaller chapel for the kinder- 
garten department of the church school. 

Mr. Hawley married Mabel W. Perry, of Wakefield, Mass., in 
1893, and was survived by her and a daughter, Mrs. Ruth 
(Hawley) Slayton; also by three sisters. 


NELSON PAGE HINMAN (1881-1940) 


Nelson Page Hinman died at his home in Buffalo, N.Y., on 
February 10, 1940. He was for many years superintendent and 
chief engineer of the power house of the Pierce Arrow Motor 
Car Company of Buffalo. 

Mr. Hinman was born in Dewitt, Mich., on July 25, 1881, son 
of Elno F. and Angeline (Rice) Hinman. He attended grade 
and high schools in Pennsylvania and New York, and later took 
complete steam engineering and mechanical engineering courses 
with the International Correspondence Schools. From 1897 to 
1902 he served an apprenticeship in the U.S. Navy, attaining the 
grade of electrician. He then did bench and engine work as 
machinist with the Lehigh Valley Railroad Company in the East 
Buffalo shops, and in 1903 was assistant chief engineer with the 
Hamburg Street Railway of Blasdell, N.Y. In 1904 he went with 
Wm. F. Koch, operator of a planing mill in Buffalo, as chief 
engineer and continued in that position until 1906, when he be- 
came assistant chief engineer for the Spencer Kellogg Linseed 
Oil Works in Buffalo. In 1908 he took a similar position at the 
Buffalo Chamber of Commerce Building, and from 1910 to 1915 
was chief engineer and electrician of that building. 

In 1915 he began his work with the Pierce Arrow Motor Car 
Company of Buffalo, in charge of all the designing, construction 
work, and engineering in connection with power plants, and 
stayed with this company until his death. 

Mr. Hinman became an associate-member of the A.S.M.E. in 
1927 and was automatically transferred to the grade of member 
in 1935. He was also a member of the Engineering Society of 
Buffalo and the Community Club. 

His widow, Mrs. Gertrude (Derr) Hinman, whom he married 
in 1902, and a son, Nelson Page Hinman, Jr., and two daughters, 
Beulah and Esther, survived him. 


LAWRENCE J. HOLMES (1883-1940) 


Lawrence J. Holmes, vice-president in charge of manufactur- 
ing for the International Motor Company, Allentown, Pa., was 
born in North Adams, Mass., on November 16, 1883, son of John 
Wesley and Nancy Anne (Button) Holmes. He was graduated 
from the Drury High School, North Adams, in 1902. 

His early experience was obtained with the Stevens-Duryea 
and J. Stevens Arms companies, manufacturers of Stevens- 
Duryea automobiles and the Stevens line of small arms. In 1908 
he became purchasing agent for the J. Stevens Arms Co. and 
worked in close relationship with the engineering and manu- 
facturing departments for a period of seven years. When the 
business was purchased late in 1914 by the Westinghouse Electric 
& Manufacturing Co., Mr. Holmes, wishing to return to the 
automotive industry, resigned and became connected with the 
International Motor Company at its Plainfield, N.J., plant as 
purchasing agent, early in 1915. In 1916 he was transferred to 
the Allentown plant, where the Mack trucks are built, as factory 
manager. He was made vice-president in charge of manufacturing 
in 1928. 

Mr. Holmes was president of the Allentown Airport Corpora- 
tion, 1929-1931. He belonged to the Elks, and to the Livingston 
Club and Brookside Country Club. He had been a member of 
the A.S.MLE. since 1923. 
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Mr. Holmes died at his home, Lanark Manor, Allentown, of a 
coronary thrombosis, on February 7, 1940. He was survived by 
a son, Lawrence J. Holmes, Jr. His wife, Isabel (Miller) 
Holmes, died in 1936. 


WILLIAM HENRY HONISS (1858-1940) 


William Henry Honiss, son of William and Mary (McDonald) 
Honiss, was born on June 14, 1858, at Rockyhill, Conn., and at- 
tended the public schools there. He had six years of practical 
experience with the Peck, Stow & Wilcox Co., of East Berlin, 
Conn., and then was with the Pratt & Whitney Co., of Hartford, 
in their shops and drafting room. 

He worked with William A. Lorenz, head of the drafting de- 
partment of Pratt & Whitney, in the early 80’s on the develop- 
ment of machinery for the manufacture of paper bags, thus 
beginning an association of many years with Mr. Lorenz. In 
1887 Mr. Lorenz opened an office in Hartford and Mr. Honiss 
went to London to install and equip a complete plant for paper 
bag manufacture. Later he installed and operated paper bag 
machinery at the World’s Fair at Paris in 1889. 

After his return to this country he continued with Mr. Lorenz 
in the design and development of a variety of automatic and 
special machinery. In 1897, he was granted a license as solicitor 
of patents. 

From 1912 to 1921 he was a director and in charge of patents, 
Hartford-Fairmont Company; he was a director, member of the 
executive committee, and assistant secretary of this company’s 
successor, the Hartford-Empire Company, until his retirement 
in 1937. 

Mr. Honiss was granted more than fifty patents covering auto- 
matic paper bag machinery, voting machines, street car fare 
registers, automatic rifle cartridge packets, hermetical sealing 
apparatus for glass jars, type justifying mechanisms, pamphlet 
stitching machines, automatic glass feeders, and other items. 

Mr. Honiss had been a member of the A.S.M.E. since 1899 
(when Mr. Lorenz also joined). He was a charter member of 
the Hartford Engineers Club, formed in 1923, a member of the 
Hartford Yacht Club, and a Mason and Knight Templar. He 
was interested in civic affairs, and served on the Hartford City 
Plan Commission to which he was appointed in 1908. He was 
elected president of the Municipal Art Society of Hartford in 
1916. At various times since 1900 he had been a trustee and 
member of the executive committee of the First Unitarian 
Society of Hartford. 

Mr. Honiss died at his home in West Hartford on August 23, 
1940. A son, William T. Honiss, of West Hartford, and a 
daughter, Mrs. Roger H. Dickinson, of Ft. Lauderdale, Fla., 
survived him. His wife, Catherine Mary (Tibbits) Honiss, 
died in 1931. 


GEORGE SCRANTON HUMPHREY (1856-1940) 


George Scranton Humphrey, a member of the A.S.M.E. since 
1901, died at the home of his daughter, Mary Wheeler (Mrs. 
Lindsay 8S. B.) Hadley, in Cortland, N.Y., on December 3, 1940. 

He was born at Ithaca, N.Y., on August 1, 1856, son of William 
R. and Mary (Wheeler) Humphrey, and was educated at the 
public schools of Ithaca and in special courses at Cornell Uni- 
versity. From 1875 to 1885 he was with the Oxford Iron Com- 
pany at Oxford, N.J., as draftsman and assistant blast furnace 
manager. During the next two years he was assayer and fore- 
man at the reduction works of the Carlisle Mining Company, 
Carlisle, New Mex. In 1887 he became assistant manager of the 
Kokomo Glass Company, Kokomo, Ind., makers of window glass. 
which he later served as treasurer. 

Mr. Humphrey remained with this company for two years, 
and then became associated with the C. W. Hunt Co., manu- 
facturers of coal handling machinery, West New Brighton, 
Staten Island, N.Y. He was with the Hunt organization con- 
tinuously until 1926, acting as controller, purchasing agent, 
secretary, and treasurer, with his office in New York, N.Y., for 
many years. From 1913 to 1920 he was also president and 
manager of the Clayville Foundry & Machine Co., Clayville, N.Y. 

In 1926 Mr. Humphrey engaged in private practice as a con- 
sulting engineer, with office in New York, and he continued in 
this work until after 1934. During the latter part of his life he 
became more interested in financial affairs, and had his office 
at the Staten Island Savings Bank, of which he was a vice- 
president at the time of his death. He specialized in making 
financial reports on manufacturing plants, particularly iron and 
steel furnaces and 
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Besides being a member of the A.S.M.E., he had been a 
member of the American Institute of Mining and Metallurgical 
Engineers since 1884, thus qualifying for its “Legion of Honor.” 
He also belonged to the New York Electrical Society, New York 
Railroad Club, Engineers’ Club, New York, Staten Island Insti- 
tute of Arts and Sciences, and Appalachian Mountain Club. He 
had served on the Staten Island Chamber of Commerce and other 
civic bodies. He was for many years a trustee and for some years 
president of the Staten Island Academy. 

For more than fifty years he was an elder and had numerous 
other responsibilities in the Presbyterian Church. He was active 
in the masonic fraternity and served as master of the Lodge 
while at Oxford, N.J. He carried his financial interests into 
patriotic lines, having been one of the original members of the 
Community Chest plan, and, later, war bond organizers. 

Mr. Humphrey married Caroline Scranton, of Oxford, N.J., 
in 1883. She predeceased him, as did also their son, Charles 
Scranton Humphrey, who died in 1911 at the age of twenty-three. 
He had four grandchildren, George Humphrey, Carmer, Caroline 
Scranten, and John Hadley. 


HOMER LOUIS JONES (1914-1942) 


Captain Homer Louis Jones, Corps of Engineers, U.S.A., taken 
prisoner by the Japanese on Bataan, died of malaria at Camp 
O’Donnell (Prisoner of War Camp) in the Philippines on 
May 11, 1942. 

Captain Jones was appointed a second lieutenant in the Corps 
of Engineers Reserve in 1937 and promoted to the rank of first 
lieutenant in 1940. He was called to active duty on March 31, 
1941, and was assigned to the Engineers School, Fort Belvoir, Va. 
He left the United States for foreign service in the Philippine 
Department on August 9, 1941, and was assigned to the 14th 
Engineer Regiment (Philippine Scouts), and was promoted to 
the rank of captain on December 24, 1941. 

Captain Jones was born at Crestline, Ohio, on March 7, 1914, 
son of Wilbur Samuel and Ethel May (Cox) Jones. He attended 
high school in Rochester, Pa., and was graduated from the 
Carnegie Institute of Technology with a B.S. degree in manage- 
ment engineering in 1938. Following his graduation he entered 
the employ of the Jones & Laughlin Steel Corp. in Pittsburgh, 
Pa. He worked in the various foundries and the pattern shop, 
serving for several months at each location, and was in training 
for a supervisory position. He continued with the Corporation 
until ealled to active duty in the army. 

A student member of the A.S.M.E. while in college, he trans- 
ferred to the junior grade in 1938. He was also a member of the 
American Society for Metals. 


GEORGE HERBERT LANDFEAR (1879-1940) 


George Herbert Landfear, whose death occurred on February 
19, 1940, was born in Jersey City, N.J., on March 11, 1879. 
Following a year in high school, he took up mechanical drawing 
at Cooper Union, New York, N.Y., from which he was graduated 
in 1900. 

He began work as draftsman with the A. S. Cameron Steam 
Pump Works, New York, during his last year in school and 
following graduation was employed successively as draftsman 
by the American Stoker Company, J. G. White & Co., and the 
New York Edison Company, all in New York, and the Tide 
Water Oil Company, of Bayonne, N.J. 

For five years, beginning early in 1906, he was chief draftsman 
and erecting engineer for G. M. 8S. Tait, mechanical engineer, 
New York. Subsequently he was designer with the Griscom 
Spencer Company and Westinghouse, Church, Kerr & Co., and 
next was chief draftsman and assistant to the president of the 
Vacuna Company. In 1915 he left New York to take charge of 
layouts and machinery installations at the Remington Arms & 
Ammunition Co., Bridgeport, Conn. The following year he be- 
came works engineer at the Kathodian Bronze Works, at Nyack, 
N.Y. Subsequently he was designer for the J. G. White Engi- 
neering Corp. and Thos. E. Murray, Inc., New York, later 
serving the Murray organization as field engineer and chief 
draftsman. He then returned to the New York Edison Company 
and continued with it and the Consolidated Edison Company of 
New York, Inc. He was checker in the Mechanical Engineering 
Department at the time of his death. 

Mr. Landfear became an associate-member of the A.S.M.E. in 
1917 and was automatically transferred to the grade of member 
in 1935, 

He was survived by his widow, Bertha W. Landfear.—[Biog- 
raphy compiled from best obtainable information, not all of 
which could be verified.] 
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JOHN A. LAROCCA (1885-1940) 


John A. Larocca, engineer for The Texas Company, New York, 
N.Y., died on July 17, 1940. 

He was born in New York on March 2, 1885, and received his 
early education in schools of that city. He attended Stevens 
Institute of Technology, from which he was graduated in 1908 
with the degree of M.E. After graduation, he was with various 
concerns, designing automobile parts, and estimating the cost 
of heating, ventilating, and power plants. From 1910 to 1911 he 
was employed by the Pennsylvania Railroad Company as in- 
spector of construction work on the Long Island tunnels. He 
then went with the Pintsch Compressing Company in New York, 
as mechanical engineer in connection with development and ex- 
perimental work involving Pintsch gas. Here he also had manu- 
facturing experience in the company’s factory. From 1915 to 
1916 he was designer of tools and fixtures for manufacturing 
rifle parts, at the Remington Arms Company, Eddystone, Pa. 
From 1916 to 1918 he was chief draftsman, supervising the de- 
sign of power plants, gas plants, ice plants, and waterworks for 
the General Engineering & Management Corp., New York, after 
which he had three months’ experience in 1918 with the Air 
Nitrates Corporation, New York, as checker and designer for 
nitrate plant construction. 

His next connection was with Ford, Bacon & Davis, engineers, 
of New York, as mechanical designer of a “carbocoal” plant for 
the U.S. Government. In 1920 he became associated with The 
Texas Company, as mechanical designer, and he continued with 
the company until his death, serving as combustion, sales, and 
lubrication engineer. 

Mr. Larocca was not married. He became an associate-member 
of the A.S.M.E. in 1919 and was automatically transferred to the 
grade of member in 1935. 


FRANK STEPHEN LEWIS (1884-1940) 


Frank Stephen Lewis, production engineer for the Allen Wales 
Adding Machine Corporation, of Ithaca, N.Y., died on August 2, 
1940, from injuries sustained in an automobile accident a few 
days earlier. 

He was born at Canastota, N.Y., on August 25, 1884, son of 
Clarence and Johanna Lewis, and attended the local schools 
through high school. He served a four-year apprenticeship, be- 
ginning in 1901, as a machinist with the Marvin & Casler Co., 
Canastota. From there he went to the New Process Rawhide 
Company, of Syracuse, N.Y., as machinist, and during the next 
few years worked for the Crouse-Hinds Electric Company in 
the same city; in the experimental department of the American 
Window Glass Company, at Bellevernon, Pa.; and as toolmaker 
with Gooley & Edlund, Syracuse. In 1908 he returned to the 
Marvin & Casler Co., where he spent five years in the Experi- 
mental Department. 

In 1913 Mr. Lewis began work for the Remington Typewriter 
Company, at the Smith Premier Works, Syracuse, as toolmaker. 
In 1914-1915 he worked on tool design, then as tool dispatcher, 
planning, routing, and scheduling all tool work. He became engi- 
neer of sales in 1917 and was in charge of all estimating on 
jobbing work done by the Smith Premier Works. During World 
War I he was his company’s representative at Washington, 
handling all matters pertaining to war contracts. In 1919 he 
became task supervisor in charge of the Time Study Department, 
and also did engineering work in regard to putting manufactur- 
ing operations on a production basis. Next he was superin- 
tendent of parts manufacture and tool supervisor. In 1920 he 
was appointed supervisor of materials, and in that same year 
became assistant factory manager. In 1928 he was appointed 
general manager of plants for Remington Rand Inc., Tona- 
wanda, N.Y., and held this position for several years. Subse 
quently he was connected with the Owen Dyneto Corporation, 
of Syracuse, as factory manager; Pass & Seymour, Inc., Syracuse; 
assistant factory manager, the Shick Dry Shaver, Inc., at Stam- 
ford, Conn.; and finally the Allen Wales Adding Machine 
Corporation. 

Mr. Lewis was elected an associate-member of the A.S.M.E. 
early in 1921, and following the presentation of additional in- 
formation was made a member later that year. He was survived 
by his widow, Margaret F. Lewis. 


HENRY LIPPS, JR. (1867-1940) 


Henry Lipps, Jr., retired contracting engineer, died in Ashe- 
ville, N.C., on October 11, 1940. 
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He was born at Morrisania, Westchester County, N.Y., on 
January 9, 1867. He attended public schools in New York and 
studied at the College of the City of New York for one year. 
Then he went to the School of Mines, Columbia College, from 
which he was graduated in 1888 with the degree of C.E. 

During the early years of his career he was associated with 
the R. & D. R. R. Co. in Raleigh, N.C., as assistant engineer in 
the Maintenance of Way Department, as supervisor of track, and 
as engineer for maintenance of way, N. C. Division. 

In 1894 he returned to New York, and engaged in private 
practice as a contracting engineer in that city until 1917. In 
that year he became president of The Wilton Construction Com- 
pany, with offices in New York. He retired in 1925, and for the 
next fifteen years made his home in West Palm Beach, Fla. 

Mr. Lipps became a junior member of the A.S.M.E. in 1888, 
and was promoted to the member grade in 1891. 


CLAUDIO J. MARTINEZ (1879-1940) 


Claudio J. Martinez was born on August 22, 1879, in Vera 
Cruz, Mexico, and secured his early education there. He then 
came to the United States and completed his education at the 
Agricultural and Mechanical College of Texas and at Cornell 
University, securing his M.E. degree in 1901. 

After graduating, Mr. Martinez returned to Mexico and opened 
a shop at Hornos, Coahuila, for the manufacture of machine 
and railroad equipment. In 1917 he became president and gen- 
eral manager of the Hornos Railways. He was also a representa- 
tive of Vitter Manufacturing Company, Mexico, D.F., Mex., 
selling ice and refrigerating machinery. 

Mr. Martinez joined the A.S.M.E. as a member in 1931. 

He died in Mexico, D.F., on May 12, 1940, after a prolonged 
illness. He was survived by a son, Juan J. Martinez. 


JAMES SINCLAIR McLEAN (1880-1940) 


James Sinclair McLean, who died on January 1, 1940, was born 
in Norritonville, Pa., on November 29, 1880. He received his 
technical education at the Drexel Institute, Philadelphia, 
graduating in 1898. 

After graduation he was employed by the John A. Roebling’s 
Sons Co., of Trenton, N.J., in the electrical laboratory and on 
construction work. From 1904 to 1906 he was with the Strom- 
berg-Carlson Telephone Manufacturing Company, of Rochester, 
N.Y., as superintendent of the telephone cable plant. In 1907 
and 1908 he was assistant cable engineer in charge of under- 
ground cable installation for the Interborough Rapid Transit 
Company, New York, N.Y.. and in 1909 and 1910 with the 
Habershaw Wire Works of Yonkers, N.Y., manufacturers of in- 
sulated wire. During the next four years he was :ales engineer 
for the Improved Appliance Company, Brooklyn, N.Y., and the 
Wilmington Gas Company, Wilmington, Del. Subsequently he 
worked for the Eleetric Hose & Rubber Co., Wilmington, and 
the Evans Engineering Corporation, New York. 

In 1917 he joined the J. G. White Engineering Corp., of New 
York. His first assignment was that of mechanical and electrical 
engineer at Langley Field, Va., in charge of the purchase and 
installation of all mechanical and electrical equipment. Next he 
had similar duties in connection with a 60,000-kva steam power 
plant at the Muscle Shoals, Ala., nitrate works. For three years 
he was electrical engineer of the Manila Electric Company, 
Manila, P.I., and then he was resident engineer at the power 
plant of the Western Electric Company at Kearny, N.J. He 
continued as assistant mechanical engineer in charge of design 
and construction for the J. G. White Engineering Corp. until 
his death. 

He became a member of the A.S.M.E. in 1926. 


JAMES EBAUGH McMILLAN (1917-1945) 


Captain James Ebaugh McMillan, pilot, 4th Squadron, Army 
Air Forces, was shot down in action over Luzon, P.I., on April 4, 
1945. He had been in military service since he was drafted into 
the army in February, 1941. 

Captain McMillan was born at Mayaguez, P.R., on November 
10, 1917, son of Peter J. and Jessie E. (Ebaugh) McMillan. He 
prepared for college at the Bloomfield (N.J.) High School and 
the Lawrenceville (N.J.) School and was graduated from Prince- 
ton University in June, 1940, with a B.S. degree in engineering. 
He was employed by the Dixon Coal Company, New York, N.Y., 
until he enterec the army. 
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A student member of the A.S.M.E. while at Princeton, Captain 
McMillan became a junior member of the Society following his 
graduation. 


LESTER GEORGE METCALF (1887-1940) 


Lester George Metcalf, manager of marine operations for the 
Union Oil Company of California, Los Angeles, Calif., died sud- 
denly of a heart attack on June 6, 1940, at his home in San 
Marino, Calif. 

He was born in Santa Barbara, Calif., on September 17, 1887, 
the son of George Augustus and Elizabeth Tolman Metcalf. He 
attended the Pomona College Preparatory School and Pomona 
College, from which he received the degree of B.S. in 1908. Post- 
graduate studies at the Massachusetts Institute of Technology 
earned him a B.S. degree from that institution in 1912. 

After finishing his studies he worked for Swift & Company, 
South St. Paul, Minn., as a student, on miscellaneous operations 
and power-plant design. Subsequently he was employed for short 
periods as wireman for the Sierra & San Francisco Power Co., 
estimator on structural steel for the Baker Iron Works, Los 
Angeles, and machinist for the Producers Transportation Com- 
pany (pipe line), San Luis Obispo, Calif. The Valley Pipe Line 
Company, San Francisco, engaged him as pipe fitter and operat- 
ing engineer, he was construction foreman and chief operating 
engineer for the Shell Oil Company at Coalinga, Calif., and cost 
clerk for the Cananea Copper Company, in Cananea, Sonora, 
Mexico. In 1916-1917 he was construction foreman of a copper 
flotation mill and operating mill foreman for the Walker Mining 
Company, at Portola, Calif. 

He became associated with the Union Oil Company in July, 
1917, as refinery engineer at the Oleum, Calif., plant, but was 
called to active service in the Corps of Engineers, U.S.A., in 
September of that year. He was promoted from first lieutenant 
to captain in January, 1918, and continued in service until 
February, 1919. He then returned to his former position with 
the Union Oil Company. He was made superintendent of the 
Oleum Refinery early in 1920, assistant manager of refineries 
for the Union Oil Company, with office in Los Angeles, in 1926, 
and manager of refineries four years later. He also served as 
manager of manufacturing, supervising the planning and con- 
struction of the company’s tanker fleet replacement. In 1939 he 
was given the position of marine operations manager of his 
company. 

Mr. Metcalf became an associate-member of the A.S.M.E. in 
1920, and a member in 1930. He was active in the Los Angeles 
Section of the Society, and had served as a member of the 
Executive Committee of that Section, and as its secretary- 
treasurer for the year 1933-1934. 

He married Lois Rice, of West Newton, Mass., in 1918. His 
widow, a son, Winfield, and a daughter, Barbara, survived him; 
also a sister, Mrs. Frank E. Ford, of San Marino. 


ORA CLAIR MONTGOMERY (1884-1940) 


Ora Clair Montgomery, for many years assistant superin- 
tendent of power with the New York Central Railroad, New 
York, N.Y., died suddenly on November 10, 1940. 

Mr. Montgomery was born at Scribner, Neb., on March 29, 
1884. He received the degree of bachelor of science in electrical 
engineering from the University of Nebraska in 1911. After 
graduation he was engaged as testing and electrical engineer by 
the General Electric Company at Schenectady, N.Y. For two 
years, 1913 and 1914, he was in the Consulting Engineering De- 
partment of that company. In 1914 he went to New York as 
electrical engineer with the Public Service Commission, for 
subway work and the appraisal of public utilities in the First 
District. 

He joined the New York Central Railroad in 1916 in the 
capacity of special engineer in the Motive Power Department. 
In the spring of 1918 he was granted a leave of absence to enter 
Government service as engineer on equipment for high explosive 
plants. In the same year he was made first lieutenant of engi- 
neers, and served with that rank until the end of the year. He 
then returned to the New York Central Railroad and was made 
engineer assistant to the superintendent of power. In 1927 he 
was appointed assistant superintendent of power. 

He became a member of the A.S.M.E. in 1921 and was also 
a member of the New York Electrical Society and the National 
District Heating Association. 
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VIRGINIUS DANIEL MOODY (1878-1940) 


Virginius Daniel Moody, president of the Moody Engineering 
Company, Inc., consulting engineers, New York, N.Y., died at his 
home in that city on May 30, 1940. 

He was born in Norfolk, Va., on February 5, 1878, the son 
of Philip and Victoria Moody. He attended Norfolk Academy 
and Cornell University, from which he was graduated with an 
M.E. degree in electrical engineering in 1900. After graduation 
he entered the student engineering course at the General Electric 
Company, Schenectady, N.Y., upon completion of which he was 
placed in the Foreign Engineering Department. In 1905 he was 
engaged as an electrical engineer with Fred S. Pearson, New 
York consulting engineer, and while associated with him served 
as resident engineer on the Lac du Bonnet development for the 
Winnipeg (Canada) Street Railway, and was engineer for the 
Mexican Light & Power Co., Rio de Janeiro Tramway, Light & 
Power Co., and Sao Paulo Tramway, Light & Power Co. In 
1908-1909 he was assistant engineer with Lewis B. Stillwell on 
the East River tunnels of the Interborough Rapid Transit Com- 
pany, New York. 

In 1909 the firm of Hammer & Moody was formed to engage in 
general engineering work, and in this capacity he continued to 
serve as electrical engineer for the Pearson interests in Latin 
America. 

In 1917 his company was incorporated under the name of the 
Moody Engineering Co., Inc., with offices in New York and 
Pittsburgh, Pa. In recent years Mr. Moody was consulting engi- 
neer for the Bethlehem Steel Company, Asiatic Petroleum 
Corporation, Shell Oil Company, and others. 

He married Louise Acker, of New York, in 1910. They had 
one son, Livingston Acker Moody. Both the widow and son 
survived him. 

Mr. Moody became a member of the A.S.M-E. in 1916. He was 
a Fellow of the American Institute of Electrical Engineers, and 
a member of the American Petroleum Institute, American Society 
for Testing Materials, Society of Professional Engineers and 
Land Surveyors, Cornell Society of Engineers, Cornell Uni- 
versity Club, and the Bankers Club of America and Railroad- 
Machinery Club, New York. 


J(OSEPH) ARNOLD NORCROSS (1869-1940) 


J(oseph) Arnold Norcross was born at Derby, Conn.. on De- 
cember 27, 1869, son of Henry Fanning and Susan Brainard 
(Arnold) Norcross. He received his preparatory education at 
grammar and high schools at Derby and was graduated from 
the Stevens Institute of Technology in 1891 with an M.E. degree. 
Subsequently he became a cadet engineer with the Consolidated 
Gas Company of New York, N.Y., serving in the Street Depart- 
ment, and then at the 99th Street and 111th Street Works, where 
his duties were principally those of chemist. He superintended, 
for the United States Government, the rebuilding of the gas 
works for the Military Academy at West Point, N.Y., in 1893. 

From 1894 to 1903 he was with Humphreys & Glasgow, of 
London, at first as engineer in charge of construction and initial 
operation of carburetted water-gas works, in London, Liverpool, 
Tottenham, Swansea, Brussels, and Shanghai. Then he became 
chief expert in gas manufacture in the London office, in which 
capacity he had immediate charge of the initial operation of 
thirty additional gasworks and general supervision of thirty 
more, aggregating altogether a capacity of 100,000,000 cu ft per 
day. He held the position of principal assistant to the manag- 
ing partner from 1900 to 1903. In conjunction with A. G. Glasgow 
(M.E. ’85, Stevens), he took out a patent on an improvement in 
the operation of carburetted water-gas plants. 

On his return to the United States he became superintendent 
and engineer of the New Haven (Conn.), Gas Light Company. 
He was elected secretary and treasurer of the company in 1905 
and director, vice-president, and general manager in 1926, resign- 
ing in 1929. Thereafter he was in private practice as a con- 
sulting engineer in New Haven. He was a director of the First 
Federal Savings and Loan Association of that city. 

In 1929 Mr. Norcross attended the World Engineering Congress 
in Japan as a representative of the gas industry in the United 
States. He was a member of the New England Association of 
Gas Engineers (president, 1918-1919), American Gas Institute 
(vice-president, 1916-1917), Society of Gas Lighting (president, 
1937), American Gas Association, New England Gas Asrociation, 
and Guild of Gas Managers. He became a member of the 


A.8.M.E. in 1900 and also belonged to the American Society of 
Civil Engineers. 
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He had served as vice-president of the Connecticut Society of 
the Sons of the American Revolution, and was a member of 
the Society of Mayflower Descendants, Society of the Cincinnati, 
Society of Colonial Wars, Founders and Patriots of America, 
State of Maine Society in New Haven, New Haven Chamber 
of Commerce, the Delta Tau Delta fraternity, the United 
Workers Boys’ Club of New Haven, the Graduate Club Associa- 
tion, and the Quinnipiack, Lawn, and Country Clubs of New 
Haven, the University Club of New York, and the Mastigouche 
Fish and Game Club of St. Gabriel, Quebec, Canada (president, 
1937-1940). An Episcopalian in religion, he was clerk and 
vestryman of Trinity Parish in New Haven. In politics he was 
a Republican. His hobby was stamp collecting. For outdoor recre- 
ation he enjoyed fishing and golf. He married Cellissa, daughter 
of Stephen Orman Brown, a woolen manufacturer of Dover, 
Maine, in 1902, and had a son, Arnold Brown Norcross. His 
death occurred at Bowerbank, Maine, on August 19, 1940.— 
[ Adapted from The National Cyclopedia of American Biography, 
vol. XXX, p. 169, and the Morton Memorial volume of the 
Stevens Institute of Technology published in 1905.] 


EDSON RYMAN NORRIS (1871-1946) 


Edson Ryman Norris, retired prematurely from the Westing- 
house Electric & Manufacturing Co. in 1936, after forty-four 
years with the organization, died on April 28, 1946. 

Mr. Norris was born on August 17, 1871, son of William and 
Mary Ellen {VanDerhoff) Norris. He attended public schools 
in East Orange, N.J., his birthplace, and at the age of seventeen 
entered the employment of John Wiley & Sons, publishers, New 
York, N.Y. He severed this connection in 1889 to take the 
mechanical training course offered by the Brooks Locomotive 
Works in Dunkirk, N.Y. After completing the course he was 
employed at the Worthington Pump Works, Brooklyn, N.Y., 
until he began work for Westinghouse as a general machinist at 
the Newark, N.J., Works in 1892. His ability was soon recog- 
nized and after only two months’ service he was promoted to 
the position of assistant foreman. 

In 1894 he was transferred to the main works at East Pitts- 
burgh. Pa., where he served as foreman of various departments 
until 1897, when he was made general foreman of medium-sized 
industrial motors. He was transferred to the staff of the 
manager of works in 1904, and concurrent with this transfer 
was placed in charge of all rate work. He organized the Rate 
Department to set labor values on all work performed and to 
devise methods for accomplishing economical manufacturing. 

Further promotions placed Mr. Norris in charge of prepara- 
tion of factory costs. Subsequently he was made assistant works 
manager. During World War I he arranged for the manufacture 
of munitions. Becoming director of works equipment in the 
middle 20’s, he functioned on the staff of the vice-president in 
relation to all manufacturing methods, had charge of plants 
within his jurisdiction, supervised manufacturing equipment 
purchased and installed, and also officiated with regard to new 
buildings and expansions. 

During his last six years with Westinghouse he was general 
assistant to the vice-president. 

Mr. Norris lectured on technical subjects and contributed 
articles to the technical press. He had been a member of the 
A.S.M.E. since 1906. He represented the Society on the Sectional 
Committee on the Standardization of Small Tools and Machine 
Tool Elements (B5) from the time of its organization in 1922 
until his resignation in 1939, and on that committee’s Subcom- 
mittee No. 1 on T-Slots from its formation in 1924 until 1939. 
He was also a member of the Executive Committee of the 
Machine Shop Practice Division in 1935-1936. 

In 1891 Mr. Norris married Mary Seybolt, of Dunkirk. He 
was survived by her and their four sons, George W., Edson 
R., Jr.. Lloyd Seybolt, and Frank Newkirk Norris. 


JOHN PRENTICE (1872-1940) 


John Prentice, who died on June 30, 1940, had been associated 
with the Babcock & Wilcox Co. at Bayonne, N.J., for more 
than thirty years. 

He was born in Franklyn, N.J., on July 2, 1872, son of James 
and Elizabeth (Pollock) Prentice, and was educated in grade 
and normal schools in St. Louis, Mo. His first engineering work 
was in the machine department of tie Crystal Plate Glass Com- 
pany, Crystal City, Mo. He was with that company for four 
and a half years, then joined the Ranken & Fritch Foundry & 
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Machine Co., in St. Louis, where he spent another four and a 
half years in erecting work. Following this connection, he was 
with Fraser & Chalmers, in Chicago, Ill., for a year and a half 
and with the Stirling Company, of Barberton, Ohio, as master 
mechanic, for ten years. When this company was acquired by 
the Babcock & Wilcox Co. in 1906, he was made general foreman 
of the Forge Department of B. & W. at Bayonne. He was 
appointed assistant superintendent of the Bavonne plant about 
ten years later, and subsequently superinten > retired in 
1933, serving in a consulting capacity after ime. Many 
inventions by him were patented in the company’s name. 

Mr. Prentice became a member of the A.S.M.E. in 1913. He 
was a 32nd degree Mason and a Shriner. 

He was survived by his son, Stuart James Prentice, of Holly- 
wood, Fla. His wife, Marie (Griffith) Prentice, whom he 
married in 1898, predeceased him. 


HORACE HARRY ROBINSON (1907-1946) 


Horace Harry Robinson, whose death occurred in El Paso, 
Texas, on April 19, 1946, was born in Buffalo, N.Y., on Sep- 
tember 15, 1907, son of Joseph Harry and Mercy Helena 
(Klauck) Robinson. He attended school in his native city and at 
Saranac Lake, N.Y., working as information clerk for the N.Y. 
Central R.R., at the Buffalo terminal, during his vacations. His 
college education was secured at the University of Alabama, 
where he took a B.S. degree in mechanical engineering in 1931, 
and at Cornell University, where he did graduate work for 
half a year. He held a fellowship in mathematics at the Uni- 
versity of Alabama and tutored in that subject in the School of 
Commerce there. 

Like so many who completed their college work during the 
depression of the early 30’s, Mr. Robinson was not able to find 
regular employment at once. He was engineer for the Division 
of Sewers, Department of Public Works, City of Buffalo, under 
the Civil Works Administration, for a time, and then plant 
engineer and assistant manager of production for the Harris 
Soap Company in that city. He was a cadet engineer with the 
Worthington Pump & Machinery Corp., Buffalo, in 1935-1936. 
Later he worked several months as estimator for the Buffalo 
Foundry & Machine Corp., after which, in March, 1937, he 
became mechanical designer of steam power plants for the 
Niagara Hudson Power Curporation, Buffalo. 

A first lieutenant with the Engineer Reserves, Mr. Robinson 
reported for temporary duty in 1940 at Fort Niagara, N. Y. 
He was relieved from active duty, with a medical discharge, in 
February, 1941, and returned to the Niagara Hudson Power 
Corporation until June, 1943. At that time he went to work for 
the War Department, Post Engineers, Camp Claiborne, La., as 
a civilian with a P-4 rating. He remained at Claiborne through 
March, 1945. 

He then went to El Paso, planning to conduct a consulting 
engineering practice there. However, he was impressed with the 
need and the possibilities of a small foundry, and established 
the H. H. Robinson Foundry & Machine Co., of which he was 
president at the time of his death. 

Mr. Robinson became a junior member of the A.S.M.E. in 1931 
and also belonged to the Society of American Military Engineers, 
Engineering Society of Buffalo, and Tau Beta Pi fraternity. 

He married Dorothy Cadette Hall in 1940 and was survived 
by her and a daughter, Cadette Mercy Robinson. 


ALFRED ACTIVE ROGERS (1879-1945) 


Alfred Active Rogers was born at Kasota, Minn., on May 22, 
1879. He prepared for college at the St. Peter, Minn., high 
school, and was a special student at the Gustavus Adolphus 
College in St. Peter, for two years, and at the University of 
Minnesota, Minneapolis, for another two years. 

After some general experience in machine and blacksmith 
shops and as a stationary engineer he was employed by Westing- 
house, Church, Kerr & Co. for several years, part of the time 
as stoker erector. In May, 1903, he took charge of construc- 
tion for the Stoker Department of the Westinghouse Machine 
Company in the Pittsburgh, Pa., District. Four years later he 
was sent to Denver, Colo., as manager of the Intermountain 
District, where he continued until 1911, during which year he 
was manager of the Chicago District of the company. 

In 1912 Mr. Rogers went to Portales, New Mexico, to serve as 
general manager of the Portales Irrigation Company. The fol- 
lowing year he became president of the Portales Utilities Com- 
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pany and Portales Power & Irrigation Co. In 1917-1918 he 
liquidated these companies, disposing of the equipment to a 
concern in Chicago. 

From 1919 to 1923 Mr. Rogers served as consulting engineer 
for the Fidelity Securities Corporation, Baltimore, Md. 

From 1924 through 1929 he was associated with the Inter- 
continental Co. Ltd., Winnipeg, Can., which he organized at the 
request of General McRoberts of the Chatham Phoenix Bank of 
New York, for the purpose of financing and taking care of the 
moving of the Mennonite peoples from Canada to Paraguay, S.A. 
He was vice-president of this company and during 1928 he spent 
nine months in Paraguay settling the Mennonites there. During 
his stay in Paraguay he arranged for the Paraguayan govern- 
ment to establish soldiers in the Chaco along the Bolivian 
border to protect the Mennonites. Before leaving to return to 
Canada he was influential in preventing war between Bolivia 
and Paraguay by acting as adviser to the president of Paraguay 
during the conference held in Buenos Aires, Argentina. 

From 1930 to 1935 Mr. Rogers acted for American companies, 
assisting them in procuring Canadian power companies. His 
health failed in 1935, forcing him to withdraw from all engineer- 
ing activities. 

Mr. Rogers became a member of the A.S.M.E. in 1916. Be- 
cause of his retirement he allowed his membership to lapse in 
1940, but being improved in health, he secured reinstatement in 
1943. His death occurred on April 14, 1945, at Los Gatos, Calif. 


FRANZ HERMAN SCHWARZ (1865-1946) 


Franz Herman Schwarz, who for many years prior to his 
retirement had been associated with the Pacific Mills, Lawrence, 
Mass., died in that city on March 17, 1946. 

Mr. Schwarz was born in Boston, Mass., on June 17, 1865, son 
of the Rev. Louis B. Schwarz and Frances Eliza (Grant) 
Schwarz. After completing his studies at the English High 
School in Boston he entered the Massachusetts Institute of 
Technology, where he took the mechanical engineering course 
and was graduated in 1887 with an S.B. degree. 

His connection with the Lower Pacific Mills, as they were 
then called, began immediately following his graduation. He 
was employed as a draftsman from then until 1894, gaining his 
early experience in association with Chas. T. Main, superin- 
tendert of the mills from 1887 to 1892. 

Mr. Schwarz was advanced to the position of mechanical 
engineer in 1894 and gave special attention during the ensuing 
years to planning new buildings and rearranging machinery. 
He became master mechanic of the Worsted Department early 
in 1903 and continued to serve in that capacity until his retire- 
ment in 1928. 

Mr. Schwarz became a junior member of the A.S.M.E. in 
1888 under a group of engineers who were all to attain eminence 
in the profession—Mr. Main, Walter E. Parker, George H. 
Barrus, Gaetano Lanza, and John R. Freeman. His promotion 
to the grade of member occurred in 1918. 

He married Susan Emily Robinson, of Newcastle, Maine, in 
1897, and was survived by her and their son, Edward Robinson 
Schwarz, professor of textile technology at M.I.T. 


‘ 


JOSEPH EVERETT SELLECK (1912-1945) 


Joseph Everett Selleck, who died on May 10, 1945, was born in 
New York, N.Y., on March 29, 1912, son of Joseph S. and 
Lillian (Errickson) Selleck. He attended public schools in that 
city and the Roosevelt High School in Yonkers, N.Y., and studied 
chemical engineering in evening classes at New York University, 
1930-1932, and later power plant engineering through the Inter- 
national Correspondence Schools. 

From 1929 to 1935 Mr. Selleck was assistant to the chief 
chemist of the New York Steam Corporation. During the next 
four years he was associated with W. H. and L. D. Betz, industrial 
chemical consulting engineers of Philadelphia, Pa., for three 
years as service and sales engineer, and then as service manager 
of the Philadelphia district. He left that position to work 
as sales engineer for the Brown Instrument Company, Phila- 
delphia, subsequently becoming instructor in the company’s 
training school, giving a three-months’ course in industrial 
instrumentation. 

In 1941 Mr. Selleck went to Hopewell, Va., to enter the employ 
of the Solvay Process Company, where he was successively drafts- 
man, checker, and design engineer. After two years he returned 
to New York to supervise the Industrial Instrument Division of 
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Ford, Bacon & Davis,,Inc., with which firm he was connected 
until ill health necessitated his withdrawal early in 1945. 

Mr. Selleck married Genevieve R. Bach in 1941, and was sur- 
vived by her and two daughters, Jane Ellen and Eyleen. 

He had been a member of the A.S.M.E. since 1943. 


PAUL JOHN ZIRKEL (1889-1946) 


Paul John Zirkel, whose death occurred on July 4, 1946, was 
mechanical engineer for the International Harvester Company, 
Ft. Wayne, Ind., with which he had been associated since 1917 
except for a period in 1919-1920. 

The son of John and Anna (Pecher) Zirkel, he was born in 
Madison, Wis., on December 16, 1889. He attended the Uni- 
versity of Wisconsin, securing a mechanical engineering degree 
in 1911. During the next four years he did designing for the 
Allis-Chalmers Manufacturing Company, West Allis, Wis. He 
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was with the A. O. Smith Corp., Milwaukee, Wis., in 1915-1917 
and again in 1919-1920, designing tools and special automatic 
machinery for manufacturing automobile frames. 

During his first years with the International Harvester Com- 
pany, Mr. Zirkel was at the Deering Works, Chicago, IIl., de- 
signing tools, jigs, and fixtures for farm implements, and war 
material. When he returned to the company in 1920, he was 
located at the Akron, Ohio, Works for a time, transferring to 
Ft. Wayne in 1923. As mechanical engineer he had charge of all 
planning, rate estimating, processing operations, tool engineering, 
procurement, maintenance, and shop operations and methods. 

Mr. Zirkel became a member of the A.S.M.E. in 1945. He 
belonged to the Elks, Knights of Columbus, and Holy Name 
Society. 

Surviving Mr. Zirkel were his widow, Mona R. (Adams) 
Zirkel, whom he married in 1917, and a daughter, Margaret 
(Zirkel) Slattery, both of Ft. Wayne. 
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Engineering Societies of New England 
Northeastern University 

Harvard University (Engineering Library) 
Massachusetts Institute of Technology 
Public Library 


.Free Public Library 


Free Publie Library 
Springfield City Library 
Tufts College 


. Free Public Library 


Worcester Polytechnic Institute 


University of Michigan 

Cass Technical High School 
Highland Park Publie Library 
Public Library 

University of Detroit 
Michigan State College 
Public Library 

Public Library 


.Michigan College of Mining & Technology 
.Publie Library 


Public Library 


.Minneapolis Public Library (Engineering 


and Circulating Libraries) 
University of Minnesota 
James Jerome Hill Reference Library 
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Mississippi 


State College. . 


Missouri 


Columbia... .. 


Kansas City... .. 


St. Lowis...... 


Montana 


Bozeman..... 


Nebraska 


Nevada 


Lincoln... 
Omaha. 


Reno... 


New Hampshire 


Durham 


New Jersey 


Bayonne..... 
Camden. 


Elizabeth. ...... 
Hoboken........ 
Jersey City...... 
.. Free Public Library 


Newark...... 


New Brunswick. . 

.. Free Public Library 
.Princeton University 
.Free Public Library 


Paterson.... 
Princeton... ... 


New Mexico 


Albuquerque... 


State College... . 


New York 


North 


North 


Jamaica, L. I.... 
New York....... 


*Potsdam.... 
Rochester... .. . 
Schenectady. . 
Syracuse. .... 


Carolina 


Chapel Hill... . 
Durham. 


Dakota 
Fargo........ 
Grand Forks. 


Ada... 
Akron.. 


Canton... ... 
Cincinnati... 


TRANSACTIONS OF THE A.S.M.E. 


. Mississippi State College 


. University of Missouri 


Public Library 


. Missouri School of Mines and Metallurgy 
.. Engineers Club of St. Louis; Public Library; 


Washington University; Mercantile Library 


. Montana State College 


. University of Nebraska 
. Public Library 


University of Nevada Library 


.University of New Hampshire 


Free Public Library 
Free Publie Library 
Free Public Library 
Stevens Institute of Technology 
Free Public Library 


Newark College of Engineering 
Rutgers University 


. University of New Mexico 
.New Mexico State College 


.New York State Library 
.. Polytechnic Institute 


Pratt Institute 

Brooklyn Public Library 

The Grosvenor Library 
Engineering Society of Buffalo 
Buffalo Public Library 

Cornell University 

Queens Borough Public Library 
College of the City of New York 
Columbia University 

Cooper Union 

Engineering Societies Library 
New York Museum of Science and Industry 
New York University Library 
Publie Library 

Clarkson College of Technology 


Rochester Engineering Society 
... Union College 
.. Public Library 


Syracuse University 


Rensselaer Polytechnic Institute 


Public Library 


. University of North Carolina 


Duke University 


.North Carolina State College 


North Dakota State Agricultural College 


University of North Dakota 


Northern University 
.Public Library 


University of Akron 


.. Public Library 


Engineers Club of Cincinnati 
Public Library 
University of Cincinnati 


Cleveland. ... 


Columbus... . 


Youngstown...... 


Oklahoma 
Norman...... 
Oklahoma City. . 
Stillwater... .. 

Oregon 
Corvallis........ 
Portland..... 

Pennsylvania 


Allentown....... 
Bethlehem. . 


Lewisburg....... 


Philadelphia. 
Pittsburgh...... 


Reading...... 
Scranton........ 
State College... 
Swarthmore. . 
Villanova..... 
Wilkes-Barre. 
Puerto Rico 
Mayaguez........ 
Rhode Island 


Kingston....... 
Providence... . 


South Carolina 
Clemson College. . 
South Dakota 
Brookings....... 
Tennessee 


Kingsport... .. 
Knoxville. . . 
Memphis... 
Nashville. . 


Texas 


Dallas 


Fort Worth. 
Houston... . 


Lubbock.... 

San Antonio. . 
Utah 

Salt Lake City.. 


Vermont 
Burlington... ... 


. Institute of Technology 


Cleveland Engineering Society 
Fenn College 
Public Library 


.. The Ohio State Library 


Ohio State University 
Public Library 


. Engineers Club of Dayton 


Public Library 
University of Toledo 
Public Library 


Oklahoma University 
Public Library 


.. Oklahoma A.&M., College 


Public Library 


Oregon State College 


Portland Library Association 


.Free Library 
.Lehigh University 


Lafayette College 
Public Library 
Publie Library 
Bucknell University 


. Drexel Institute 


Engineers Club 

Franklin Institute 

The Free Library 

University of Pennsylvania 

Carnegie Free Library of Allegheny 
Carnegie Institute of Technology 

Carnegie Library (Schenley Park) 
Engineers’ Society of Western Pennsylvania 
University of Pittsburgh 


..Publie Library 
.Publie Library 
.Pennsylvania State College 


Swarthmore College 
Villanova College 
Public Library 


University of Puerto Rico 


.Rhode Island State College 
.. Brown University 


Providence Engineering Society 
Public Library 


Library, Clemson College 


South Dakota State College 


_.Publie Library 


University of Tennessee 


. Goodwin Institute 
.Vanderbilt University 


University of Texas 


Texas Agricultural & Mechanical College 


Public Library 

Southern Methodist University 
Public Library 

Carnegie Public Library 

Public Library 

Rice Institute 

Texas Technological College 


..Carnegie Librar, 


. University of Utah 


Public Library 


_University of Vermont 


See 

it 

ait 

| 

Brooklyn...... 

| 

ae 

College Station... 
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Virginia West Virginia 
Blacksburg. ...... Virginia Polytechnic Institute Morgantown..... West Virginia University 
Charlottesville ...University of Virginia 
Lexington........ Virginia Military Institute 
Norfolk..........Publie Library Wisconsin 
Richmond....... Virginia State Library Madison.........Library, University of Wisconsin 
Washington Milwaukee....... Marquette University 
Pulimen........ State College of Washington Public Library ; 
Seattle........... Engineers Club Vocational School Library 
Public Library 
University of Washington 
Spokane.......... Public Library Wyoming 


Tacoma..........Publie Library Laramie......... Wyoming University 
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A.S.M.E. Transactions in Central and South America and 
Great Britain 


England (continued) 


Argentina 


Buenos Aires... . . 


Australia 


Brazil 
Rio de Janeiro... 


Sao Paulo........ 


Canada 


Kingston......... 
Montreal......... 


Vancouver....... 
Chile 

Santiago........ 


Cuba 
Havana....... 


England 
Birmingham ..... 
Cambridge...... 
Liverpool........ 


Biblioteca de la Sociedad Cientifica 


Public Library of Adelaide 
Public Library of Victoria 


.University of Western Australia Library 


Public Library of Sydney 


Bibliotheca da Escola Polytechnica 
Bibliotheca Nacional 
Bibliotheca da Escola Polytechnica 


Queen's College 

Ecolé Polytechnique 
Engineering Institute of Canada 
McGill University 

University of Toronto, Library 
University of British Columbia 


. Universidad de Chile, Facultad de Ciencias 


Fisicas y Matematicas (Engg. School) 


.Cuban Society of Engineers 


Birmingham Public Libraries 
University of Bristol 


. Vuiversity of Cambridge 
. University of Leeds 


Liverpool Engineering Society 
Public Library of Liverpool 
City and Guild Engineering College 


Manchester 


Oxford... 


Newcastle-upon- 


Tyne... 


India 


Bangalore....... 


Calcutta 


Rangoon. . 


Treland 


Belfast... . 


Mexico 


Mexico City..... 


Scotland 
Glasgow. 


South Africa 


Cape Town 


Johannesburg... . 


Wales 
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Institution of Automobile Engineers 

The British Coal Utilization Research As- 
sociation 

The Institution of Mechanical Engineers 

Institution of Civil Engineers 

Institution of Electrical Engineers 

The Junior Institution of Engineers 

The Royal Aeronautical Society 

Manchester Public Libraries 
Library) 

Oxford University 


(Reference 


The North-East Coast Institution of Engi- 
neers and Shipbuilders 
Sheffield Public Libraries 


. Mysore Engineers Association 


Bengal Engineering College 
Poona College of Engineering 


. University of Rangoon 


Queen’s University of Belfast 


Asociacion de Ingenieros y Arquitectos de 
Mexico 

Library of the Escuela de Ingenieros Me- 
‘anicos y Electricistas 


Royal Technical College 
Mitchell Library 


University of Cape ‘Town 
South African Institute of Engineers 


Cardiff Publie Library 
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Indexes to A.S.M.E. Papers and 


Publications 


HIS and the following pages will serve as a guide to the cur- 
rent publications of the A.S.M.E. 


Regular Society Publications, 1947 


Mechanical Engineering, monthly (see index on page RI-69) 

A.S.M.E. Transactions, monthly including the Journal of Applied 
Mechanics (see index on page RI-79) 

A.S.M.E. Mechanical Catalog and Directory, 1948 edition. 


Publications Issued in 1947 


Metal Cutting Data (monthly publication) 

Lectures on Development of British Gas-Turbine Jet Unit 

Proceedings of the International Technical Congress Held in Paris, 
September, 1946 

Proceedings of the 1946 National Conference on Petroleum Mechani- 
cal Engineering 

Diesel-Fuel Oils-Production, Characteristics, and Combustion 

Dynamics of Automatic Control 

A Study of Missiles Resulting From Accidental Explosion 

1945 Oil Engine Power Cost Report 

Improved Application of Coal-Burning Equipment 

Cutter Life, Hardness, Distribution, and Honing 

Engineering Societies Yearbook 

Manual on Collective Bargaining. 

Tentative API-ASME Code for Petroleum Positive Displacement 
Meters 

Scientific Blacksmith (Autobiography of Mortimer E. Cooley). 


Boiler Construction Code 


1947 Addenda to: 

Locomotive Boiler Code 

Miniature Boiler Code 

Power Boiler Code 

Unfired Pressure Vessel Code 

Specifications for Materials 

Welding Qualifications 
\merican Standards 
socket Head Cap Screws and Socket Set Screws. 
Slotted and Recessed Head Screws 
1947 Supplement to 1942 Code for Pressure Piping. 
Letter Symbols for Chemical Engineering 
Brass and Bronze Screwed Fittings 
Limits and Fits for Engineering and Manufacturing 
Nomenclature for Milling Cutter Teeth 
self-Appraisal Forms for Use of Industrial Plants. 
(peration and Flow Process Charts 
Shaft Couplings 
Surface Roughness, Waviness, and Lay (Part 1) 
safety Code for Conveyors, Cableways, and Related Equipment. 


How to Find Papers Presented at 
1947 A.S.M.E. Meeting 


HE technical programs of the meetings of the Society and of 

its Professional Divisions have been published in Mechanical 
Lngineering and may be located by consulting the index on pages 
1-69 to RI-78. A majority of these papers were published, or will 
he published, in Mechanical Engineering or the Transactions (in- 
cluding the Journal of Applied Mechanics) and may be located by 
reference to the indexes of these publications. 


Publications Developed by the 
Technical Committees 


P YHE Society’s technical committees, the first of which was 

organized many years ago and all of which have been con- 
tinuously at work on codes, standards, research, and other special 
reports, have developed a series of publications of permanent 
value to the membership. The following list is presented here 
for record and for ready reference. This list covers the entire 
group of publications of these committees completed and pub- 
lished. 

To assist members in securing copies of these publications the 
sale price is also given. A discount of 20 per cent is allowed to 
A.S.M.E. members on all publications except where otherwise 
noted. 


A.S.M.E. AMERICAN STANDARDS 
Bott, Nut, AND Rivet Proportions 


Large Rivets (B18.4—1937), $0.80 

Plow Bolts (B18f—1928), $0.45 

Round Unslotted-Head Bolts (B18.5—1939), $0.60 

Socket-Head Cap Screws and Socket-Set Serews (B18.3—1947), 
$0.60 

Slotted-and-Recessed-Head Screws (B18.6—1947), $1.00 

Small Rivets (B18a—1927 with 1942 Addendum), $0.40 

Tinners’, Coopers’, and Belt Rivets (B18g—1928, with 1942 Adden- 
dum), $0.45 

Track Bolts and Nuts (B18Sd—1930), $0.50 

Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1941) 
$0.80 

PIPING AND Pipe Firtines 


Air Gaps and Backflow Preventers in Plumbing Systems (A40.4— 

* 1942 and A40.6—1943), $0.55 

Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.45 

Brass and Bronze Screwed Fittings (B16.15—1947), $0.65 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1931), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings Class 125 (B16a—1939), 
$0.60 

Cast-Iron Pipe Flanges and Flanged Fittings Class 250 (B16b—1944). 
$0.55. 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Maximum 
Hydraulic Pressure (B16b1—1931), $0.45. 

Cast-Iron Soil Pipe and Fittings (A40.1—1935), $0.80 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929) and Addendum (Biég1— 
1937), $0.60 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1941), $0.50 

Cast-Iron Screwed Drainage Fittings (B16.12—1942), $0.55 

Code for Pressure Piping (B31.1—1942), $2.50 

Supplement No. 2 to 1942 Code for Pressure Piping, $0.60 

Face-to-Face Dimensions of Ferrous Flanged and Welding End Valves 
(B16.10—1939), $0.65 

Ferrous Plugs, Bushings, Lock Nuts, and Caps (B16.14—1943), $0.50 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1939), $0.60 

Pipe Threads (B2.1—1945), $1.50 

Scheme for the Identification of Piping Systems (A13—1928), $0.60 

Steel Pipe Flanges and Flanged Fittings for 150 to 2500 Lb Maximum 
Steam Service Pressure (B16e—1939), $1.50 

Soldered-Joint Fittings (A40.3—1941), $0.55 

Steel Butt-Welding Fittings (B16.9—1940), $0.50 

Steel-Socket Welding Fittings (B16.11—1946), $0.60 

Threaded Cast-Iron Pipe for Drainage, Vent, and Waste Services 
(A40.5—1943), $0.30 

Wrought-Iron and Wrought-Steel Pipe (B36.10—1939), $0.60 
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LETTER AND GRAPHICAL SYMBOLS AND CHARTS 


Abbreviations for Scientific and Engineering Terms (Z10.1—1941), 
$0.45 

Abbreviations for Use on Drawings (Z33.13—1946), $1.00 

Drawings and Drafting-Room Practice (Z14.1—1946), $1.50 

Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 
$0.60 

Engineering and Scientific Graphs for Publications (Z15.3—1943), 
$0.90 

Graphical Symbols for Use on Drawings in Mechanical Engineering 
(Z32.2—1941), $0.60 

Letter Symbols for Chemical Engineering (Z10.12—1946), $0.50 

Letter Symbols for Gear Engineering (B6.5—1943), $0.30 

Letter Symbols for Hydraulics (Z10.2—1942), $0.45 

Letter Symbols for Mechanics of Solid Bodies (Z10.3—1942), $0.30 

Letter Symbols for Heat and Thermodynamics (Z10c—1943), $0.65 

Time Series Charts (Z15.2—1938), $1.50 


AMERICAN STANDARDS— MISCELLANY 


Fire-Hose Coupling Screw Threads (B26—1925), $0.30 

Hose Coupling Screw Threads (B33.1—1935), $0.30 

Indicating Pressure and Vacuum Gages (B40—1939), $0.50 

Preferred Thickness for Uncoated Thin Flat Metals (B32.1—1941), 
$0.30 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1931, Reaffirmed in 1946), $0.45 

Gear Tolerances and Inspection (B6—1946), $0.80 

Preferred Standards for Large 3600-Rpm 3-Phase 60-Cycle Condens- 
ing Steam Turbine-Generators (published 1945), $0.30 

Operation and Flow Process Charts, 1947, $0.75 

Self-Appraisal Form for Use of Industrial Plants, 1947, $0.75 

Shaft Couplings (B49—1947), $0.45 . 

Spring Lock Washers (B27.1—1944), $0.35 

Spur Gear Tooth Form (B6.1—1932) $0.55 

Surface Roughness, Waviness, and Lay (B46.1—1947), $0.45 


Toots anp Macutnge Too. ELEMENTS 


Machine Tapers (B5.10—1943), $0.75 

Milling Cutters (B5e—1930), $0.90 

Reamers (B5.14—1941), $0.90 

Taps—Cut and Ground Threads (B5.4—1939), $1.50 

Terminology and Definitions for Single-Point Cutting Tools (B5.13— 
1939), $0.50 

Adjustable Adapters (B5.11—1937), $0.60 

Chucks and Chuck Jaws (B5.8—1936), $0.55 

Circular and Dovetailed Forming Tool Blanks and Holding Elements 
(B5.7—1943), $0.60 

Shafting and Stock Keys (B17.1—1943), $0.55 

Markings for’'Grinding Wheels (B5.17—1943), $0.30 

Involute Splines, Side Bearings (B5.15—1946), $0.80 

Jig Bushings (B5.6—1941), $0.45 

Limits and Fits for Engineering and Manufacturing (B4.1—1947), 
$0.30 

Nomenclature for Milling Cutter Teeth (B5c1—1947), $0.70 

Spindle Noses and Arbors (B5.18—1943), $0.30 

Rotating Air Cylinders and Adapters (B&.5—1932), $0.45 

Tool Shanks and Tool Posts (B5.2—1943), $0.45 

Tool Life Tests (B5—1946), $0.55 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1941), $0.45 

Twist Drills (B5.12—1940), $0.65 

Code for Design of Transmission Shafting (B17c—1927), $0.90 

Screw Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—1935), $0.75 

Screw Threads for High-Strength Bolting (B1.4—-1945), $0.30 

Screw Thread Gages and Gaging (B1.2—1941), $0.75 

Acme and Other Translating Threads (B1.3—1941), $0.55 © 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.60 

Woodruff Keys, Keyslots, and Cutters (B17{[—1930), $0.45 


BOILER CONSTRUCTION CODE 


1946 Editions With 1947 Addenda: 

Boilers of Locomotives, $1.00 
Low-Pressure Heating Boiler Code, $1.00 
Miniature Boiler Code, $0.75 

Power Boiler Code, $2.75 

Specifications for Materials, $3.50 
Suggested Rules for Power Boilers, $1.25 
Unfired Pressure Vessel Code, $2.00 
Welding Qualifications, $0.90 


TRANSACTIONS OF THE A.S.M.E. 


Boiler Code Interpretation Service, $5.00 annually 
API-ASME Code for Unfired Pressure Vessels 
1943 Edition, with 1944 Supplement, $2.00 


POWER TEST CODES AND AUXILIARY SECTIONS 
Test Copes For 


Atmospheric Water-Cooling Equipment (1930), $0.55 

Coal Pulverizers (1944), $0.85 

Displacement Compressors, Vacuum Pumps, and Blowers (1939), 
$0.90 

Dust Separating Apparatus (1941), $0.90 

Evaporating Apparatus (1941), $0.60 

Feedwater Heaters (1927), $0.45 

Fans (1945), $1.00 

Gaseous Fuels (1944), $0.90 

Gas Producers (1928), $0.65 

Hydraulic Prime Movers (1938 with 1942 Addenda), $0.75 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.80 

Reciprocating Steam Engines (1935), $0.80 

Refrigerating Systems (1927), $0.65 

Stationary Steam Generating Units (1946), $0.75 

Steam Condensing Apparatus (1938), $0.80 

Steam Locomotives (1941), $0.65 


INSTRUMENTS AND APPARATUS 


General Instructions (1945), $0.55 
Definitions and Values (1945), $0.80 
Part 1—General Considerations (1935), $0.45 
Part 2—Pressure Measurement 
Chapter 1, Barometers; Chapter 6, Tables, Multipliers, and 
Standards (1941), $0.75 
Chapter 2, Static and Total Pressure, Static Holes and 
Tubes, and Impact Tubes, $0.7 
Chapter 3, Static Pressure Hole, Static Tube, or Impact 
Tube (1945), $0.75 
Chapter 4, Bourdon, Bellows, Diaphragm, and Deadweight 
Gages (1938), $0.75 
Chapter 5, Liquid Column Gages (1942), $0.7 
Part 3—Temperature Measurement 
Chapter 1, General; Chapter 5, Pyrometric Cones; Chapter 
6, Liquid-in-Glass Thermometers; and Chapter 7, Bour- 
don-Tube Thermometers (1931), $0.75 
Chapter 2, Radiation Pyrometers (1936), $0.65 
Chapter 3, Thermocouple Thermometers or Pyrometers 
(1940), $0.75 
Chapter 4, Resistance Thermometers (1945), $0.80 
Chapter 8, Optical Pyrometers (1940), $0.45 
Part 4—Head Measuring Apparatus (1933), $0.45 
Part 5—Chapter 4, Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates (1940), $2.75 
Part 8—Measurement of Indicated Horsepower (1941). $0.75 
Part 9—Heat of Combustion (1943), $0.50 
Part 11—Determination of Quality of Steam (1940), $0.55 
Part 12—Measurement of Time (1942), $0.50 
Part 13—Speed Measurements (1939), $0.55 
Part 14—Linear Measurements (1936), $0.65 
Part 15—Measurement of Surface Areas (1944), $0.75 
Part 16—Density Determinations (1931), $0.40 
Part 17—Determination of the Viscosity of Liquids (1931), $0.75 
Part 18—Humidity Determinations (1932), $0.60 
Part 20—Smoke-Density Determinations (1945), $0.75 
Part 21—Leakage Measurements (1942), $0.75 


RESEARCH 


Fluid Meters: 
Part 1—Theory and Application (1937), $3.25 
Part 3—Selection and Installation (1933), $1.75 

Report of the AGA-ASME Committee on Orifice Coefficients. 
(1935), $2.75 

Bibliography on Aircraft Plywood (1944), $1.00 

Bibliography on the Cutting of Metals (published 1945), $6.50 

Riveted Joints—A Critical Review of the Literature Covering Their 
Development, with Bibliography and Abstracts of the Most 
Important Articles (Published 1945), $4.50 

Sources of Information on Instruments (published 1945), $0.75 
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SOCIETY RECORDS 


SAFETY CODES 


Safety Code for Cranes, Derricks, and Hoists (B30.2—1943), $1.80 

Safety Code for Elevators (A17.1—1937 with 1942 Supplement), 

. $1.50 
Elevator Inspectors’ Manual (A17.2—1945), $1.50 

Safety Code for Conveyors, Cableways, and Related Equipment 
(B20—1947), $0.90 

Safety Code for Jacks (B30.1—1943), $0.40 

Safety Code for Mechanical Power-Transmission Apparatus (B15— 
1927, Reaffirmed in 1935 without change), $0.45 

Compressed-Air Machinery and Equipment (B!9—1938), $0.40 

Description and Schematic Layouts of Various Types of Undercar 
Safeties and Governors (published 1945), $0.40 

Handling and Socketing of Wire Rope (published 1945), $0.25 


Biographies 


IOGRAPHIES issued under the sponsorship of the A.S.M.E. 
! Biography Committee are as follows: 


Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 

Scientific Blacksmith (Autobiography of Mortimer E. Cooley—1947) 
$3.75 

Autobiography of John Fritz (1940), $3.25 

Biography of Fred J. Miller (1941), $1.25 


Books and Pamphlets on Special 
Subjects 


Automatic Control Terms (1946) (no discount allowed), $0.25 

Automotive-Diesel Engine Cost and Performance Data (1943), 
$0.25 

Corrosion-Resistant Metals (1936), $1.25 

Creative Engineering (1944), $0.75 

Creative Thinking (1946) (no discount allowed), $0.25 

Cutter Life, Hardness, Distribution, and Honing, $0.50 

Design Data on Mechanics (1944), $1.50 

Design Data on Strength of Materials, Book 1 (1944), $1.50 

Diesel-Fuel Oils, Production, Characteristics, and Combustion, $4.50 

Dynamics of Automatic Control, $6.00 

Engineering's Part in the Development of Civilization (1939), $1.50 

Engineering Societies Yearbook, $3.00 
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Flow of Water in Pipes and Pipe Fittings (1941), $8.00 

Graphitization of Steel Piping (1944, 1945, and 1946), $3.00 

Improved Application of Coal-Burning Equipment, $0.50 

[.S.A. Tolerance System (1942), $2.50 

Lectures on Development of British Gas-Turbine Jet Unit, $3.00 

Manual on Collective Bargaining, $1.00 

Manual on Cutting of Metals (1939), $5.00 

Manual of Consulting Practice (1939), $0.40 

Oil Engine Power Cost Report (1945), $1.50 

Oil Engine Power Cost Report (1946), $1.50 

Proceedings of the 1946 National Conference on Petroleum Mechani- 
cal Engineering, $4.50 

Reflections on the Motive Power of Heat (1943), $2.75 

Scientific Blacksmith (Autobiography of Mortimer B. Cooley), $3.75 

A Study of Missiles Resulting From Accidental Explosion, $1.50 

Tentative API-ASME Code for Petroleum Positive Displacement 
Meters, $1.00 

Theoretical Steam Rate Tables (1937), $1.25 

Unwritten Laws of Engineering (1944) (no discount allowed), $0.25 


Regular Society Periodicals 


Mechanical Engiaxeering*—Annual subscription rate in United States, 
$6.00; to Canada, $6.75; elsewhere, $7.50 

A.S.M.E. Transactions,* including Journal of Applied Mechanics, 
Annual subscription rate in United States, $12.00, elsewhere, $12.75 

1948 A.S.M.E. Mechanical Catalog and Directory (sent to members 
upon request) 

Metal Cutting Data: Ap-iual subscription rate in the United States, 
$15.00; to Canada, $15.75; elsewhere, $16.50. 


*Subscription price included in A.S.M.E. membership dues. 


In 1948 subscription rates will be as follows: 

Mechanical Engineering—Annual nonmember subscription rate 
in United States, $7.00; to Canada, $7.75; elsewhere, $8.50. 

Transactions of the A.S.M.E.—Annual subscription rate for 
Members, $4.00 (8 issues); for Nonmembers, $8.00. Journal of 
Applied Mechanics—Annual subscription rate for Members, $2.50 (4 
issues); for Nonmembers, $5.00. 

Applied Mechanics Reviews (monthly)—Annual subscription rate for 
Members, $9.00; for Nonmembers, $12.50. 

Combination rate for Transactions and Journal of Applied 
Mechanics: for Members, $6.00 annually; for Nonmembers, $12.00 
annually. 
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Index photographed at the 
beginning for the convenience 
of the microfilm user. 


